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ABSTRACT

Complex compounds of Re(III) of the type
Re(RC00)501) s (R = CHy, CHyCH,, CH, CH,CH, , (CH, ),CH
and CHg (CH; )s) have been prepared. They are believed
to have structures similar to copper and chromium
acetates. The thiocyanate derivative @%’.e(CHaCHBCHzCOO)2
SCN|p is described as well as the sulphate [Rex (CH, CH, CH, C00) 4.«
2H20-1 SO4. A Five-co-ordinate Re(III) complex ReClg.
(RCOOH); (R = CHg, CH;CHy) is also described.

A series of Re(IV) complex compounds
[ReO(RCOO)di\z and (ReOH(RC00)Cl,] ; have been prepared.

The Re(V) complexes [ReOg(RC00)]p and ReCls.
(CHzC00), have also been made.

Compounds of rhenium with nitrogen ligands
Re0(OH) py,Cly » ReO(OH) aipyCl,, (Re0, py4|C1. 25,0,
[Reogpr Ph,B are also described. The infra-red
spectra, magnetic properties and'supposed structures of

the compounds are described and discussed.
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1. THE SIMPLE CHEMISTRY OF RHENTIUM

Rhenium is characteristic of its position in
the table of elements, being in the long period between
tungsten and osmium. It is highly refractory with e
melting point of 3180°-second to tungsten among metals,
and has a density of 21.04. The natural element |
consists of two isotopes 187Re and 18°%Re, but nine -
other isotbpes are‘known. It crystallises in a close-
packed hexagonal structure similar to technetium,
ruthenium and osmium. It is the rarest of the
naturally occurring elements. Its average concentratioh
in the earth's crust (0.001 part per million) is of
the same order of magnitude as that of some of the
platinum metals but it does not occur as the element,
or as a distinct mineral species. Although its
existence as dvi—manganese was predicted by Mendelsev,

it was only detected in 1925 by X-ray spectrum.

Preparation of the'metala

Rhenium is now recovered as a byproduct
in the manufacture of molybdenum; the flue dusts
obtained from molybdenum concentrates are enriched
in rhenium because of the volatility of rhenium
heptoxide. The rhenium contained in these dusts can

be extracted with water containing an oxidising agent;
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alternatively, the rhenium.in these dusts can be
soludllised by heating them with lime at 600°.

- Calcium perrhenate is readily leached out with water
from the insoluble calcium molybdate. The rhenium

in solution can be reccvered as the sparingly soluble
salt K Reqé by addition of potassium chloride.
Originally the metal was produced by reducing this
salt with hydrogen at 1000° but the product was
always contaminated with potassium. Impure rhenium
can be purified by conversion into pentachloride with
chlorine, hydrolysing the pentachloride to rhenium
.dioxide, and then reducing the 1ast(l). Rhenium is
best obtained by‘hydrogen‘reduction of ammonium
Perrhenate(z).' | /!
Rhenium and technetium resemble one another
much more than they do manganese} their coﬁpounds are
often iso-structural and are frequently similar in
appearance and in physical and chemical properties,
also each exhibits muﬂmﬂiaﬁw'of valency. The signi-
ficant difference between rhenium and manganese is
the great stability of the latter's bivalent states
EBven in the guadrivalent state in which the two
elements show the greatest resemblance, the tendency
for Mn'te fo behave as an oxidising agent is very

marked. When rhenium is compared with group VIIT
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metals, a greater resemblance is seen between the
chemistry of rhenium and ruthenium than that of the .
neighbouring osmium. Thus ruthenium forms a stable
tribromide and trichloride but with osmium the tetra-
halides are more stable. The dioxide of rhenium is
more stable than that of osmium. There is greater
similarity between rhenium and molybdenium than between

rhenium and tungsten.

Oxidation State VII

Simple derivatives such as the heptoxide and
sulphide are known as well as mixed halides involving
partial replacement of oxygen, for example Rey0,,
ReOzF; ReOF; and ReO,Fz; the last two compounds are
formed when dry rhenium dioxide or potassium perrhenate
is heated with fluorine(-a)° It was found that potassium
permanganate and manganese dioxide react with fluorine
to give MnF; contaminated with a little difluoride,
and no oxyfluoride of manganese is produced in these
reactions(m° ‘
The only Re(VII) oxychloride is perrhenyl
chloride Re0zCl; the bromide ReO;Br is also known.
It is only recently that rhenium heptafluoride has
been prepared(u) by passing fluorine at 250 mm.

pressure over rhenium heated to 300-400°, Rhenium

heptoxide dissolves in water to give perrhenic acid.
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This acid can also be prepared by dissolving the
metal powder in hydrogen peroxide; perrhenic acid
is a strong acid and like pertechneticvacid it can
- be titrated by using indicators such as methyl red.
All compounds of Re(VII), Tc(VII) ahd.Mn(VII) are

diamagnetic as expected for a 4° configuration.

Oxidation State VI

Rhenium trioxide is a red paramagnetic
solid which can be obtained by reducing the heptoxide
with rhenium at 250°(5) or with rhenium dioxide at
3000(6). It can also be prepared by heating the
heptoxide with carbon monoxide or sulphur dioxide(T),
This trioxide can be reduced with hydrogen to the
dioxide then finally to the metal. Several workeys
tried to prepare the technetium analogne»by reacting
the metal with heptoxide(a) but none has been com¥
pletely successful.

The hexafluoride was originally made from
fluorine énd rhenium at 1250(9) and chlorine tri-
fluoride has also been used as a fluorinating agent
The ﬁaman and infra-red spectra of the compound have
been studied(lo). According to Ruff and Kwasnik it
attacks silica at room temperature. Other workers
maintain that it is stable and reacts with silica

*
above 300°., There are reports in the early literature
* As will be discussed on page 8.
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of a volatile, deep green chloride of rhenium which was
thought to be the heptachloride or the hexachloride

d(ll’lz). This green

but it was never characterise
product was observed when the workers used rhenium
prepared from the reduction of ammonium perrhenate with
hydrogen. Later on rhenium was produced commercially

and this gives rhenium ﬁentachloride when heated with
oxygen-free chlorine. Very recently Colton prepared
technetium hexachloride(IB) as a‘voltaile green compound
by interaction of oxygen-free chlorine with the metals
Later he prepared rhenium heXachloride(lu) using rhenium
prepared by reduction of ammonium perrhenate with
hydrogen, and oxygen-free chlorine at 600°. The hexa-
chloride is dichroic, appearing red-brown by transmitted
light and dark green by reflected light; it is thermally
stable in both chlorine and nitrogen in contrast to
technetium hexachloride which gives the red tetrachloride
on thermal decomposition. On hydrolysis it gives the
dioxide aﬁd the perrhenate ion according to the usual
disproportionation reactions of rhenium (VI) and
technetium (VI) compounds:-

3Re'L 3 2ReVIL 4 R

eIV
The affinity of rhenium for oxygen is great,
especially in its higher oxidation states. The following

oxyfluorides are known: ReOy Fp, ReOF,« These are
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obtained(15) when a mixture of fluorine and oxygen is:
passed over rhenium at 125-300°; rhenium hexaflu%ide

was also among the reaction products which were

separated by fractional distillation. Robinson and

his Co-workers reported that the last reaction gives

only ReOFs; and ReogFg(3l.ReOFéis now prepared by the
reduction of rhenium hexafluoride with rhenium carbonyl(17).
Rhenium oxytetrachloride ReOCl, is obtained together

with Re0OzCl by oxidising a mixture of tri- and penta-
chloride of rhenium using oxygen or R6207S16).

Rhenium dioxy dibromide ReO,Br, is obtained by the

action of bromine on rhenium heptoxide; this remained
the only oxybromide of Re(VI) until Colton prepared

Re0Br, (18]

He reported that this is the main product
of the reactions of rhenium dioxide, rhenium heptoxide
or rhenium trioxide with bromine vapour; it can also
be obtained in very small amounts by the action of
oXxygen on rhenium pentabromide(lB), rhenium tetra-
bromide(19) or potassium hexabprpmorhenate(VI). It is
best prepared by passing bromine vapour over ReOj.
This compound sublimes with little decomposition on
gentle heating in a stream of bromine, but strong
heating causes decomposition to rhenium trivromide’ 18)

It is stable in dry air but immediately hydrolysed by

water to rhenium dioxide and perrhenic acid.
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eVI Iv

3R -92ReVII + Re

Oxidation State V

Rhenium appears to be the only element of
the triad, Re, Tc, and Mn which gives rise to simple
pentava;ent compounds, the pentafluoride, pentachloride
and pentabromide being known. The pentafluoride can
be obtained by reducing the hexafluoride using tungsten
carbonyl and excess of tungsten hexafluoride(l7).

This pentafluoride disproportionates in vacuo above
180° to the tetra-~ and hexa-fluorides.

The pentachloride is obtained by heating
rhenium metal (made by reducing potassium perrhenate)
in a stream of chlorine and purified by sublimation
under vacuum; it is also prepared by héating AggReGls(zo)
which gives in addition to silver chloride, rhenium
trichloride and rhenium pentachloride; rhenium penta-
chloride is the more volatile of the two. It is
prepared similarly by heating at LO0O° under pressure
the heptoxide with carbon tetrachloride(Zl). Very
recently Colton prepared the pentabromide(ls) of
rhenium from the metal and bromine at 650° and
described it as a bluish green solid melting readily
to a similarly coloured liquid. Its vapour is deep
blue and the compound distills with little decomposition

on heating in a stream of bromine vapour. Moderate
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heating or an attempt to distil it in a vacuum or in a
nitrogen stream leads by rapid decomposition to the
tribromide, It fumes in moist air and water causes
instant hydrolysis which proceeds with the usual
disproportionation of Re(V) compounds to rhenium (IV)
and . Re(VII). This worker was unable to obtain a
solution of the compound in any of several organic

solvents, bromine being always liberated.

Oxidation State IV

This is one of the better known oxidation
states of rhenium and technetium, the dioxides of
rhenium and technetium closely resemble each other and

(22). The

both have the molydenum dioxide structure
disuiphides of the two metals also resemble each other
and both are prepared by heating the heptasulphide
with sulphur and the excess of sulphur being sublimed
away in Vacuﬁm{ Ruff and Kwasnik made a tetrafluoride
by reducing ﬁhe hexafluoride with either hydrogen at
200° or sulphur trioxide at LUOO. However, Hargreaves
et al. believed that the compound prepared in this
way is a mixture of tetra- and penta~-fluoride. Ruff
and Kwasnik claimed that rhenium hexafluoride reacts
with silica at laboratory temperature to give rhenium

oxytetrafluoride. Aynsley, Peacock and Robinson(3)

reported that no reaction was observed at room tempefa-
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ture; and that only above 300° does rhenium hexafluoride
react with gquartz yielding minute quantities of dark
green-blue solid agreeing with the description given

by Ruff and Kwasnik for rhenium tetrafluoride and
reported that the guantities were too small for com=~
firmatory analysis.

The existence of rhenium tetrachloride has
been disputed although the isolation of tetrabromide(l9)
and tetraiodide(?3) indicates that the tetrachloride
may exist. The tetrachloride is known in case of
technetium and it can be made by the action of
chlorine on the metal(13) and it can be sublimed
unchanged in the chlorine stream. It was first
prepared, however; by the action of carbon tetra-

chloride on technetium heptoxide at L4O0° in a bomb(21).

Oxidation State III

Rhenium trichloride results when the pentachloride
is heated in an‘inert gas(ZQ). It is also formed by
thermal dissociation of silver hexachloroyhenate (1v)
or from sulphuryl chloride and rhenium(25). Hagan

and Sieverts(26)

in 1933 found that passing bromine
vapour over heated rhenium gave a green material which
they described as the tribromide and which they said

sublimed easily in vacuum. They also noted that when
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oxygen was present a blue solid was obtained to which

(18) 45 1962

they assigned formula ReO,Br,. Colton
proved this was wrong and that the compound formed was
the pentabromide which gives the tribrqmide as dark
brown crystalg, stable in air and giving étable red
solutions in acetone alcohol or ether, and hydrolised
more quickly than the trichloride. He has also shown
that the compound thought to be ReOyBr, is in fact
ReOBr,. Rhenium tri-iodide is a black crystalline
solid obtained by heating rhenium tetraiodide in a
sealed tube to 3500(23)a Alternatively, ammonium
iodorhenate (NH,),ReIgis decomposed in a vacuum at
325%, and the solid residue heated with excess of
lodine in. a sealed tube at 200°. In both instances
the iodine is dissolved in carbon tetrachloride, which
leaves the insoluble rhenium tri-iodide. The tri-
iodide is only slightly soluble in water and dilute
acidsy; it is nearly insoluble in alcohol, acetone and

ether. Like the'tetraiodide, it loses iodine slowly

in a vacuum, especially when heated.

Oxidation State IT

Only few complex compounds are know in this
oxidation state, and the only simple compound ReO(Zu)
has remained uninvestigated since its preparation in

1937
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Oxidation State I
Apart from the compounds ReI(17) and Re20(27> no

simple derivatives of the univalent metals are known.
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2. THE COMPLEX CHEMISTRY OF RHENIUM

Until recently little work has been done on
the complexés of rhenium in low-valency states.
Hdwever, the increased interest shown in recent years
in the complex chemistry of the transition metals has
led to the preparation of a number of stablérlow
valent rhenium compounds. Much use has been made of
strqng field;cyanide and tertiary phosphine, arsing
and carbonyl ligands as these are well known to stabilise
lower valency states. "

This thesis deals with the preparation of new
complexes of three -, four -, and five wvalent rhenium,
but for completeness a review of the complex chemiétry
of this element in its six lowest valency states will

be givenQ

‘Rhenium{Q):

8ix co~-ordinate Re(Doccurs in the dimeric

(28)

‘carbonyl Rey, (C0),, which contains a metal-metal bond,

Rhenium (1)

The complex cyaﬁide Kg [Re(CN)BJ (29)was made by
reducing a mixture of hexachlororhenate(IV)K,a@?eGl%, and
- potassium cyanide in water with potassium amalgam. ‘
Isocyanide complexes of the type [Re(CHaCGH*. NO),;] +(30)

are also known. Hieber and Schuster(Bl)havé reported
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that rhenium penta carbonyl halide reacts with potassium
cyanide to give potassium dicyanotetra éarbonyl rhenium(ﬂ
K[Re(CO),*(CN):é. Other carbonly complexes of rhenium
in this valency state are the carbonyl halides Re(CO)ééfgﬂ}jh,
[ﬁe(co)ﬁ)q»z and pyzRe(CO)SI(35). The carbonyls and |
- carbonyl halides react with hot methanolic caustic
" Dotash to give the salt K[ReB(GO)QOQH](36) which is
believed to contain briddng oxygen end hydroxyl groups.
The saltlﬁe(co)gl AlCl, is also nomn(37) . Fischer ana
6fele(38) prepared Rea\ tetracarbonyl diethylene cation
ERe(CO)4(CzH4)4+ . Rhenium I also forms a number of
Sandwich Complex ions of the type (Relar)t (Ar = benzene
or mesitylene)<39) which give precipitates with large
anions. |
Rhenium (IT)

The only complexes in which this valency has
been established with certainty are derived from
O-phenylene bisdimethylarsine (L) and are of formula
EReLQXé] (X= C1,Br or I)(uo>. Russian workers(*? claim
to have made Kz;ReCl,; ReCl,.L4H,0; HzReCl,.2H;0;

H, [Re(0H)401] ; B, [Re(0H)y) 5 (py-H) H[ReCl.), ReCl,.
(CHaCOOH%C (x=4,2 or)), and ReCly. (CHsCOOH); Dy, but
give no magnetic data. Earlier these workers(ha)

claimed to have isolated (NH,)g. ReCl, and cis and

trans isomers of ReCly,. 2py but again no magnetic
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evidence was presented. Indian workers have made Nag
[Re(ON)sH;d and salts of the anion [;%e(CN)a(CO)]"" and
have cvonﬁrmed the valency of the rhenium in them
enalytically! 3% | preni ana valentil®® claimea to
have propursd [ReGlg(PPha)Q] from the interaction of
rhenium heﬁtoxide, the tertiary phosphiné and hydra-
zinium chloride in ethanol, An investigation of this
<1§M:b5:17amj¢e has shown that this compound was wrongly
formulated and that the compound was in fact [Revo(mt)-
Xy (PPha),a] (46) and that a compound of the formula
[ReGlg(PPha)%“ can only be prepared using sodium perthenate
hydrazinium chloride and triphenyl phosphine in hydrogen
chloride under anhydrous conditions. Bistriphenyl-
phosphine rhenium di-lodide wés pi'epared from the chloride

by reaction with sodium iodide; the compound
[ReClzi(CQ:Hg(Pth)a}a]_ was also prepared.
Rhenium fffiil)

‘ . Trivalent rhenium is known in thé compounds
Ks [Re(CN}%' (57) ,[ Re(diarsine)a012}‘“0104"5-“0) and "in
complex halides of the type (ReCl;) -(L"B). Rhenium
trichloride in acetone reacts with sodium and potassium
salts of dimethyl-, diethyl-, dibutyl-, and pentamethy-
lenedithiocarbamic acids to give compounds of the general
formula ReOlg(NRQCSQ)(L"Q) . Acetylacetone reacts with

rhenium dioxide or rhenium sisguioxide to give rhenium
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(50)

(trisacetylacetonate) Rhenium trichloride
triphenyl phosphine was prepared by interaction of the .
tertiary phosphine with rhenium trichloride in ethanol

) acetone(ls'ze)

o Interaction of ReClz.PPhy in acetone
with chlorine in presence of an excess of the phosphine
gave a product which at first was thought to be [ReCla.
(PT&%)Q](51) but later shown to be a phosphine oxide
complex EReClso(OPPha)J (52). It was observed that
rhenium trichloride and rhenium tribromide when dissolved
in 1iquid ammonia formed compounds which were throught
to be ammoniates with formulae such as ReCly. 6NHg(53),
MyaoTsin—Shen and V.G. Tronev claimed to have prepared
ReCl, .ham(am = NH;, CoHgNH,, (CpHg)pNH, and CgHzN) and
suggested that all three chlorine atoms are egquivalent
and not co-ordinated, i.e. the amine has the structure
[ﬁe am%}Cla(Su), but none of these compoﬁnds has been
econfirmed. Compounds having the general formula
Re, Clg L(L=2-6 lutidine, a-vinyl pyridine, and trimethyl-
amine) , RepClg I, (L=a-picoline) are known(51).
Jozowska-Trzebiatowska prepared the oxobromorhenate
ion [ﬁeOBrglé” by the reduction of potassium perhenate
in hydrochloric acid with sulphur dioxide(55).

When solutions of perthenates in agueous

ethylene diamine are reduced with metallic potassium or

barium they give compounds which were at first thought
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to be rhenides(56> containing rhenium of negative valency.

(57)

However, nuclear magnetic resonance and infra-red

spectroscopy showed the presence of metal-hydrogen bonds.
Floss and Grosse having reinvestigated their product,
assign to it the formula MEReIIIH?}2—uHéO(58). Subsequent
work has not lessened the confusion and Ginsberg et al.
have reformulated the compound“as KQReHg(sg). Further
work is clearly needed.

The product of the reaction bétween sodium
cyclopentadienide and rhenium pentachloride which was
originally thought to be Re(CgHy), is now known to be
a hydride (TFCSHS)QReH(éo) in which the rhenium can be
considered to be trivalent. This hydride reacts with
carbon monoxide to give a compound which was thought to

‘be (CyHg), ReH(CO),(61) ana 1ater shown to be (CyoH,s)
Re(CO)z(sz). Treatment of dihalobistriphenyl phosphine
rhenium(II) compounds with sodium borohydride in ethanol
yielded red crystals of ReH (PPhg), .20, Hy0H 3),
Recrystallisation of this compound from benzene gives
ReHy.(PPh;),. When the same reaction is performed with

excess of triphenyl phosphine, a seven-co-ordinate

compound ReH, (PPh, ), is obtained.

~ Rhenium (IV)
In this valency rhenium forms a number of
stable halide complexes in which the element is six-

Las
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co-ordinate. These include the simple halide complexes
Mz.[Rex;_) (M=univalent metal, X=Cl, Br,I(6l+’65), or F(EG)).
Organic bases such as pyridine, quinoline; p—toluidine(eq),
brucine, acridiﬁe, nitron, tetron(ss), dipyridyl,
bisdipyridyl, tripyridyi(ss) form salts with the anion
[ReCle) ™. Hyaroxy pentachlororhenates Mj [Re(OH)CL)] (45)
and the oxygen-—~bridged dimer Mé[ReSOCIié](7O) are also
known as well as an iodine complex pngeI*(5l). Eight-
co-ordinate rhenium (IV) occurs in the [he(CN),Nd]a‘(hY)
ion which was isolated as the silver salt from a

solution of Ka[heV(CN)g] which had been boiled with
dilute nitric acid. -

’ Indian workers(72) claimed to have prepared
Hl?OH)aReCBO_.QHéO] which changes slowly in ageous
solution to the dibasic form H, [(OH)A__Reczo; . These
acids were made by refluxing freshly prepared rhenium
dioxide in oxalic acld. They also claimed to have
prepared élkali and alkaline-earth salts of these acids.
The same workers also prepared[ﬁe(ceﬂécb—OHCOO)Q }.
6H,0 by the action of gallic acid on pure crystalline
potassium rhenichloride(73)c Jazowska-Trezebiatowska
and co-workers prepared(7u) what seem to be salts of
the same compounds and showed them to be dimeric and
suggested that they are bridged through oxygen. They
reformulate the compounds as Ki[hez(OH)e(CBOé)gé] and
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Kq’[neg(OH)g(czoé)_&o] . When the first of these is
dissolved in 2M- acetic acid and alcohol is added to
the solution the complex acid HéfReg(OH)g(CzOé)eoﬂ
precipitates. |

A compound of formula K [ReO(CN).OH] was
claimed‘7§) to have been obtained by the action of
potassium cyanide solution on rhenium dioxide but this
has never been confirmed. Treatment of ReHz (PPhy),
with hydrochloric, or hydrobromic acid yielded the
complex halide Rexé(PPha)g(GB).

RhéniumﬂV)

The reaction between K;aReIVI6 and potassium
cyanide in hot methanol  gives Ka[Re(CN)é)(u7) which
is a stable compound containing eight-co-ordinate
rhenium (V). An earlier claim(76) to have made the
compound Ka[Ii{eO(CN)é was in error and the compound
was in fact Kg[ﬁeog(CN)a (77’69). Other oxo and
hydroxy complexes of rhenium (V) such as EReOzenQ Cl,
[Re(OH)zenz] Cly » [Reo(OH)enz c1,{7®), ana [Reogpyg,]cl(w)
(en = ethylene diamine, py = pyridine) are well known.
Biguanidine(so) (Big-H) forms complexes {ﬁeO(OH)

(Big H),;j (OH), and [ ReO, (Big H)zj * and diphenylcarba-

zone(gl)

gives(DpCH) [Re(OH)amszc] . Recently some
similar thiocyanato complexes Ks[ﬁeog(SCN)% have been
reported(82). Other complex thiocyanates [ﬁéVO(SCN)a

(PPha)% and [ReO(SCN)B(PEt,aPh)A (46) are also known.
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Earlier claims by Freni and Valenti to have prepared
phosphine halide complexes of rhenium (I1) were in error
and the compounds are in fact oxo and alkoxo(uG) complexes
of the types [Re0CL,(PRs)s) and [Re0X, (PR, )s] (% = C1,
~ Br, I). |

' On varying the iodide concentration and the
temperature' of the reaction between potassium perrhenate,
hydrochlorio and hydroiodic acids; K, [ReOCla] (83) yas
one of the reaction products. The O-phenylene-dimethyl
arsine .complexés [i?eD,,3 Ol,‘] C10, [ReD, Br&]EBr;jand
[(Re}D,a 012)20] [0104]* are k:nown(&‘). Rhenium(V)is also
known in the alkali salts of the ion fﬁeFST( 85).
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3. CARBOXYLIC ACID COMPLEXES

Strong-field ligands, for example éyanide,
carbonyl, triphenylphosphine and arsine have been
extensively applied as ligands in the study of the
complex.chemistry of rhenium. In the present work
relatively weak ligands (e.g. monocarboxylic acids) were
~ used. Thus the reaction between acetic and other low
'barboxylic acids and rhenium-trichloride has been studied
both in the presence and in the absence of air. Four
different types of compound (two in each case) with
rhenium in three different oxidation states namely:,
rhenium (III), rhenium (IV) and rhenium (V) have been
obtained. Their infra-red spectra and magnetic suscepti-
bilities are presented.

3.a. Complexes derived from the reaction between

rhenium trichloride and carboxylic acids
in absence of air:-

In this reaction twb types of compound were
formed: orange crystals having the composition [Re(RCOO)301]2,
(R=CHy, CH,;CH,, CH,;CH,CH,, CHyCHRCH or CH,(CH,)e); and
black compounds having the composition ReCla.(RCOOH)B.

These were separated by the difference in their

solubilities.
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3.b. Complexes derived from the reaction between
rhenium trichloride and carbpgxlic acidfin air:
Two types of compound are again formed: purple

crystals having the comp051tlon[?eO(RCOO)C% (R=CH,CH, CH,
CH;CH,CH, , or CHy(CH;)e) and orange crystals having the
comp051t10n[?eOz(Rcooy}2. These could be separated by
their different solubilities either in alcohol or the
carboxyl acid itself, the first type being soluble in
alcohol and insoluble in the carboxylic acid whereas the
second type is soluble in the carboxylic acid (hot) and
insoluble in alcohol.

3.a. Complexes derived from rhenium trichloride in
absence of air.

On refluxing Re(III) chloride with carboxylic
acids under nitrogen, orange needle—like crystals slowly
deposit from the very dark brown solutions. These have
the composition (RCO0),ReCl (whererR=CH3, CH,CHp y CHgCH,CH; 5
CH, CHaCH, or CH;(CHp)g) and appear to be dimers juqfng '
by the molecular weight determined by the ebullioscopic
method in chlorobenzene, their very léw solubilities in
alcohol, acetone benzene, chloroform and similar solvents,
and their high melting points. The solubilities increase,
and melting points decrease, with increase of the length
of the alkyl éhain; the acetate was heated up to 328°C
- without mélting or decomposing and is practically insoluble
in all solvents tried (e.g. benzene, acetone, alcohol
and chléroform), the propionate decomposes at 2L45°C and
is slightly soluble in acetone but is insoluble in most

‘of the other common organic solvents (e.g. benzene,
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chloroform and dichlorbmethéne). The’isobutyrate is
soluble in alcohol, acetone, chloroform, dichloromethane
- and tetrahydrofuran and is slightly soluble in cold
benzene and chlorobenzene and is soluble in the last
two solvents on boiling; it is insoluble in carbon
tetrachloride, ether and petroleum sPirit and melts

at 221°C. The n-butyrate has solubilities similar to
its isomer and melts at 215°., The octoate is freely
soluble in acetone alcohol; chloroform, dichloromethane,
soluble in benzene, chlorobenzene, tetrahydrofuran and
is insoluble in carbon tetrachloride and petroleum“
spirit and melts at 196°C. All these compounds are
very stable, being unaffected by water or cold dilute
mineral acids and can be left exposed to the air for
several months without appreciable decomposition. They
‘are, however, decomposed to rheniﬁm dioxide anr boiling
with strong bases.

Such a gradation in properties has been
observed by Chatt et a1£86)in binuclear platinous
chloride complexes of the type,LEPtdlé(where Lzolefins,
amines, tertiary organic phosphiﬁes, arsine and stibines
and dialkyl sulphides, selenides and tellurides).
Solubility increases rapidly as the homologous

ascended from the sparingly soluble methyl to conveniently
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soluble propyl derivatives; then more slowly as the
homologous series is_ascénded further. Solubility also
increases on ascending the eutropic series from phos-
phine to stibine complexes. Stability falls rapidly

in the same series: the phosphine complexes are very
stable, the arsine complexes decompose very slowly

in boiling ethanolic solution and the stibine complexes
decompose spontaneously in any warm solvent. The
stabilities of stibine complexes also decrease rapidly

on ascending the homologous series from trimethyl to
tri-n-propyl complex. The dialkyl series of complexes

is the most insoluble: The dimethyl and diethyl suiphide
complexes are practically insoluble in all solvents tried,
but tho dipropyl sulphide complex is slightly soluble in
some boiling solvents such as chloroform and ethyl methyl
ketone. Solubility increases as the homologous series

is ascended.

Structure of the complexes.

~ As the usual method of rupturing halogen
bridges is to allow the compound ‘to react with amine in
a solvent such as benzene, it appears unlikely that the
structure of these compounds involves halogen bridges
(as in fig (1)), for when their solutions in benzene are

refluxed (under nitrogen) with p-toluidine, triphenyl-
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phosphine or dry pyridine no reaction occurs. The work
of Abel, Bemnett and Wilkinson'S7) on the halogen-
bridged polymers of norbornadiene with ruthenium, that
of Irving on ruthenium carbonyl iodide(BB), and that of
Chattet al. on halogen bridged platinum (II)(89) and on
rhodium (I)(9O) complexes has shown that in these
circumstances halogen bridges would be cleaved to give
compounds of the type LRe(RC00),C1l (where L=p-toluidine,
triphenyl phosphine, or pyridine).

The structure indicated in fig. (2) (involving
trigonal bipyramidal-d3sp hybridized-rhenium) can be
rejected on the grounds that it contains two kinds of
carboxylate groups: bridging and nonbriding. This is
unlikely for if this were the case the infra-red spectrum
should show absorption bands corresponding to two
different carboxylate groups (in the region from ~ 46 20—
f200 cm™t) but in fact only one is ever observed. The
fact that these compounds are unaffected by cold dilute
mineral acids eliminated the structure in which only
one oxygen atom of each carboxylate group is involved in
the bond to metal fig. (3). Acids would be expected to
dissolve such compleXes with monofunctional carboxylate
groups through protonation of the unco—ordinated
oxygen atom, Furthermore, in such a structure the infra-

red spectrum would have a band characteristic of CO group .
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in esters (at about 1720 cm~) which is not the case.

The most likely structure for the complexes seems to be

one with four bridging carboxylate groups and a direct

rhenium to rhenium bond as in fige. (L), |
The existence of bridging acetate groups has

been previously demonstrated by Werner (1910) on chemical

(91)

grounds and by X-ray methods in basic zinc and
beryllium acetates. In none of these cases wés there any
evidence of metal to metal bonding. Bridging acetate
groups also occur in the polymeric molybdenum diacetate(gz)
which is prepared by the reaction between molybdenum
carbonyl and acetic acid in presence of acetic anhydride
and also in a heavier transition metal compound for
when the dimeric 1:5 cyclooctadiene rhodium chloride is
treated with potassium acetate in acetone solution the
compound[(csﬂig;ahz( cnscoo)% is obtaineal90), X-ray work
on the hydrated acetates of copper and chromium(gu) and
very recently on the hydrated acetate of fhodium(95) and
on the compound [Cu, (CH,C00) (CSHSN);S(96) has shown that
they have structures containing bridging acetate groups
in an arrangement identical with that in the proposed
structures of the rhenium complexes.

Confirmation of the presence of a direct

Re-Re bond, or at any rate considerable Re-Re interaction,

is provided by the observed diamagnetism of the compounds,

\
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both in the solid state determined by the Gouy method on
the acetate and in solution by n.m.r. method. on the
octoate. In these compounds the Re(III) has a 4% con-
figuration and is thus étrictly analogous to Cr(II)
whose hydrated acetate is also diamagnetic. This
diamagnetism of chromium acetate at first led to its
being assigned a tetrahedral configuration(97), but X-ray
studies(gu) showed that the molecute was dimeric with
the two chromium atoms locked by the carboxylate groups
at a distance of 2.64 A° apart. Geometrical considerations
show that the length of the M-O bond has little effect
upon the M-M distance in compounds of the type shown in
fig. (4), so that it can be presumed that the Re-Re
distance in ReB(RCOO)éclz.Will also be about the same
as in the chromium compound. The exact nature of the
interaction between the two chromium atoms is still
somewhat doubtful, although it has been suggested by
Figgiset al.(98) that it involveé a mixture of one
-5 two 7i- and one ¥ -bonds .utilizing the 3d orbitals
of the chromium atoms. Calculations of overlap integrals
have suggested that the bond is rather weak but there
is sufficient exchange to effectively pair the spins
of the electrons occupying the 3d levels in each

chromous acetate molecule and thus produce the observed

diamagnetism. However, it appears propable that the
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molecule is really held together by the bridging acetate
groups.

A rather similar situation exists in the dimeric
copper acetate(98) molecule except that the bond in
this case appears to be considerably weaker so that the
compound still exhibits some paramagnetims, although not
as much as would be expected if there were no Cu-Cu
interaction at all. Recently the view has been put forward
that the Cu-Cu bond is almost wholly-o -(99) but the
question is still not settled.

The greater size of rhenium together with the
fact that the two rhenium atoms can be expected to be
fixed at about the same separation as the chromium atoms
will result in greater, electronic interaction between
the rhenium atoms so that the bond will probably be
considerably stronger. It is not possible to obtain an
assessment of this efféct from magnetic measurements,
however, as the chromium compound is already diamagnetic,
but it is likely that the Re-Re bond plays a  signifi-
cant part in holding the two halves of the molecule
~ together,

A magnetic study of the homologues of copper
acetate (propionate, butyrate, etc.,) has shown that
these also have anomalously low magnetic moments and

presumably similar structures to the acetate(loo). The
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length of the fatty acid chain should not affect the
shape of the COQ0 part of the molecule and Catalin
molecular models showed that the paraffinic part of the
molecule could easily be accommodated around the edge

of the central grouping. The same argument can also

be applied to the rhenium carboxylates which are all
diamagnetic and which presumably have the same structures
as the acetate. Other compounds which contain Re- .-

Re bond are the dioxide(zz) (28).

and the carbonyl

In an attempt to demonstrate conclusively that
the compounds do not contain bridging halogen groups
certain replacement reactlions were performed. The
compounds react with silver thioecyanate in boiling
benzene to give a brown-black compound [Re(RGOO)QSCng.
This compound gives a non-~conducting solution in
acetane, is soluble in water and ig soluble in benzene
to give a dark bfown solution.

The infra-red spectrum of this compound shows
a very strong peak at 2033 cm™t, this can be due only
to the thiocyanate groups. It has been found that
potassium thiocyanate absorbs at ~ 2063 cm‘i,(IOl)
terminal thiocyanate groups in platinum (II) ana
pelladium (II) complexes in the range 2100 - 2120 cm™%
and bridging thilocyanate groups in the range 2150 -
2182 cm‘i(loz). . It has also been found that the
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' compound [Pt(cioﬂia)(SCN)z]z1 (in which C,,H;, is the
~diolefin dicyciopentadiene) has very strong absorption'
bands at 2159 and 2055 cn-t(193), inaicating the
presence of both bridging and nonbridging or free

SCN~ groups, and consequently it was assigned the
structure {CioHiaPt (SNC)QPtcinggl(SCN)Q. From

these results it appears fairly certain that the
peak at 2033 cm™® in the rhenium complex arises

from nonbrid?ng SCN groups and that the compound

' “must have the structure shown in fig. (5). The

formation of such complexes confirms that halogen
bridges were not involved in the original compounds.
As discussed by Lindgvist and Stanberg(lou) the
transition metals may be classified into two groups
according to whetﬁer they are bonded to the
thiocyanate group through the nitrogen or sulphur
atom. Thus metals in the first transition series
appear to form isothiocyanate complexes (N-bond)
whereas elements in the second half of the second
and third transition series tend to form -

thiocyanate (S-bonded). It is significant that
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this behaviour closely parallels the division into class
(a) and class (b) acceptors proposed recently by Ahrland
et a1$105) for the co-ordination of metal ions with an
extensive series of ligands. This (a)-(b) diwvision is
based upon the stability constants of ions in solution,
i.e. the free energies of replacement of one ligand by
another. For class (a) metals the order of strength of
attachment in water is F > Cl >Br »>I , and for class
(b) metals the order is reversed. The fact that the
bonding extremes are M ~ N =C =8 and M-S ~-CEN

on conventional formulation suggested that it should be
possible to distinguish between the two forms by studying
_the CN and CS frequencies in the infra-red spectrume.

Lewis, Nyholm and Smith(loe)

found that the feature most
characteristic of metal sulphur bonding is a lower C - S
stretching freguencies ~~700 em~* to be compared with
~800 cm~* when the bonding is through nitrogen. In

the present case it was found difficult to differentiate
between the two different bonding (N-bonding or S-
bonding) since in this region of the spectrum there

are other bonds due to the butyrate group (CHgz(CHp)s
000). Recently Schiffer!197) has suggested that it

is possible to distinguish between an isothiocyanate

and thiocyanate structure on the basis'of the position

of the ligand in the speéctrochemical geries. The
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thiocyanaté_groups is considered td be approximately in
the same position as chloride in the series, whilst
isothlocyanate falls between water and ammonia, i.c.
C1~~SON < P, < - NCS <NHy < CN. 1In the present case
visible spectra for both [Re(CH,(CHy);000), SON|, and

[ Re(CH, (CH ) 000)301]2 was measured to make possible
such a comparison. |

Unfortunately the result waé notvconclusivé.

Thege compounds ERe(RCOO)QCl]Q in acetone also
 react with the stoichiometric amount of silver sulphate
in water; - silver chloride is precipitated and the
mother liquor on evaporation gives a greenish 51ue
solid which analyses for the compound [ReQ(RCOO)ﬁ.
zﬂzo] S |

After removal of the orange crystals from the
dark solution obtained by refluxing rhenium trichloride

with carboxylic acids under nitrogen, other compounds

~
~

which have the stoichiometry ReCl,.(RCOOH), (where R =
CHys CHgCH,, CHyCH,CHg) can be obtained from the mother
liguor. Addition compounds of this type have beeﬁ

found before, for example, CHaCOOH—SbCls, CH;COOH - SbCl,
| CH,COOH - SbCl, and H.COOH-SbC1,(198). In the 1ast

case no solild compounds were separated and the infra-
red spectra of these compounds were measured on a

mixture of the acid and the metal chloride in a
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definite proportion, and the observed negafive shift

of the carbonyl stfetching frequency was taken as proof
that the oxygen of the carbonyl group was co-ordinated
to the metals In the present case, howéver, only very
small‘shift has been observed.

The compounds are mohomeric as shown by their
molecular weights determined by the gtandard isopiestic
method(109)‘in acetone using azobenzene as reference.
They are very soluble in many common organic solvents
€.g. alcohol, acetone, ether, choroform, dichloromethane,
but are however insoluble in benzene, carbon tetra-
chloride, petrol and water. They give non-conducting
solutions in nitrobenzene. The presence of hydroxyl
groups is comfirmed by theilr infra-red spectra. The
fact that these compounds are diamagnetic implies that
they have trigonal bipyramidal structures d®sp fig. (6)
rather than square pyramidal, since ligand field(llo)
considerations for the two cases indiecate that only
the bipyramidal form would lead to a dilamagnetic
Re (III) (d%) complex. These compounds provide an
early example of five co-ordinate Re (III) complexes:
the only other examples known so far are the compound
prepared from the reaction of rhenium trichloride
triphenyl phosphine (ReCls.FPh,) with chlorine which
was at first thought to be ReCly.(PPhy), 5, but later
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proved to be a phosphine oxide complex ReCla.(OPPh3)3(52);
and the hydride ReH, (PPh,), 53),

Attcmpted Reactions

In an attempt to prepare the ester analogues of
the last type of compound diséussed. rhenium trichloride
was mixed with ethyl and methyl acetates. Although purple
solutions were obtained, removal of the solvent under
vacuum always resulted in the production of oils which
repeated washing with light petroleum failed to solidify.
The analytical figures obtained for the oils were un-
satisfactory. A

Attempts to make the compounds [Re(RCOO)361}3
from rhenium trichloride, sodium acetate or butyrate
and the corresponding acid anhydride led to pale yellow
éolids. When these were washed with water (to remove
NaCl expected to be formed in the reaction) they decom-
posed to black solids {probably Reoé) indicating 'that
they could not be mixtures of NaCl and [Re(RCOO)aG¥12

since these compounds are stable to water.
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3.be Complexes derived from the reaction between
‘ carboxylic acids and Re,Cls in air

When the reaction between Re(III) chloride and
butyric, isobutyric or octoic acid is performed in the
presence of air, purple needle-like crystals slowly
deposit from the hot orange solution. The purple
cfystals were filtered off (the orange solutions will
be discussed later on) and found to have the stoichio-
metry ReO(RCOO)Cl, and appeared to be dimeric judging
by thelr molecular weight and by their low solubilities
in acetone, chloroform and dichloromethane. These
compounds again show a gradation in properties as'the
carboxylic acid series is ascended. The butyrate and
isobutyrate are soluble in alcohol, slightly soluble
in acetone, chloroform and dichloromethahe; and are -
ingoluble 1ﬁ benzene, carbon tetrachloride and petroléum;,
the octoate is very soluble in alcohol, acetone, dichloro-
methane, chloroform,; benzene and chlorobenzene, but |
deéomposes.in the last two solvents on boiling. The
isobutyrate melts at 304°, the butyrate at 210° and
the octoate melts at 154°, The butyrate and ispbutyﬁate
are very, stable compounds and can be left exposed to
air without appreciable decomposition taking place,
whlle the octoate turns oily on exposure to the aif

for several days. They are all insoluble in water and
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boiling water decomposes them to rhenium dioxide.' They
give‘non—conducfing solutions in acetone,

In the infra-red spectra of these compounds the
carbonyl bands occur in mearly the same region as in
Eﬁe(RCOO)zci]z, and it seems likely that the compounds
contain two carboxylic groups linked to two rhenium
atoms as in fig. (7). Furthermore no sharp band could
be seen in the region 850 ~ 1000 cm™ which could be

also by
comparison between‘the spectra of these compounds with
those of [Re(Rcoo)zcn]2 there was no extra band in this
region (850 - 1000 ecm™t)., Theése compounds did not
react with halogen bridge cleaving reagents such as
p-toluidine under nitrogen. It seems likely therefore
that the compounds have the structure shown in fig; (7).

The fact that they are diamasgnetic implies that
there is rhenium-rhenium interaction, as a Re(IV) 43
complex would have been expected to be paramagnetic.
This interaction could take pléce in either of two wayé.
Firstly interaction through oxygen as in the case of
[R8200110]@"(71); or secondly a direct type is the most
likely sihce once again the two rhenium atoms are held
in proximity by the bridging carboxylate groups.

When these compounds are treated with air-free

mineral acids they turn blue and dissolve somewhat;
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the sameé blue colour can be imparted to strong acids by
shaking them with solutiohs of the purple c¢rystals of |
the compounds in organic solvents. It seems likely that
this behaviour 1s due t0 protonation of one or both of
the oxygen atoms. Indeed with hydroohloric acid a
‘compound having the formula [ReOH(RGOO)012]2 was formed,
ﬁhus»confirming this suggestion‘and showing that pro-
tonation of both oxyéeh atoms has taken place. These
new compounds are soluble in acetone; chloroform, di-
chloromethane very slightly soluble in benzone. and
insoluble in water; and give non-conducting solutions in
. nitruvbenzene which implies that the two chlorine atoms
are co-ordinated to the two rhenium atoms and that the
compound has the structure shown in fig. (8).

The compounds are diamagnetic (as shown by
thevn.m.rf(llz) method) suggesting that metal to metal
interaction still exists in them; the presence of such
interactibn»imblies that the compounds are early examples
of severn-co-ordinate Re(IV); the only other example
of seven-co-ordinate Re(IV) known so far is ReH@.(PPh3)3(113)
reported-by'Malatesta et al. and prepared by interaction
of ReH, (PPhy), with sodium borohydride. After refluxing
for four daYS no more purple crystals formed in the hot
ReyClg-acid solutlons.: After the purple crystals Weré

removed as deseribed in the preceding section the orange
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acid solutions were left to cool when orange crystals
were deposited. These crystals have the composition
ReO, (RCO0) (where R = CH,CH,CH or CH,CH,CH,), although
in the case of octoic acid the yield was too small to
give enough pure sample for analysis. The compounds
appear to be dimeric judging from their molecular
welghts, their high melting points and low solubilities
in chloroform, dichloromethane, benzene and chlorof
" benzene. They are insoluble in cold water and boiling
water decomposes them to rhenium dioxide, acetone élso
causes their decomposition.

They are derivatives of Re(V) and the oxidation
of Re(III) has been accomplished by the oxygen sincé
these compounds were nevef obtained when the reaction
was performed under nitrogen, and it seems likély that
the carboxylate groups enhanced this oxidation. They
are dlamagnetic as shown by the Gouy method(llu) on
the solid, and give non-conducting solutions in nitro-
benzene which eliminates the possibility of their being
ionic compounds similar to [Uog(QAC)%]*(ll5) ion.

In the infra-red épectra the carboxylate
stretching frequency occurs in nearly the same region
as that for the previous types of compounds and only
one strong band in the Re = 0 region (932 cm™®) is observed

although there is another strong band (825 cm~t) but
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this can be attributed to any part of the alkyl chain.
It seems likely that the compounds have the structure
shown in fig. (9) (although the structure in fig. (10)
could bot be eliminated conclusively).

The fact that these compounds are dilamagnetic
does not imply that there is necessarily any Re-Re
interaction for there is no reason to belived that
five~co-ordinate RelV) should be paramagnetic, and
although rhenium pentachloride was found to be para-

magnetic(ll6)

With U_.. varying from 2.2 to 2.3 B.M.,
nothing is known of its stereochemistry. It is however
likely that Re-Re intergction exists in this type of
complex since égain the two rhenium atoms are held
close together by the carboxylate group. It appears
that when the reaction between acetic and propionic
acids (in presence of their respective anhydrides)
and rhenium trichloride is carried out in air the same
type of complex (as in the case of n-butyric isobutyric
and octoic acids) is formed since orange crystals
could be seen mixed with purple-black solid; however
these were so insoluble as to render their separation
into analytically pure samples impossible.

As discussed by Nyholm, Coffey and Lewis(ll7),

. metal to metal bonds in inorganic compounds are more

common than 1s often supposed. These workers classi-
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fied them into two main groups (a) the multicentre

type such as occurs in metals and the concentrated

metal halides (eege NDI, ,MpIsz, MoCly etc.); (b) the
covalent type involving a simple covalent bond such
as occurs in mercury (I) halides and in dimanganese
decacarbonyl.

. They reported that an examination of the
known examples of metal-metal bonds reveals that they
occur most readily when (1) the metal atom has a spin-
paired configuration with an odd number of elecfrons
i.e. A%, 47, d° and a:°s; (2).the metal atom is in a
low oxidation state. In the present work metal to
metal interéction appears to exist in the dimeric
Re(III) complexes (Re(RC00),C1], (where R=CH, ,CH,CH, ,
' CHgCHyCH, CH,CH,CHp or CHy (CHp )6) » Re(IV) complexes
[ReO(RCOO)Cl]z (R=CH4CH, CH, , CHyCHRCH or GHy (CHg)g)s
[ReOH(RCOO)Cl{]B (R=CH;CH; CHg s CH,CHzCH) and probably
in the Re(V) oomplex [ReOZ(RCO_O)]g (R=CH, CH, CH, ,
CH;CH,CH) .
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3eCo Complexes derived from rhenium pentachloride

Rhenium pentachloride reacts with acetic acid
vunder nitrogen in presence of acetic anhydride to give
a black compound having the composition ReCl, (CH; CO0); .
This.compound seems to be polymeric since it is
insoluble in most common organic solvents, for example
acetone, benzene and dichloromethane and it is only
sligbxly soluble in chloroform and nitrobenzene (giving
a non-conducting solution in the last solvent). It 4
did not melt when heated up to 298°C. It is unaffected
- by cold dilute mineral acids and decomposed by bases
fo rhenium dioxide. The structure of this‘compound
is possibly as shown in fig. (11) and inyolves seven-
co-ordinate Re(V). The only other seven-co-ordinate
Re(V) compounds known so far are the complex hydride
ReH; (PPhy ), reported by Malatesta et a1.<113) and
the compound prepared lately by Mawby and Venanzi(118>
namely [ReOXa(TASﬂ.(X=Cl or Br and TAS=bis (0-diphenyl
arsino phenyl arsine) by interaction of rhenium
trihalide and the triarsine. These authors reported
that oxidation from Re(III) to Re(V) took place
during the reaction, and that they are not certain
whether these complexes are six or seven-co-ordinate.

(119)

Also Ferguson, Kirkham and Nyholm reported that

a seven—-co-ordinate paramagnetic pentavalent rhenium
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(84) '
complex [(ReI@Clzkp] (c10,), was formed on oxidising
the trivalent chlorine complex [ReDaclg] Cl0, with

15-N nitric acid (D=o-phenylenebis-dimethyl arsine).

In the present case the compound 1is diamagnetice.
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3e¢do The infra-red spectra of carbogxllc acid
complg;

Not many data are available concerning the
infra-red of metal carboxylate complexes. French
workers (1943) have studied the infra-red spectra of
some metal acetates, propionates, butyrates, isobutyrates,

oxalates and some other aromatic complexes(lzo).

Their
study was confined to tlhe region 600-1600 cm™* which
rendered their assignments somewhat incorrect since
some carboxylate compounde are known to have C-0
stretching frequency higher than this region.

(12) compared the

Recently Okawara et al.
infra-red spectra of organotin acetates which show
cérbonyl~stretching frequencies at about 1580 and
1440 em™* with that of acetoxytrimethylsilane which
shows a carbonyl stretching frequency at 1725 cm™* and
a C-0-(8i) stretch at 1267 cm~* and concluded that the
former comPounds contain carboxylate anions. Later

(122) discussed their results and

Beattie and Gilson
reported that the main problem in this case is a stereo-
chemical one (not one of degree of ionic character)
and that one should not expect to find great differences
between the spectra of ionic acetate and chelate or

bridging acetate groups. They also reported that

there would be considerable'difference between the free
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carbonyl group in an ester and CO; acting as a chelate
or bridging group. They supported their conclusion by
some results of Duncanson et al.(123) who have shown
that the carbonyl frequencies in tetra-acetyl diborate
occur at 1718 and 1605 cm™. These are interpreted in
terms of two free carbonyl groups and two bridging
carbonyl groups respectively, since boron has a
maximum covalency of four. The value of 1605 cm—?

for the bridging group is close to that found in ionic
acetates where the C-0 stretching frequencies occur

in the region 1580 em~*, The same workers observed
the spectra of basic acetates of zinc and beryllium,
which would conventionally be regarded as covalent

and where the crystal structures are known, and com-
pared themlwith certain organotin acetates; their

results are shown in tables (1) ana (2}

Table (1) C-0 Stretching Frequencies in cm™t

NaOAc Me, SnOAc - Cui( OAc) 4. 2H,0

1408 1428 1418
1578 | 1576 1603
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Table (2) C-O Stretching Freguencies in cm~t

Be,0(0Ac), Zn,0(04c)q (OAcMegSn), 0

1481 iuh3 1410
1623 - 1598 1580

From this comparison they have demonstrated that
there is no simple way of distinguishing between a
discrete acetate ion and a bridging acetate group.
Other results whiqh could be stated in
support of their view are the infra-red spectra of
hydrated and anhydrouschromMmacetate(lgu). The

carbonyl stretching frequencies of these are shown

in table (3).

Table (3) C~0 Stretching Frequencies in cm—%

CI‘Q(OAC)Q.ZI{EO ’ CI‘Q(O‘A.C){;= ) Cuz(OAC)q__

- 1423 122 ~1420
1586 1571 1591

(125)

Japanese workers compared the infra-red spectrum

of Ni(CH,C00),.4H,0 in which the acetate group is

(126)

known to be unidentate from X-ray studies with

that of bidentate cupric acetate and claimed that
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tﬁe two Cu-0 bondings in the latter are responsible
for higher frequency shift of the asymmetric C-0
stretching mode (1603 cm—* in the case of the copper
complex compared to 1530 em™? in the case of the
nickel one). It appears, however, that this is not
always the case since in the infra-red spectrum of
molybdenum diacetate(127), which is believed to contain
the polymeric structure in fig (II), the asymmetric
C-0 stretching frequency occurs even at a lower region
(1512 em~*) compared to that of nickel diacetate

(1530 em=t). Furthermore the dimeric 1:5 cycloocta-
diene rhodium acetate(go) which is believed to have
the structure in fig (III) whows asymmetric C-O

- stretching frequency at 1530 em™® (asymmetric and
symmetric C-0 stretching frequencies for the last two

compounds are shown in table (L),

Table (4) C-O Stretching Frequencies in cm™%

[MO(OAC)QJH [ﬁienethz(OAc)J

1410 1419
1512 1530
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Fig(@m
The fact that these workers relied on few compounds to
draw -this conclusion rendered it incorrect.

The infra-red spectra of ‘the rhenium complexes

described in this work are given in tables (5-2Q9.



Table (5)

The infra-red spectrum of [Re(CHéCOO)ZCl]2 in cm™1

The infra-red spectrum of[ﬁe(CHSCHQCOO)BC%}B in em™
L 3

292l m ) CH 1040 81 rock-
1456  ves C-0 1020 s} éﬁf
1425  sh defCH 945  w C-C
1385 wv.s C=-0 680 v.s d8f°
1345 s def.Cly ¢35

Table (6)
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2990 S 1304 vVe.s 885 w
2940 s 1085 s 850 s
2890 s 1015 m 800 s
1470 vVes 975 w 686 s
1438 Ves 935 s 650 s
1375 s

Table (7) _

The infra-red specturm of (Re(CHacHéCHQCOO)201J2 in em™

3000 s 1375 wves 933 m
2955 s 1305 v.s 887 5
2885 s 1267 s 861 s
1470 vV.s 1200 s 797 V.8
1450 sh 1195 s 765 m
1437 ves 1037 w 723 s
1400  sh 955  sh 650 V.s
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Table (8) |
The infra-red spectrum of [Re((CHé)SCHCOO)SCi] in cm-%

2980 s 1377 vVes 963 m

2930 s 1300 s 928 s

1470 vVe.s 2185 sh 84 s

1440  sh 1164 m 755 8

1430 Ves 1981 s 672 s
Table (9)

The infra-ved spectrum of |Re(CHyCH,CHy000)5SCN]|s in om™
L .

2980 V.8 1480 v.s 1085 s

2940 sh 1430 V.S 890 m

2880 sh 1375 v.8 820 w

2033 VeB 1310 8 790 sh

1581 s 1260 s 760

1521 8 1205 m 650
Table (10)

The infra-red spectrum of ReClg(CHaCOOH)g in cm=?

3360 b 1385 s 920 s
2924 s 1350 m 845 s
1708 s 1080 m 775 s
1476 s 1040 s 685 B
1445 ves 920 =
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Table (11)
The infra-red spectrum of [ReO{FGHS)BGHGOQ}Cl]a in em™

2970 m 1383 m 960 &h

2950 m 1365 m 9LO 8

1480 ves 1300 s 887 8

1463 sh 1170 m 835 s

1430 V.8 1080 s 670 D
Table (12)

The infra-red spectrum of [ReO{bHa(CHQ)Bcoq}Cl]z in em™

2924 m 1260 8 938 s
2950 m 1205 m 913 s
1470 vVes 1195 b 858 s
1430 ves 1099 m 793 m
1400 sh 1073 sh 748 sh
1330 m 1045 w 723 s
1305 m 978 m 650 s
Table (13)

. The infra-red spectrum of [Re(o@(CHa)chcoo)clz]2

& 3380 s 1377 s 1080 v.s
2980 m 1367 sh 925 s
2930 m 1300 s 840 m
1475 v.s 1285 sh 760 m
1451 v.s 1165 w 675 m
1431 ves
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Table (14)
The infra-red spectrum Of [Reoz(CHa)chcod]2

2970 8 1335 w 976 8
2930 sh 1312 s 935 . V.8
2875 s 1270 s 815 V.8
1462 ve.s 1167 m 755 s
1440 sh 1095 S 680 8
1415 wv.s

Table (15)

The infra-red spectrum of [Reoz{éHB(Cﬂg) ibq}]z in em™%

2970 m 1290 s 980 s

1465 vVv.s 1267 V.S 932 V.8

140 sh 1220 s 825 v.s

1420 ves 1205 sh 755 =8

1385 s 1092 s 670 s
1310 v.s 1080 gh
Table (16)

The infra-red spectrum of [Re(CHa((CHz)SCOO)QCI]
in the region u000~1200 cm~

2950 sh 1400 8
2910 V.S | 1365 m
2850 sh 1340 m
1468 v.s 1320 m
1440  sh - 1295 m
1420 vVes ' 1245 m




Table (17)
The infra-red spectrum of ReCly(CH,000), in cm™

2940 § 1025 m
1560 s 1010 m
1&55. VeS 930 W
1425 ves 720 5
1396 Vs 650 5
Table (18) ‘
The infra-red spectrum of’ReOH{?HE(CHQ)zCOé}Clg]2
3370 8 1430 ves 1090 v.
2980 m 1365 wv.s 960 w
2910 m 1296 v.s 920 m
1470 vVes 1275 sh 840 m
1450 Vs 1158 m 7Ll m
665 m
Table (19)

The infra-red spectrum of[:Re{(CHS)QCHcoo}2 scm}z

in cm™%

2980
2940
2880
2030
1475
1425

s
sh
sh
VeB -
VeSS
VeS

1375

1300

1165
1090
960
920

8L0
770
750
715
680

sh

=]
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Table (20)

The infra-red spectrum of ReCl§§CH5(CHé)ECOOE§é

3370 b 1415 v.s 1030 m
2970 s 1385 v.s 975 w
2930 8 1317 vVes o6 s
2870 s 1262 s 840 s
1710 s 1200 m 790 s
1462 v.s 1090 s 660 s

Table (20a)

The infra-red spectrum of [ﬁez(CH@CH@CHQCOO)Q.ZHéé;SOQ
cém™3

in
3400 b 1385 sh . 1025 s
2960 s 1315 v.s o0 m
2900 sh 1270 s 895 s
1625 m 1210 s 795 s
1470 v.s 1175 s 720 m
1440 ves 1080 s 650 s




58.

Nitrogen ligands

Pyridine complexes

Rhenium pentachloride dissolved in acetone
(G.P.R. grade) reacted with pyridine to give a green
- compound which precipitates rapidily and the solution
turned orange; this green precipitate was filtered
‘off (the orange acetone pyridine solution was left
to settle as will be discussed below) and recrystallised
from chloroform. It was found to have the composition
ReO(OH)py,Cl, and possibly has the structure in
fig. (2). The fact that an a-a dipyridyl analogue

Py (12) '

is known (as will be described later on) implies that

the two pPyridine molecules in this complex must be

in the cis position. This compound is sparingly
soluble in pyridine and acétone, and is insoluble in -
benzene, alcohol, tetrahydrofuran, carbon tetra- |

chloride, water (cold or hot) and ether. It gives
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a non-conducting solution in nitrobenzene. The infra-
red spectrum of this compound shows a band correspondiné
to an O-H stretching frequeﬁcy at 3300 cm™ and two
bands in the region corresponding to Re=0 (9788,

9123 cm™ ), one of these could be due to a crystal
effect and as the compound is not sufficiently soluble
to make an infrewred spéctrum in solution it was not
possiblé to eliminate this effect.

The compound is diamagnetic which 1s common
among six~-co-ordinate Re(V) compounds. It is
unaffected by cold concentrated mineral acids e.8&.
hydrochloric acid.

After settling, the orange pyridine-acetone
solution (left after removal of the green compound
discussed above) desposited orange crystals which
had the compoéition [Reozpr]Cl. 2H,0. These are
soluble in water and give pricipitates with large
anions, for example the tetraprenylborate anion.

It was impossible to remove the water of
4crystéllisation of this complex salt, éven.by
mintaining it for L8 houfs at 100°C in a vacuum.
This compound was also prepared by addition of
pyridine to a solution of (PPh,),.Re0Cl, in alcohol(28),
It is interesting to point out that the compound

[?eozpy; Cl was reported by Russian workers (129)
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who prepared it by the reaction of potassium oxo-~
‘chlororhenate (V) Ké[ReOClal with aqueous pyridine.
Also in a note by Indian workers(ljo) the compound
ReO,py.Cl was reported among other products of the
reaction between a concentrated ageuous solution of
potassium hexachlororhenate (IV) KQEReClél»and pyridine,
however, it was‘not pointed out that this COmpound\is
ionic or that it is soluble in water. ‘
In the present work the complex Egeozpyéjcl.
2H,0 showsno band in the infra-red spectrum in the
region 850 - 1000 em~! (the region in which Re=0
stretching frquency is considered to occur) which at
first suggested that the compound possibly has the
formula [BG(OH)épy* Cl. But the fact that the
tetrapheylborate coﬁplex has no band in the infra-red
spectrum corresponding to O-H stretching frequency
(around 3200 cm~t) and the oxygen content of this
complex was always half that expected for the com-
position {?e(OH)*pyé_ BPh, excluded this possibility
and suggested that the original compound [ﬁeozpy;]Cl.
2H,0 contained two mols of water of crystallisation
which was removed in the formation of the tetra-
phenylborate compiex. Fﬁrthermore the tetraphenyl-

borate salt shows no band in the region 850 - 1000 cm™t.,
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It was suggested later that the band at 820 cm~1 which
cannot be attributed to the pyridine 1igand(131) and
should be assigned to Re = O stretching frequency
displaced from the normal M = O region because of

the trans arrangement of the O =‘Re = 0 bonds. This
lowering of the single stretching fregquency expected

in trans dioxo grouping was first commented on by
Johnson et al.(132);

The compound is soluble in pyridine, slightly
soluble in acetone, alcohol and chloroform; it is
soluble in water and decomposes to rhenium dioxide
on boiling in the last solvent. It is insoluble in
benzene, carboﬁ tetrachlofide and nitrobenzene. That
the compouhd is a uni—ﬁnivalent electrolyte was
confirmed by the conductivity measurement.

The compound is diamagnétic which is usual
among the measured six-co-ordinate Re(V) compounds.
Indeed the only paramagnetic six-co-ordinate Re(V)
known so far is the ion EReF%’(85); the magnetic
properties of several of the alkali salts of this ion
have been determined(6) and bore values vary from
1.53 t0 2,05 B.M. at 300°K.

This orange rhenium complex reacts with
concentrated mineral acids to giwve red—colounilsolUtions,_

but attempts to separate a red solid product failed
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since the reaction is reversible and the original compound
was always obtained. However, if the reactants were
boiled a green solid precipitated which is practically

- Insoluble in all solvents tried and which analyses for
the composition ReOpy,Cly. HyO.

a-a dipyridyl complex:

Rhenium pentachloride dissolved in acetone
reacts with a-a dipyridyl to give several products
among which was a green product having the composition

ReO(OH) dipy €1, . . This compound is soluble in acetone
énd chloroform and’it.is insoluble in benzene, carbon
tetrachloride and alcohol. The compound is diamagnetic
similar to its pyridine analogue,

In the infraied spectrum of this compound
a band was observed in the region corresponding to
0-H stretching frequency (3360 cm~t) in addition to
two bands observed in the region where Re=0 stretching
frequency is known to occur (930 and 880 cm™). The
band at 930 em™® is strong while that at 880 cm-% is
é weak band; this could be a spliting due to crystal
effects and the compound was not sufficiently soluble
to allow an infra¥ed spectrum in solution to be taken.

Attempted Reaction.

In an attempt to prepare an ortho pheénanthroline

compleX similar to the dipyridyl complex described above
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rhenium pentachloride was dissolved in acetone; and
to this solution an acetone solution of orthopenanthroline
was added. A difficulty soluble mixture was formed

for which the analysis was always unsatisfactory.

Attemﬁted friphenxl phosphine oxide reaction.

A mixture of rhenium trichloride and
triphenyl phosphine oxide was refluxed in acetone for
four hours; purple crystéls were obtained, but were
insoluble in all solvents tried and could not be
recrystallised. Their carbon and hydrogen analyses
were always lower than the calculated value if the

compbund had the formula (ReClz.PhsPO).

Table (21)

The infra-red spectrum of ReO(OH)Cly,py, in cm™

3300 w 1453 v.s 1015 s

3076 Vew 1380 v.w 9786 s

1630 w 1245 m 912 5

1612 ves 1220 5 870 5

1570 w 1155 s 817 m
1558 w 1067 V.8 766 v.s
1535 s 1050 s 690 Vs
1492 s




The infra-red spectrum of [Reozpyé Cl.2H,0 in ecm™?,

Table

(22)

[

3400 m 1351 m 820 V.8
3086 s 1212 s 780 s
3025 s 1160 sh 766  sh
1625 sh 1146 745  sh
1609 s 1060 s 700 V.s
1563 m 1010 m 690 V.5
1478 m 955 vV.w
1450 v.s 880 w

Table (23)

The infras-d spectrum of ReO(OH) dipy Cl, in em~?,
1

3360 b 1260 w 930 s
3060 s 1220 s 880 w
3000 s 1190 sh 860 w
2920 W 1160 s 830 vV.s
1635 m 1080 vV.s 785 Ves
1565 v.s 1060 s 760 v.s
1459 v.s 1050 s 750 V.8
1429 v.s 1008 s 720 Ves
1315 w 970 w 710 vV.s

6L,
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L. EXPERIMENTAT,

Infra-red spectra were recorded using a Perkin-
Elmer Model 21 double beam Infra-red spectrometer.
Samples were studied in '"nujol" and "hexachlorobutadiene"
mulls using sodium chloride and calcium fluoride optics.
Nuclear magneﬁic spectra were measured on a
- Varian Associates Model L4300 B spectrometer. Magnetic
(114)

measurements on solids wére made using the Gouy method

and on solutions by the method of D.F. Evans(112)

L.l. Analytical methods.

Carbon; hydrogen, nitrogen, oxygen some
halogen and some molecular weight determinations were
performed by the Imperial College Microanalytical
Laboratory. Rhenium was determined either gravimetri-
cally or colourimetrically. The gravimetric method was
carried out using nitron053). The sampies were
oxidised to perrhenate using sodium peroxide and sodium
hydroxide and the solution was ncutralised with
sulphuric acid. The neutral solution of potassium
perrhenate (which should contain at most 0.1 gm of
rhenium) ; was diluted with hot water (about 20 ml),
0.5 ml 2-N sulphuric acid were added and the solution
was heated to 80°C. The rhenium was precipitated as
nitron perrhenate by addition of 5% nitron solution

(0.8 gm commercial nitron dissolved in 1 ml. glacial
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acetic acid, then diluted to 16 ml. and filtered using
a fine crucible). The mixture was cooled to room
temperature, left for two hours in ice water with
occasional stirring, filtered through a fine sintered
crucible and washed with the mother liguor diluted

15_ fold with ice cold water. Excess nitron was
femoVed by washing with a saturated solution of nitron
perrhenate in ice cold water. The precipitate was then
dried for 2-3 hours at 110°C and weighed. The colouri-
metricalcjh) method was carried out using a~furil
dioxime. The complexes were oxidised to perrhenate by
fusion with a mixture of sodium hydroxide and sodium
peroxide. (Nitric acid cannot be used for this
oxidation as it interferes with the colourimetric
measurements). The mass was extracted With water and
diluted accurately to 250 ml. An aliquot (usually

2-5 ml.) was taken and'transferred to a 50 ml.
graduated flask. Five ml. concentrated hydrochloric
acid and 5 m1, of stannous chloride solution (10 gms/
100 ml.,) were added and then 13 ml. of an acetone
~solution of a-furil dioxime. The solution was diluted
to the mark and left to stand for about LO minutes t&
allow the colour to develop. The optical density of
the solution was measured at 532 mp. Two standard
samples were always analysed at the same time to allow

a Beer's law Plot to be made. The method is useful
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for rhenium concentrations between 25 and 200 P.pP.Ms

Rhenium pentachloride

Rhenium pentachloride was prepared by

chlorinating rhenium metal(zl).

Tt was found necessary
to perform the reaction at a temperature not higher
than about 550°C.as very pure rhenium metal gave the
hexachloride at about 600°C, This has since been
used as a method for the preparation of rhenium
hexachloride(IB)o The pentachloride forms fine dark
brown or black crystals and it can be easily sublimed
along the;tube in which the preparation is performed
to prevent a blockage. When 2ll the rhenium is
changed into pentachlaride (shown by the disappearance
of all brown fumes in the neighbourhood of the boat)
the black crystalliné product is sublimed in a

current of chlorine into the next section of the tube.
The tube is then sealed off, the tap at its end is
closed and the tube is supported in a vertical positiqn,
and by gentle tapping all of the crude ReCly is
collected at the end of the first séction. The tap

is then connected to an oil pump and the system is
evacuated. The tube is clamped at 45° to the vertical
and the pfoduct is slowly heated to-160°C by means

of a small electric furnace. A small amount of

oxychloride which distills over at 50°C and condenses
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oﬁhthe cooler. portion of the tube is expelled by warming
gently with a small flame. When a temperature of 160°
has been reached the first constriction is emptied and

the tube is sealed off at the second constriction.

Rhenium_trichloride.

Rhenium trichloride was prepared by the
~thermal decomposition of the pentachloride in a
stream of nitrogen. To obtain a purer product the
tube was sealed off at the first constriction, after
all of the pentachloride had been decomposed. The
product was shaken into the firset section, the tube
ineclined at an angle of 45° to the horizontal and
the chloride was sublimed under reduced pressure at a
témperature of L450°C. The product was sublimed twice,
allowed to cool to room temperature and the tube was
broken at points just above and below the place where
the trichloride had formed. In this way the product
is a brick-red colour rather than the usual dark

purple of the less pure material.

Le.2. Carboxylic acid compounds.

Chlororhenium (III)fu—tetra~acetato B
" chlororhenium (II1).

Rhenium trichloride (2.5 gm.) was refluxed

with acetic acid (25 ml.) in presence of acetic
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anhydride (1 ml.) just at the boiling point of the
acetic acid while passing a stream of nitrogen

through the solution. The reaction was carried out

for four déys during which orange crystals separated
from the very dark brown solution. These were decanted
washed with acetone and then several times with petrol
(30-40°) and dried in vacuum (0.1 mm.). The yield

was 0,22 gm. (about 8%). The supernatent liquid was
worked up as below. The compound is insoluble in

most common organic solvents, for example acetone,
chloroform, dichloromethane, benzene, carbon tetra-
chloride, alcohol and ether. It is unaffected by cold
mineral acids (dilute or concentrated). It decomposes
only on boiling in concentrated nitric acid giving
colgurless solution (probably forming perrhenic acid),
also bases decompose it to rhenium dioxide [Found:

C, W.1; H, 1.7; 0, 19.1; CL, 10.4; Re, 55.9.
Required for-[ReCQHeO%Cl].z: G, 14.1: H, 1.8; 0, 18.8;
Cl, 10.4; Re, 5&.9%1 Does not melt below 330°C.

Chlororhenium (III)-u~tetrapropionato
chlororhenium (TITT) ’

The reaction was performed as for chloro-
rhenium (III) p-tetra acetato chlororhenium (III)
using propionic acid (25 ml.) and propionic anhydride

(1 ml.). The acid solution was left to cool and the
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orange crystalline powder was decanted, washed with
small amount of acetone (1 ml.) followed by several
washings with petrol (30-40°) and dried under vacuum
(0.1 mm.). This compound is sparingly soluble in
acetone; and insoluble in-benzeneg chloroform, dichloro-
methane and ether. The yield was Q.4 gm. (about 13%).
[Founa: ¢, 19.4; H, 2.1; 0, 17.2%. Required for
l?eclcaﬁiooélzz o 19.5; H, 2.7; O, 17,u%a,beoomposed

at 245°C.
Chlororhenium glllz—%—tetra—n-butxrato
chlororhenium (ITIT).

The reaction was performed as for the previous

compound using rhenium trichloride (2.5 gm.)s; n-
butyric acid (25 ml.) and n-butyric anhydride (1 ml.).
In this case orange crystals up to 1 cm. long were
obtained; these were decanted and washed with Analar
petroleum spirit (30-40°) and dried under vacuum.
Scmetimes the compound made in this way is impure and
purification cén be effected by recrystallisation from
dichloromethane. Yield 1.08 gm. (about 34%) of orange
, crystals, soluble in acetone, chloroform, and tetra-
hydrofuran, sparingly soluble in benzene and chloro-
benzene (very soluble in hot) and insoluble in carbon
tetrachloride and ether. (?ound: C, 24.L4; H, 3.6;
0, 16.7% . Required for EReClcsﬂieo;]Z: C, 24.3; H, 3.5;
0, 16.2%{. M. p. 215°C.
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Chlororhenium (IIT -tetra-isobutyrato
chlororhenium (IIT1).

Rhenium trichloride (2.5 gm.) was refluxed

with isobuﬁyric acid (25 ml.) for four days while passing
a stream of nitrogen through the solution. The acid
gsolution was left to cool and the orange crystals formed
were crystallised from dichloromethane. This compound
has solubilities similar to that of the n-butyrato
complex. Yield is 1.07 gm. (about 34%). [?ound: C, 24.8;
Hy, 3.9; 0, 16.6%, Required for [ReClCBHMo%]z; c, 2L.3;
H, 3.5; O, 16.2gg,m. p. 2210C.

Chlororhenium (ITT -tetraoctoato=-
chlororhenium (ITIT).

‘ Rhenium trichloride (2.5 gms) was refluxed with

octoic acia (25 ml.) while passing a stream of nitrogen
through the solution, The reaction was carried out for
three days. After cooling glistening orange leaflets
were precipitated. These were Crystallised'fr;m dichloro-
methane and found to be soluble in most common organic
solvents such as acetone, alcohol, chloroform, dichloro-
methane, tetrahydrofuran,'benzene, chlorobenzene, but
insoluble in carbon tetrachloride; petroleum spirit and
ether. Yield is 1.05 gm. (about 25%). [ﬁound: C, 38.0;
Hy 5.9; 0, 12.7; Cl, 7.4% mol. wt. 1100 % 100.
Required for [ﬁeClC1GH300%]2: Cy 37.8; H, 5.9;

0, 12.6;5 Cl, 7.0% mol. wt., 1016]. M. p. 196°C.
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Aguorhenium (ITII) u-tetra-n-butyrato-
aguorhrneium (ITITI) sulphate.

Egquimolecular gquantities of chlororhenium (III)
p-tetra-n-butyrato chlororhenium (III) (0.4702 gm.) in
acetone (6 ml.) and silver sulphate (0.1851 gm. =
0.59 4 x 1073 moles) in distilled water (30 ml) were
mixed under nitrogen. The orange solution of the
butyrato complex turned blue and silver chloride
precipitated quickly and was filtered off under nitrogen.
On removing the solvent oﬁ the vacuum pump a greenish
blue powder separéted and was centrifuged off and dried
at 100°C under vacuum overnight. Eﬁound: Cs 22.2;

H, 3.8; 0, 25.7%; Reguired for[ReacmHazoMs}: C, 22.5;
H, 3.8; O, 26.3;?(].
Thiocyantorhenium (ITT -tetra-n-

Silver thiocyanate was prepared from silver

nitrate and potassium thiocyanate, and was dried at
100°C under vacuum (0.1 mm.) for 48 hours. A solution
of chlororhenium (III) p~tetra-n-butyrato chlororhenium
(111) (0.8 gm.) in benzene (15 ml.} was refluxed for
fivé hours (under nitrogen) with excess of silver
thiocyanate (8 gm.) during which time the colour of the
splution changed from orange to light brown, then to
dark brown. The solution was filtered (under nitrogen)

and the solvent removed on the vacuum pump; a very
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dark bown-black solid was obtained, the yield being
almost quantitative. The compound is soluble in
acetone and benzene giving dark brown solutions
Eﬁound: C, 23.2; H, 3%.1; N, 3.7%. Required for
l'ReClchi*O&SN]a; C, 25.8; H, 3.4; N, 3.5%}.

) Trichlorodiacetic acid rhenium (III)

The dark coloured solution remaining after
removal of the orange crystals in the preparation of
chlororhenium (III) p-tetra-acetato chlororhenium (III)
was filtered and evaporated in _vacuo. The black residue
" was washed with Analar petroleum spirit (30-40°) in
several portions and dried on the pump. The compound
is soluble in acetone, alcohol, chloroform, and ether
and is insoluble in water, benzene and carbon tetra- -~
chloride. The molecular weight was determined in
acetone solution by the standérd isopiestic method
using azobgnzené as reference. The conductivity
measurement was carried out in nitrobenzene. Yield
1.5 gm. (about LLK). fFound: C, 11'.0; H, 1.9;

0, 16.0; C1, 25.4; Re, u5.9%jmol., wte, 390 X L4O.
Required for ReCl;C,Hg0,: C, 11.6; H, 1.9; 0, 15.5;
Cl, 25.8; Re, L5.12 ;mol. wt., ulQ]-A.(B.B x 1073K) = 1.3 mho.

‘Trichlorodipropionic acid rhenium §III)°

The compound was separated from chloforhenium

(III) p-tetra-propionato-chlororhenium (III) in the
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same way as for the acetic acid complex. The compound
is very dark brown and is freely soluble in most‘common
organic solvents for example acetone, chloroform,
alcohol, ether and is insoluble in carbon tetrachloride
and benzene. Yield is 1.6 gm. (about Ll%k). [Found;

C, 14.0; H, 2.6; 0, 14.6% . Required for ReClyCgHys0s;
C, 16.3; H, 2.7; 0, l4.5%}.

Chlororhenium (IV)u-dioxo p-didsobutyrato
ch;qrorhenium IV) .

Rhenium trichloride (2 gm.) was refluxed
with isobutyric acid (25 ml.).in presence of air for
about four days; purple needlelike crystals precipitated
slowly from the acid solution. This solution was
filtered while hot (and the filtrate, an orange solution
was worked up as below). The compouﬁd is soluble in
alcohol, very slightly soluble in chloroform and dichloro-
methane and is insoluble in benzene, carbon tetrachloride
and nitrobenzene. It is insoluble in cola water, and
boiling water leads to its decomposition to rhenium
dioxide. The latter type of decomposition occurs on
addition of a base (small pellets of NaOH) to a solution
of the compound in acetone or if the compound is shaken
with cold agueous sodium hydroxide. The compound was
crystallised from chloroform and dried under vacuum.
The yield is 0.5 gm. (about 23%). It sometimes happens

that a small amount of {heoa (CHS)ZCHCOOJ s (orange
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crystals formed in the same reaction) is precipitated
with the product and this can be removed by dissolving
the purple crystals [ReO{(CHa)QCHCOO} Cl]2 in alcohol
in which solvent [ReOQ(CHa)SGHCOO]z is insoluble.

The coﬁpound gives non-conductiné solution in acetone.
This Eompound is stable to air and can be exposed to
air for several months without decomposition. [Found:
C, 14.9; H, 2.4; 0, 1lh.4; 01, 11.3; Re, 57.3z}
mol. wt. 82G: £ 100. Required for [REOIC&Hbos}g’ C, 14.8
Hy 2.2; 0, 14.8; Cl, 10.9; Re 57.3p ;mol. wt. 649,
M. D. 3ou°c].1\(b,.5 X 10™¢ M) = 7.3 mho.

hlororhenium (IV ~A10X0=L~di-n=-
butyrato chlorocrhenium o

Rhenium trichloride (2 gm.) was refluxed with
n-butyric acid (25 ml.) in presence of n-butyric |
anhydride (1 ml.)}. The reaction was carried out in
presence of air fdribur days, during which times purple
crystals sepafated slowly from the acid solution. This
solution was filtered while hot and the filtrate (an
orange solution) was worked up as below. This compound
has solubilities and properties similar to its isomer
(chlororhenium (IV) p-dioxo-p-didisobutyratochlororhenium
(Iv)) and the yield is 0.5 gm. {(about 23%). [Found'

C, 15.3; H, 2.7; 0, 15.8Y. Required for [Recmq,ﬁ,,o')z.
C, 14.8; H, 2.2; O, 1u.85/,} M.p. 210°C.
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Chlororhenium w-dioxo= —d.

| chlororhenium i%ﬁi. ‘

Rhenium trichloride (2 gm.) and octoic acid
(25 ml.) were refluxed for four days in presence of
air. After cooling, purple leaflets.like crystals of
EBeotpHa(GHz)acod}cilz were the main product. Some
orange leaflets.like crystals apparently {?eog(cﬁg)
(CH@)GGOQ]Q were formed but these were too small for
analytically pure sample to be obtained. This purple
compound is very sdluble in acetone, chloroform,
dichloromethane and benzene in the last of which it
decomposes on boiling; and it is insoluble in carbon
tetrachloride and petroleum spirit. The compound was
crystallised from chloroform. It is unstable to air
and changes to a sticky liquid when left exposed to
it for two to three days. The yield is O.1 gm. (about
Lo5%)s [Found: C, 25.9; H, L.l O, 12.7J,.Required
for [ReCaH o050l st G, 25.2; K, 3.9; O, 12.673.-
Mep. 154°C.

ichlororhenium (IV -dihydro. -qi=-
igobutyrato dichlororhe 1i

" To a solution of chlororhenium (IV)u-dioxo
u—di-isobﬁtyrato chlororhenium (IV) (0.2 gm) in
acetone (10 ml.) hydrochloric acid (5 ml., dirute or
concentrated) was added. The purple solution turned

blue and on removing acetone under vacuum blue crystals
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separated. These were centrifuged off and washed with
water several times and crystallised from chloroform
_.and_then dfied in wvacud (at 100°C) for 48 hours. This
_.compound is.S§lub1é'in alcohol, chloroform, dichloro-
methane and.aoétone and is slightly soluble in benzene,
it 1s 1nsolub1e in carbon tetrachloride and petrol,
andéglves non—conductlng solution in nitrobenzene ,
~N(3.3 x 1074M) = 3.6 mho. Yield is 0.1 gm. (about L7%).
[Fbund: C; 13.5; H, 2.8; O,-i5.9%. Requied for
{R¢012,Q4Ha‘05]2‘, Cs 13.3; H, 2.2; O, 13«3%}

Dichlororhenium. (T
n—butyrato_dichloro-rhenium

(IV)

The reaction was performed the same as for

dichlororheniumA(IV) u—dihydrbxy p-di-isobutyrato-

dichlorhenium (IV) ﬁsing chlororhenium (IV) p-dioxo

E uédifn—butyrato,Chlprorheniﬁmi(IV) (0.2 gm.) and the
compound . formed has_properties and solubilities similar

- to ‘its isomer, and;the yield Was'of the same order
(about 47%). [Found 0, 13.8; C1, 18.2%,, Required for
[ReClzcﬁHaoa}z, 0, 13.3; C1, 19.?6%}. |

Oxo~rhenuum
oxorhenium _

After removal of the purple crystals of
_”chlororhenlum (IV) p-dioxo u—dl-n—butyrato chlororhenlum
(I¥) in the preceding preparation, -butyrlc ac1d o

solution was cooled to room temperature and Qrange
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crystals separated out. These were crystallised from
n-butyric acid, washed several times with petroleum
spirit (30-L0°) until free from the carboxylic acid
and then dried in vacuo. These crystals are slightly
soluble in chloroform, dichloromethane and decompose

in cold_acetone, they are very sparingly soluble in
cold benzene and chlorobenzene and dissolve in'the last
two solvents on boiling without decomposition. The
compound is insoluble in cold water and boiling water
decomposes it to ReOz. It is insoluble in alcohol;
carbon tetrachloride, ether and petrol. It gives
non-conducting solution in nitrobenzene. (?ound:

C, 16.1; H, 2.8; 0, 20.2%; mol. wt. 590 % 60.
Required for {_-Rec&H,,o,;]z: Cy 15.7; H, 2.3; 0, 20.9%;
mol. wte, 610). M.p. 257°C. Yield is 0.4 gm. (about
22%) «

oxo-rhenium (V) p-dioxo p-—di-isobutyrato
oxo-rhenium (V)

This compound was separated from the isobutyric
acid solution in the same way as oxo-rhenium (V) p-
dioxo p-di-isobutyrato oxorhenium (V) and has properties
and solubilities similar to its isomer. The yield is
0.4 gm. (about 22%). [Founa: ¢, 15.7; H, 2.6;
0, 20.3%. Required for [jéecq,mo&]g, C, 15.7; H, 2.3;
0, 20.9%)}.
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Polymeric complex of rhenium trichloride
diacetate.

Rhenium pentachloride (2 gm.) was refluxed
with acetic acid (25 ml.) in presence of acetic
anhydride (1 ml.) under nitrogen, the reaction was
carried out for two days. After cooling, the black
solution was filtered off, the solvent was taken on
the pump and the solid crystallised from chloroform.
The compound is insoluble in acetone benzene, alcohol,
carbon tetrachloride énd water. It is unaffected by
cold concentrated mineral acids (H, SO, and HC1l) but
decomposed by bases to rhenium dioxide. It is slightly
'soluble in nitrobenzene and gives a non-conducting
solution in the last solvent/\. (8.2 x 107%M) = 1.0 mho.
Yield 1.5 gm. (about 65%). [Found C; 12.0; H, 1.8;
0, 15.8; Cl, 23.6%. Required for ReClzC,Hs 04
C, 11.7; H, 1l.5; 0, 15.6; C1 ZM.O%Q. Does not melt
below 300°C.
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Nitrogen TLigands
Oxohy@i6xod;chlorodipygidine rhenium (V)

Pyridine (about 15 ml.) was added to a solution

of rhenium pentachloride (2.0 gm.) in acetone (30 ml.)
(G.P,R. grade) a green product precipitated rapidly
(ReO(OH)"1,py, ) 2nd the solution turned orange, the
green solid was filtered fo (the solution was worked
up as below) and crystallised from chloroform. This
green compound is slightly soluble in acetone and
pyridine and is insoluble in benzene, carbon tetrachloride;
alcohol, tetrahydrofuran, water (hot.or cold) and ether.
It gives a non~¢onducting solution in nitrobenzene

(A (L.b x 107%M) = 0.9 mho, it is unaffected by cold
concentrated hydrochloric and sulphuric acids. Yield
was 0.5 gm (about 20%).[Found: c, 26.9; H, 2.2;

Ny, 6.2; 0, 7.0; C1, 16.0; Re,42.0%. Required for

ReC, oHy 402 NgCl, =+ C, 26.8; H, 2.5; N, 6.3; 0, 7el;

A

Cl, 15.8; Re u1.6%].” Mepe 230°C.

Dioxotetrapyridine rhenium (V) chloride
dihydrate .

After removal of oxohydroxodichlorodipyridine
rhenium (V) complex (as described above) the acetone
pyridine sélution was left to settle for about 12 hours.
Orange crystals precipitated, these are sparingly soluble

in pyridine, acetone, chloroform alcohol, soluble in
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water and decomposeSon boiling in the last solvent
to rhenium dioxide., It is insoluble in benzene, carbon
tetrachloride,ltetrahydrofuran, nitrobenzene and
petroleum spirit. It can be crystallised from
chloroform or water and gives a conducting solution
corresponding to ﬁni—univalent electrolyte in the
last solvent (A-(1.0 x 103 M) = 61.0 mho). Yield
was 2.1 gm. (about 63%). jEFound: Cy 39.7; H, L1
N, 9.6; 0, 10.2; Cl, 5.9; Re, 31.9%. Required
for ReCyoHp.N.0,C1 : C, 39.7; H, L.0; N, 9.3;
0, 10.6; C1 5,9%], Decompose at 125°C.

Dioxotetrapyridine rhenium (V)
tetraphenylborate.

To a solution of dioxotetrapyridine rhenium
(V) chloride dihydrate (0.2 gm.) in water (15 ml.),
a solution of sodium tetraphenylborate (0.2 gm.) in
water (10 ml.) was added, a yellow precipitate
separated at once. This was washed several times
wifh water and crystallised from acetone, and was
dried under vacuum for U8 hours at 100°C. Yield was
almost quantitative. (Found: W, 7.0; 0, 3.5%.
Required for Re0,C,, Hs,oN,B: N, 7.0; O, u,c%ﬂ.
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Oxotrichlorodipyridine rhenium (V)
monohydrate.

Concentrated hydrochloric acid (5 ml.) was
added to dioxotetrapyridine rhenium (V) chloride
dihydrate (0.3 gm.) the orange crystals of dioxo-
tetrapyridine rhenium (V) first changed to red and
some disso;ved giving red coloured solution, on boiling
light green powder precipitated out and the super-
natent liquid became colourless. This green powder
was insoluble in all solvents tried (e.g. acetone,
alcohol, benzene, nitrobenzene, chloroform and di-
chloromethane). Yield was almost gquantitative. E?ound:
C, 25.0; H, 2.5: 0, 6.0; N, 6.4; Cl 21.7%.
Reguired for ReC,oH;5ClzN,0, ¢ C, 24.8; H, 2.5;

Os 6.6; N, 5.8; C1 22.0%}.

Oxohyvroxodichlog e it 6 !

rhenium (V) -

a-a-dipyridyl (1.0 gm.) in acetone (10 ml.)
was added to a solution of rhenium pentachloride
(2,0 gm.) in acetone (10 ml.). Several products were
formed, among them a green compbund which can be
separated by suspending the mixture in acetone and
filtering off the green solution (the residue was
g0 insoluble to give aﬁalytically pure sample). On
removing acetone on‘the~pump green powder separated

out ReO(O0H)Cl,(CzH,N), , this is sparingly soluble
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in chloroform and 'nitrobenzene and is insoluble in
benzene, carbona tetrachloride and petrol. Yield was
0.5 gm. {(about 20%). [Found C, 27.0; H, 2.7; o, 7.2;
N, 6.4%. Reguired for Re0,Cl,C, HgN, : C, 26.9;

Hy 2.0; O, 7.2; N, 6.3%].
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