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I INTRODUCTION

(a) General
Research into the chemistry of rhenium has playéd an'importanf
part in the rapidly developing fields of inorganic chemistry such as
H'cluster compounds' (1) and 'less-common' co-ordination numbers (2).
It is possible to prepare compounds of rhenium with formal oxidation
states from -1 to +VI| and co-ordination numbers from 3 to 9 (3). When
these properties a;e combined with a ﬁarked tendency of the element to
disproportionate in many oxidation stateé, one is led into a very interesting
field of study. The chlorides and oxychlorides of any élement are a funda-

mental part of its chemistry and it is towards a better understanding of

the rhenium-chlorine system that this thesis is devoted.

- (b) History -

The discovery of rhenium (4) and initial investigations into its
chemistry (5,6,7,8,9,10) were made by W. Noddack and I. Tacke (later %rau '
Noddack) in the late 1920's. Subsequently an enormous amount of rheﬁium
chemistry was publ{shed, mainly by Germanjworkers, as samples of thé metal
became more readily available. The first gram qganfity was isolated in

1928 (8) and by 1933 potassium perrhenate was being produced commer cially

by a German company from molybdenum residues recovered from copper schists (11).

Noddack (12,13) chlorinated rhenium metal in the course'of his first
fesearch and noted two chlorides. He described his experiments as follows:-

“"Durch Einwirkung von Chlorgas as Rheniumpulver einsteht bei

1



gelindem Erwarmen ein tiefgrunes, leich£ flﬁch;iges Chlorid von der
Forme1 ReC% das bei'géwahnlicher Temperatur grlne Kristalle_bildet-——
---Bei Erhitzen von Rhéniumme£a] mit‘ChIorgas éuf 500° oder bei der
‘thermischen Zersetzung von ReCfi7 entstéhtAein braunes ebenfa]fs fluéhiges
'Chlorid‘daS'angenéhrt die ZuSémmsetzung Retée ergéb.“

He also noted (5) that perrhenate (Re0,) solutions, when heated
with hydrogen chioride or potassium chloride, gave coloured sé]utibns,
but he did not\investiéate thisAfurther,

Briscoe et al (14) reinvestigated the reaction of rhenium metal
‘with chlorine. They did not isolate either the hepta- or hexachloride
claimed by Noddack but prepared a black crygtallihe "tétracﬁloride“. They
also 6bserved green vapours of a volatile compound which crystaflised in
long needles and melted at 21°C, but did not isolate enough material for analysis

These green vapours were only noticed at the beginning of each
chlorination. The two éXplanations which Briscoe and coworkers.presented,
were that either the greeﬁ vapours were the volatile chloride of some
metallic impurity, or were an okychloride formed from oxygen Eontaﬁination
of their chlorine. Subsequent experiments in which osmium, molybdenﬁm and
tﬁngsten'(thevmost likelylcontamiﬁants) impurities were added to the
rhenium‘métal failed to increase the yield of green vapours, és did the
addition of oxygen to the chlorine stream. In the same paper these wprkérs

describe the preparation of potassiuﬁ'hexachlororhenate(HDby heating rhenium
metal with potassium chloride in a chlorine streaﬁ.»
‘Hégenschmidt and Sachtleben (15) quéstionéd the .''tetrachloride"

formulation. rThe?r_chiorination yielded'a compound which appeared to be



Briscoe's tetrachloride, but on analysis;they found a rhenium to chlorine
ratio of 1:4:3. Enke (16) explained the colours dbsefved by’Noddack, when
perrhenaté ion and chloride ion were heated in solution. He added iodide
as reducing agent and successfuilyAprepared potassium, ceasium and thallous

hexachlororhenate. The reaction was summed up by the equation:
MReO, + 3MI + 8HCZ —> MyReClg + 2MC2 + 3[1] + 4H,0

 fwhere M = K, C§+, T2*.) _ : | o | :
; Yost and Schull (17) published vapour pressure data of rhenium—
chlorine mixtures. They observed green and red vapours, the'molecular
weights of which were determined. The results‘w;re intérpreted to support

the tetrachloride formula of Briscoe and equilibrium constants were calcu-

lated for the following system.

Re,Ceg (gas) == o ReCy (gas)

I

>ReCJLG ;‘-"_3' ReC!LL, + Clz

In.l932 Briscoe et al (18) published anothér paper in_which they
réscfnded some of theirrearlier observations on the'gfeen vapours. In
this publication they stated ;hat/the yield of the greeh vapours was
fhcreased by adding oxygen to the chlorine. They also noted that the
comﬁbund.cou!d bé prepared by warﬁiﬁg rhenium “tetrachloride with oxygen,
or by chlorinating "rhenium pentoxide'. From analytical and molegular
wejghf data they forhuiate the compound as rhenium dioxét[ichloride (ReOZCLQ)..

This is the last paper published by this group of workers, so it



seems appropriate to comment, at this point, on their résults. The only
compound to which»they épbear to have aftached the cérrect formula was
 potassium hexachlororhenate and it is possible that-they knew of Enke's'(l6)‘
preparatibn of this compound by other ﬁethods. Briscoe's problem seems
to have beeﬁ one of analysis. He analysed for rhenium by gravimetry,

weighing the rhenium as the dioxide dihydrate (ReOp-2H,0) (19). This

method was obviously unpopular as all other workers resorted to othur methods,

notably. the nitron perrhenate gravimetric method, although no doubt about
the dioxide method has been expressed in the literature. Confirmation
that their rhenium analyses might have been incorrect fs afforded by their
description of a compound-Rezos (20) which was later reformulated as Re0j.
Their description of this stoichiomefric, very stable compound, agrees
very well with that of Re03, but it was on the basis.of rhenium analysis by
the dioxide method that they broposed that it was a pentoxide.* Two. recent
reviews (22;23) of the oxides do not agree about the degree of hydration
7 df the dioxide. Inconsistencies of the dégree of hydration would cause
discrepancies in‘the analytical results. o
In 1932, Brukleand Ziégler (24) reacted Briscoe's "tefrachlor}de"

with oxygen and.successfquy identified the only two rhenium oxychlorides
‘known to the present day.‘ Perrhenylichloride (Re03C2) was found to be a

colourless liquid, freezing at 4.5°C and boiling at 128°C at atmospheric

pressure. They showed that the other oxychloride was rhenium oxytetrachloride

(ReOCz“). It was stated that Re0,(Cej prépared by Briscoe et al (18) was a g

However, some recent work (21) has indicated that a stable mixture of
Re03 and some other phase may be formed and that analytically this is
closer to Re0p us5. . o S



mixture of Re03CL and Reoc24, but Briscoe et al's description of their
compound was identical wfth Brukl and Zeig]er's description of ReOCZy.
Brukl and.Zeigler also claimed that in cold aqdeous hydrochloric acid
rhenium oxytetrachloride gives é brown solution which is the acid of
the'oxohexachlord+enafe0H)dianion and further claimed to have isolated
the potassium salt of this acid KzReCCls. This work has not been
confirmed.

The following year Geilmann, Wrigge and Blitz (25,26) repéated
the chlorination of rhenium metal and suggested that the tetrachloride
prepared by Briscoe et al. was in faét a pentachloride.  They further
showed that on heating in nitrogen or under vaéuum the‘pentachlbriﬂe
lost chlorine to form a trichloride. Much of the fundamental chémistry
of the compounds was atcu}ately described. Hydrogen reduction of the
trichloride caused gradual loss of chlorine as hydrogen ¢hloride; However,
it was shown by‘X-fay diffraction that no phase intermediate between
trichloride and metal was formed. They confirmed the work of Brukle and
Ziggler, obtaining perrhenyl chloride.anq rhenium othetraCh}oride by
reaction of pentachloride, or trichloride with oxygen. 1In addition an .
attempt was made to make rhenium tetrachloride by the thermalvdecompositibn
of silver hexachlorhenate, but a mixture of pentachloride and trichloride
was obtained. No further simple chlorides or oxychlorides of rhenium were
repd}ted for three decades. | ,

' At this point it is convenient to divide this introdﬁctioh.into

three other sections: chlorides, oxychlorides and chloro anions,



(c) Chlorides
The existence of all chlorides from ReCJL2 to RéC27 has been

claimed . The only report of the dichloride (27) was a preparation of
thelhydrates ReCz,-2H,0 and Resz-hHéO. Very little evidence was
‘presentéd to substanfiate'this formulation of the cohpounds and the report
is unconfirmed. -Fergusﬁon (28) has expresééd the opinion that these
compounds may Ee dimeric in nature containing trivalent rheniumi

The preparation of rhenium trichloride by thermal decomposition -
of pentachldride (25) was described in section I(b). Other methods of
preparation via reaction of sulphuryl chloride with thé metal (29), or
heating hexach]orofhenateﬂﬁ)sélfs (30) are reported, but are not as efficient
or conven}ent as the original prepafative method. The compound is a red-
purple micro-crystalline materiél, which is eséentially non-volatile, but
can be sublimed under high vacuum at 500°C. Several magnetic studies (31,‘
32,33) of this compound‘have been undertaken. Schuth and Klemm (31) found
a small temperature-independent paramagnetism, but a later déterminafion
by Knox and Coffey (32) gave a slightly higher value with rather more
dependencé on teﬁperature. Recently Colton and Brown (33) have suggested
that there are two forms .of the trichloride. One f?rm, which was prepared :
directly from the pentachloride, had a susceptibility corresponding to
'-Klemm and Schuth's measurements k”ZO X IO-sc.g.s.).and a sublimed form,
which héd the magnétic characteristics described<by.Knox'and Coffey
(~b495 x IO-Gc.g.s.). X-ray diffraction studies fgiled to detect any
diffefence between the two forms (33). |

Trivalent rhenium contains four 'd' electrons. Therefore, as a
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monomer, in any environment other than the presently unknown spin-paired
tetrahedron, strong paramaghetism would be expected. Wrigge and Blitz (34)
in 1936, gxplained this lack of paramagnetism by assuming dimerisation. |
Klemm and Frischmuth (35) stated the following year that they considered.
the trichloride to contain rhenium—rhenium bonds. Compounds of empirica!
formula M+(ReCzu)- where M¥Cs, Rb, PyH (35,36) were known and the rubidium
salt (35) had also been shown to be diamagnetic. A single érystal X-ray
examination of this system was clearly.needed and two independent groups
(37,38,39) published, almost simultaneously, data to prove that the
(ReC24)” ion was in fact a trimer with the geometry shown in Fig. l(pé§;18).
| Further work (40,541,42) indicated that this trimefic cluster was
common. The trichloride (41,42) itsélf has a similar structure with the
trirhenium units bridged by some of the terminal halogens, so that each
rhenium atom bonds to five chlorine atoms as in the fon (Re3C212)3-. Mass
spectral investigations at-280°C (43) have shdwn that the trimeric units
still exfstvin'the gas phase at this temperéture, but'this ié hardly sur-
prising as the compound can be sublimed without change at about 500°C
(except for thé magnetic changes mentioned above). ‘

| It has been shown. (4k,45) that the’most stable and most easily
prepared chloride of technetium is the tétrachloride. This contragts
_sharply with the rhenium system where aji efforts beforé 1963 failed to
produce rhenium tetrachloride, although as previously discussed, it was
claimed by Briscoe et al in 1931. CrofF (46) claimed to have intercalated
rhenium tetrachloride with graphite in 1956, but he did not gjvevanalytical

data, or ahy details of the preparation. This work remains unsubstantiated.
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Celton and Brown (47) isolated a compound from the reaction of rhenium
- diexide hydrate with thionyl chloride which they claimed to be‘a tetra-
chloride. The compound uas described as a black solid which hydrolysed
readily in air, and although it appeared crystalline, no X-ray powder
diffraction pattern could be obtained. |

The discoverers of this compound studied the magnetic susceptibi-
lity (48), and found it to obey the ZGurie-Weiss law only between
220°-300°K-with Moff = 1.55 B.M. A later assessment (49) of thie magnetic
‘evidence by Colton and Martin was used to predict a trimeric cluster of |
rheniumratoms. |

From simple melecular-orbital calculations, they predicted ene'
unpaired electron per trimeric unit, which, they say, should give a
magnetic moment of 1 B.,M. per rhenium atom. By extrapolating a plot of

ecuprocal temperature agalnst magnetic susceptibility to zero temperature,

they found a temperature independent contribution to the susceptibility.
This was subtracted and the magnetie moment recalculated to give a
temperature independent mome;t of 1 B.M. This magnetic<moment and a
little, not very convincing chemical evidence was use to juétify their
prediction of a trimeric structure

In 1966 Cotton (50) bought flfty grams of "rhenlum(lll)chlornde”
from the Shattuck Chemical Company, which on analysis proved to be rhenium
tetrachloride. Enquirtes revealed that the compound had been prepared by
the normal method of preparation‘of rhenium trichloride, i.e.,''by therma!'
decomposition of the pentachldr?de in a stream of#nitrogen at‘around 375°C".

The exact . details of the experimental conditions had not been recorded,



‘and repetition of the preparatfon‘has proved impossible. The sémp]e which
Cotton obtained was suffi;fent for his group to determine a great deal of
the dﬁemistry of this compound. Its properties are so different from the
properties reported by Colton; that Cotton now calls the earlier compou;d
«-ReCy and hi§ Shattuck;produced compound B-ReCly. Cotton tonsidered that
tﬁe chemistry ‘and preliminary X-ray data (50) indicatéd that the compound
was a mefal to metal bonded dimer similar to the octahalodirhenium dianionb
discussed in section |(e) (see Fié. L, page.18).
| Although Cotton's groﬁp used all the B-ReCy which was available
(51) before the sihgle‘crjstal X-ray structure had been fully refined, a
iater assessmént (52) of the unrefined,data showed that B;Reclq did not
possess the (Rezcle)z— type of arrangement. Thé structure which is shown
in Fig. 2 (page 11) contains dimeric units, but the rhenium atoms are
bridged by thfee chlorine atoms. The dimeric units are strung together
in infinite chains via bridging by one of‘the terminal chlorine atoms.
.The Re-Re distance reported was 2.73 A (+0.03) and soée metal-metal inter-
- raction was,pqstulated. |
| One preparatfon'of rhenium péntachloride has been,describéd in
section 1(b). Another good method is by thé reaction pf'rhenium heptoXide
with carbon tetrachloride in a sealed tubé.(AS). Rhenium pentachlofide is 
.a_deep-brown or black, ..c_r_xs.ta"_‘,-inei,s?‘i‘.d'» with reported melting points of
220?6'(53,54) and 260°C (55). The fiquid bbiis readily to give reﬁ—brown
.vébours. The single-crystal X-ray sfructure‘has been repérted recently
. (5&).: The solid is a ch]orine~brid§ed dimer (see Fig. 3, page 12) similar
to niobiu¢/pentach]oride (56) . The étructyre_of the cqmpound in solution

or in the gaseous state is not known.
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It is a highly reaetide compound, instantly hydrolysed by water
to rhenium dioxide and’perrhenate jon (see section I11) and has been used
as tpe starting material for the preparatfon of several complexes (57,58).
Three independent studiee (31,32,38) have been made of the magnetic pro-
perties and these show small discrepancies. The reported magnetic mohent
was between 2.2 and 2.5 Bohr magnetons in each case. Brown and Colton
(47) and Schuth and Klemm (31) found- the Weiss constant to be 266° and 265° -
" respectively, but Kpox and Coffey (32) report a value of 164° with \
divergence fpom the Curie-Weiss law below 150°K. This;divergence was
confirmed by BrownAand Colton.(47) who showed it to occur at about 110°K.
These authors attempt to explain Knox and Coffey's low 6 values on the
basis of hexachloride contamination. |

fhe hekachloride of technetium was prepared;by Colton inA1962 (59),
by direct chlorination of a technetium mirror. At this time there existed
the anoﬁoly of a second row transition'metal'wjth a higher chloride than
the corresponding third fow metal. Technetium hexachlo?ide on gentle

heating was reported (59) to lose chlorine to give the tetrachloride.

Because of this anomoly it was of interest to prepare rhenium hexachloride;

the decomposition of hexachloride might also provide rhenium tetrachloride.

' Colton noted the greép vapours of Noddack (12,13) which were also
reported by Schacheral (60). He further noted that the workers who
observed these green vapours, prepared their own metal by hydrogen reductnon
of perrhenate selts. Geilmann et al (26), whose major chlorination product
was the brown pentachleride, used commercial metal fn'a more hassi?e %orm.
in order to increase the yield of green Vapours.Colfon (61) absorbedAamﬁenidm'L

perrhenate solution on broke:i porous brick material and evaporated to
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dryness. The perrhenate was then redu;éd in a hydrogen stream at 200°C
to dioxide, and at 600°Cjto leave the metal as an.extremely fine deposit
on the porous pot. After flushing with purified nitroged, he chlorinated
to obtain the desired compound in high:yields wifhivery small amounfs of
pentachloride produced.

This ;ompound was analysed and.claimed to be rhenium hexachloride -
which he described as ''dark dichroic crystals, whiéh melt a few degrees
abovg.room temperatﬁre to give a black liqu}d and green vapour'" (61). It
was #ound that on heating, the compound did not decompose in the manner
of-technetium hexachloride, but distilled unchanged. Tﬁe only physiéal
measurements made on the hexachloride were magnetic susceptibility studies
(48), which Showed that the hegachldride obeyed the Curie-Weiss law over the
temperature range 98°K-297°K, with 6 = 28 and u_. = 2.07 B.M. The authors
admitted that this result was a little high for a d' sygtem[‘ ,

The spin-only moment for d' is 1.73 B.M. By Kotani theory (62)

~for a less than half-filled sﬁell, any orbital cont;ibufioﬁ to the para-

- magnetism fs negative, thereby loWering the magnetic moment. “The magpetic
properties of rhenium hexafluoride have been studied and a magnetic moment
~ of 0.25 B.M. reported (63). Thié low magnetic moment is probably caused by
‘large spin-orbit coupling effects.*

It seems strange that a change of ligand from fluoride to chloride
shosld'so.drastiéalfy increase the.parémagnetism. Colton and Brown- (48)

.attempt to explain this by assﬁming'that the hexachloride is distorted
from the perfect octahédron, thereby destroyiﬁg the spin-orbit COUpTing.

This matter is discussed further in section lV.,i

bl

It has been postulated that large spin-orbit coupling effects are present
in hexafluoride molecules and are caused by the aimost perfect octahedral
symmetry of these molecules (64). -



15

‘Noddack claimed that he prepared the heptachloride in his
very early investigations (see Section 1(b)), but no further claims

have been made. It may be assumed that this claim was erroneous..

(d) Oxychlorides

The discovery of the known oxychlorides was discussed in
section 1{b). Perrhenyl chloride (Re03C2) has been studied extensively
by infra-red, Raman (65) and microwave spectroscopy (66). It has been

shown to be a symmetric top with the following parameters:

Re -0 = 1.761 A
‘Re - C2 = 2.230 R
€2 - Re-CL = 108° 20

. The original preparation was by the action of oxygen on rhenium
trichloride (24). Other methods of preparation are by the action éf a
chlorine/oxygen mixture on the rhenium sulphides (67,68) and by‘direct
chlorination of rhenium trioxide at 160-190°C (69). The reaction product
in many cases contaihs purple and blue impurities which Wolf and coworkers
(69) claim to be dissolved rhenium trioxide.

Rhenium oxytetrachloride has been studied very littWevsince its
discovery. Newer methods of preparation are by the reaction of ch]érine-
o;yéen mixtures with the sulphides (67,68) and by the reaction of thionyl
chloride with rhenium heptoxide or ammonium perrhenate (70). Melifng

points of the cdmpounds have been reported from 21°C (26) to 29.3°C (36).

The magnetic susceptibility was measured by Klemm and Schuth in 1934 (31),
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who found it to obey the4Curié-Weiss law with @ =:25°C and Mogg = 1.5 B.M.

There is also a report in the literature (68) of a ''volatile blue
oxychjoriae, probably rhenium oxytrichloride', but this has never been

isolated. Neither of the above well-known oxychlorides have been used

" as starting materials for the preparation of complexes.

(d) Chloro-aﬁions
The hexachlororhenate (IV) anion was first reporfed in 1931 (14) and”

since then the hmadwkxoﬁmnaes M%Rexs (M = alkali metal” or NHT; X = Cg,
Br br I) have proved to be (except for the'perrhenétes) the host stable,
easily prepared, and important cémpounds of rhenium. ﬁaman and iﬁfra—red
measurements have been compared with those of thé hexachlorosmate(fv)
compounds (71). Discrepancies observed in the (vy + v3) combination band
‘have beenassociatéd with a d?namie Jahn-Teller efféct. This effect will be
discussed further in section V. Chemical and physical properties of these
compounds have been well studied and documented (72,73).

| ~ The structure of the~[Re3C£12]3? jon has been dfscusséd under
rhenium t;ichloride in section 1(c) (see Fig. 1, page 8 ). Many studies
‘oé the sysfem have shown that the trimeric unit is extremely stable.  The
compounds which haQe been prepared containing the frimgric rhenium ciuster

are summarised in (28).,

*

Kotel'nikova énd Tronev in. the paper in which they reported
ReCg,+2H,0 (27),»also reported other rhenium |l containing compounds:
KHReCg, +H,0, KHReCo, and PyH HReClq. In a subsequent paper, the single

crystal X-ray structure (74) proved that the pyridinium salt was a dimer.
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Cotton et al, (75) reinvestigated the compound and found the crystallo-
graphic data to be correct, althqugh the compound contained trivalent,
rather than divalent rhenium as claimed by Tronev (27). The structure
of the an}on (which is present in many compounds) is shown in Fig. 4,
(page ]8) (76). The novelty of this structure lies in the fact that
the chlorine atoms are eclipséd, and tﬁe rhenium to rhenium internuclear
distance is half an Angstrom shorter than in rhenfum metal. This has
led Cotton to postulate that the ion contains a quadruple bond (77).
This introduction provides a summary of the eXtent of rhenium-
chlorine chemistry to'date; It is hoped that the chapters following

will help to broaden our.knowlédge of this topic.
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Il ANALYSIS

‘A go;d review of the many reported methods for the determination
of rhénium has recently been published (78). The most popular are
gravimetric methods utilizing the insoldbility of tetraphenyl arsonium
perrhenate (79) or nitron perrhenate (80). Chioride analysis issimple
' usiﬁg silver nifrate as a precipitating égent:for a gravimetric deter-

mination, or as a titrant in volumetric methods. .When ‘'classical wet
methods'' of analysis are referred to fn this work, the methods employed
were gravimetrié methods using tetraphenyl arsonium perrhenate and
silver chloride. |
Numerous problems haye been encountered in obtaining reliable

analysis result§ by tHese methods. Some of the rhenium compounds
studied are extremely sensitive to oxygen or water vapour, and are
difficult to handle even iﬁ a good'dry—box. It js therefore difficult
to Qeighisamples aggurately because of decomposition."Whenéver it was
possible to weigh a samplé accﬁrately; in our hands the above methods
have often given results &hich were not reliable or reproducible. . This
was undoubtéd!y because the hydrolysis to’chloride iqn'and perrhenate
fon was ihcompleté!as ions such as ReCfg and (Re3C£iz)3- are formed (81).

-‘Both rhenium aﬁd chlorine have two natufa&ly‘occurring isotopes
which can be activafed by neutron capture. The relevant nu;lear data
ane given in Table 1 (pageZO)..

It can be seen that either rhenium isotope will give an appreciable
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Table 1.

20

ﬁNatural Isotope Abundance (82) Thermal neutron Half-life of
. Capture Cross Activated

Section(barns)(83)] Species (82)
185Re 37.1% 104 92.8 hr.
18’7Re 62.9% 66 16.9 hr.

356, 75.5% 30 I x 10%yr.
| 370y 2b.5% -5 38 min.
Table 2.

Activation analysis of rhenium chlorine comvlexes.

Corivound

 Found Re S5hk.l% C1 41.3, 41.1%.

Re% Cl% Re:CL . Error No. of
Theor. Found | Theor. Found [(atcms) (363 | Detns.
(Re015)2 51.2 51.6 | 48.8 ‘1;9‘.7 1’:4.984 + .06 12
(ReCl,), 63.6 61.5 36.4 | 36,1 1:3.09] * .12 10
.(c;snsr\‘)zzzt20013 | 1:3;0} + b -5
(NH,), ReCle | k2.8 43.6 | 48.9 | 149.5] 1:5.91] + .15 9
ReOC1,, * N b4 1:3.92| + .07] 18
| Re0CL,.POCL, | 37.5 | 38.7 [ 19.9 52,2 1:7.08] * .35 6
*In the case of RéOClh, it was possible to analyse this.compound
« for rhenium and chlorine by con?entiénéi méthods after

hydrolysis.
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amount of actfvity on short irradiation, but because of the long half-
life of 36Cyg, of the chlorine isotopes, only 37C¢ will give significant
amounts of activity on short irradiations. ‘SeVera] Y-réy peaks for
each of the active isotopes !86Re, 188Re and 38CL appeared to be useful
for counting, but the ones selected were at 2.16 MeV for 3862‘and 0.155.
MeV for 188Re as they were almost free from interference by other
isotopes. Initial irradiation experiments were performed on solid
samples of known composition. Agreement with the theoretical résu]ts
was very poor,

It was realised that the reason for the poor agfeement with the
theoretical results was 'neutron flux depression' or 'self-shielding"
in the sample, caused by the high thermal neutron‘capture cross-section
of rhenium. The McMaster reactor is not well-moderated, so there is an
.appreciable fast-neutron flux at the rabbit position; In general, apart
f}om resonance absorption, it can be seen in ?ig. 5 (page22 ) that thé
ability of a nucleus to capture neutrons falls as the neutron energy
increases. Sb if the neutron flux enters a highly absorbing solid, the
slower neutrons will be prefefentfally absorbed. This will leave a |
larger pfoportion of high-energy neutrons, giving rise to an effective
increase in the neutron temperature. |

This:effect would not‘Be a problem in'determining the Re:C3
atom ratio although it would affect absolute percehtage determjnafions-ff
ihe activation cross-sections of rhenium and chlorine varied in'egact!y
the same way. Fig. 6 (page23 )Ashows that unfortunate]y the?rdq not.

The rhenium cross-section follows the normal vl relationship whilst that of
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Variation of Neutron capture cross-section with neutron energy.(83)
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chlorine varies as V 1. This f]ux—depfession effect had to be
eliminated. The easiestiway to overcome thg problem is to perform
the irradiations on solufions, where large aggfegates of nuclei are
not present. Any solvent may be used which does not conta{n easily
activated nuclei. Elements which do not have easily activated nuclei
are carbon, hydrogen, nitrogen and o*ygeq which means that most

common organic solvents (with the obvious exceptions; dichloromethane,
chloroform and carbon tefrach]oride), Qater, hydrogen peroxide or
nitric acid may be used. Hydrogen peroxide was used extensively in
this work, since it readily oxidised any insoluble lower rhenium oxides
formed by hydrolysis, to the soluble perrhenate ion.

The neutron activation analysis method described here could give

absolute amounts of rhenium and chlorine, but this was not the prime'r
reason for the development of the method. The novelty lies iﬁ the

. determinatidh_of rhenium-chlorine atom ratios or stoichiometries without
even weighing a sample. Details of the actual method employed appear
in the experimental section IV(b) of this thesis and in'(8h).

Some results of this method of analysis applied‘to solutions are
presented in Table 2.(page 20). The first four compounds were used to test the
reliability of the method. Rhenium tricHloride,‘ammonium,hexa¢h]cro--
rheﬁaée(Vl) and trichloroxobiSpyridinerhénium(V) are all air-stable and
rhgd}um pentachloride is an air sensitive compound.AThe observed-abgolute
bércentages of rhenium and chlorine are compared with thgoretical_Values,
and the ratio of the number of atom§ of rhenium to the number of atoms of

chlorine is also given. ‘The three sigma error-value refers to the
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uncertainty in the number of atoms of chlorine, assuming that the
number of rhenium atoms is‘exactly one., At least three independently
prepéred and purified samples of each compound were analysed and each
deterﬁinaéion was done in duplicate. The total number of duplicate
analyses is given in the right hand column.
The two final analyses are for typigal air-sensitive compounds
- which were analysed by this method, and whose composition hés been
confirmed by othe} techniques (see later). It _can be seen that good
agreemént is obfained.; In the case of rhenium oxytetrachioride it was
possible to obtain a quantitative decomposition to chloride'and perr-
henafe ions and the analysis was conffrmed by classical wét methods.
We conclude that this is a very satfsfa;tory and rapid method
of determining the stoichiometry of .rhenium-chlorine containing compounds
‘when interfer?ng elements are absent. Interference is only caused by
elements which on neutron activatfon give appreciable amounts of y-activity
of energy close to 0.155 and 2.16 MeV. Potentially such a method is
applicable to any compound; which contain elements which‘can be activated.
It is not even necessary to determine both eléments in the same irfadia-
tion, but in fhis case Qreater care has to be taken that both sample ahd
standard are’irradiated in exactly the séhe neutron flux. Because it is un-
‘necéSSary to weigh the sample for analysis, this method should find wide
application in the analysis of series éf cOmpéunds which are ve}y unstable;
| The method has been extended toidetérmine the forﬁél'dxidatfén
state of rhenium. The following schemes of aqueous alkaline'hydrolysisr

are well-established (85):
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Re'V — Re'V (as Re0, hydrate)

3Re" —_ 2Re'V 4 peV!!

(as Re0y hydrate +
- perrhenate ion (ReOy) )

Vi v Vit

3Re ey Re’ " + 2Re

(as Re0, hydrate + _
perrhenate ion (ReOy) )

ReV!! —_— ReV!! (as ReOy )

The perrhenate ion is soluble and rhenium dioxide insoluble in

water, therefore Re'v is easily separated from Rev'l’by filtration.

The dioxide may'be dissolved in hydrogen péroxidé and both solutions

made up to the same volume. The number of counts given in the 188Re

y-ray peak at 0.155 MeV after irradiation of onemmillil}tre bf each

solution are compared, and the ratio fitted to the above hyarolysis scheme.,

This determinés the oxidation state of the rhenium in the original compound.
" We have found that this hydrolysis scheme is not followed in all

cases (see section V(b)) but is generally correct and is an excellent

indication of valency if not concrete proof.



111 APPARATUS CONSTRUCTED

(a) Vapour-phase infrared cell )

Two major types of cell for reéording infraréd spectra of

gaseous samples have been described (86,87). The first type (86)
consists of a giass on metal cell-body with clamps‘to press the windes
- on, vacUum‘being held by O-rings.i‘These'cells had disadvantages in .
this:work. First, it is very difficult to construct a cell which will
hold high vacuum withouf using 0-rings made of rubber.  Some'of the
compounds investigated in this research attack tﬁis material. At the
pfesent time, teflon O-rings are too hard to hold good vacuum, and al-
though teflén was not readf!y;attacked,'our compounds dissolvedbfn or
diffused into this material. |

. A typicél examplé of the other type of cell is that described
bY Wildy (87). He attached lithium fluoride.wfndows to a pyrex glass
cell body using siiver chlorfde as a cement, and a thin silver cylinder
as a means of absorbing expansion strains. Wildy noted that ﬁolten silver
chloride will “wet”.glasslwhiqh has been platinised or silvered anq since
his cell may be heated or cooled, the difference in the coefficients of
expansion of glass and silver chloride is insufficient.to caus; the seal
to break. From these facts it was reasoned that it should be possible to
séal‘siiver chloridé,windé@s ﬁifectly to a pyrex cell bédy.

 ‘Several problems were encouﬁtered before thé method of making
the seal was.found. Any metal (except the platinum on the glass) touching . -
the window, fogged ft, and made it opaque to fnfr#réd light. Springs
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which will operate above 250°C are extremely rare, thus a spring-

loaded device, to hold the windows in place until mélting,‘is impossible
to construct. .A G-clamp was found uséless_because of differences in the
coefficients of expansion of the glass‘ana ﬁlamp material.

The'biggest problem to overcome was the extrehely sharp meltfng-
point of the_éilver chloride. When heatéd slowly in a furnace, as in
' Wildyis method, the bﬁlk of the window melts at the same time as the
edges in contact with the glass,and ruins the window. Unsuccessfuf
atteﬁﬁts were made to lower the melting—poiﬁf of the edges of the window
by pressing in silverlnifrate impurity. Althougﬁ feasible, this course
waé not pursued as the foilowing method was founé to be foolproof.

The windows were laid flat on a clean glazed ceramic tile and
heated in a muffle furnace to 320-325°C. The platinised end of the cell-
body was heated in a blow-torch to just below the softening-point of
. pyrex -(dull red ~500°C) and pressed squarely ohto a silver chloride window '
as the latter was withdrawn from‘the furnacé. The process was repeated
for the other end of the cell. It was found that the cell-body fused
about half a millimetre into the window and forhed a séal thch would‘
hold a vacuum of 10°% mm Hg for days. 1t was not found necessary to
anneal the seal. The cel] was fitted with a side-arm through which
samples were distillea in. Cooling was applied by pouring liquid nitrogen
onto the cofton-woq]~covered ce11~body; Transmittancé was of the order
of for;y per cent. Some of this loss can be accounted for‘by the §ma!l
diameter of the cell, which would not allow passage of the full b;am of

the instrument. Windows of a larger diameter woqld overcome this, but
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tﬁese are expensiVe and forty per cent tran;mittance was sufficient

for our work. The cell was heated by wraﬁping with asbestos paper‘énd
nichrome wire to which power was fed fhfougﬁ a variac. The temperature
at many variac settings wefe measured in an earlier experiment by
placing a thermocouple in the cell. The cell is capable of recording

spectra at temperatures over 400°C.

(b) Gouy apparatus

-

i An Alpha Scientific Laboratories Incorporated variable
"temﬁerature Gouy apparatus was purchased, but found’to be totally
unsuitable because of poor temperature control. "We Usea the Alpha magnet
and built accurate apparatus using the design of Earnshaw (88) and Newport
Instruments Limited ( Bucks.,Ehgland) (89). The pole gap on the Alpha
magnet was smaller than.that recommended as the minimum by Earnshaw (88).
Consequently all our dimensions had to be Scéled down as ghown in Fié.l7
~ (page 30). | |

The diameter of the tubing normally used for samples was 3 mm 0.D.
although it was possible to use a tube of‘Svmm 0.D. Figgis and Lewis {90)
consider that reproducible results‘cannot be obtained on samples of less
than 3 mm diameter becausévof packing problems. We have obtained consis-
tant results in these tubes of much smaller diameter by caréfu\‘packing.
‘The_famples were finely ground before filling the tube which was then .
sbakeh in the vibrator’of a HOOVER (PETladelphia, Peﬁnsylvaniay'UNl-MELT '
melting-point apparatus to constant length. The tﬁbe was refilled and

replaced in the vibrator until a constant ten centimetre length was
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Fig.7.
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Details of the temperature control unit used on the Gouy apparatus.
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maint;ined. The small sample size also caused the changes in force, in
and out of the magnetic field, to be small. A Sartorius ELECTRONO I
microEalance, which can be read to one micfégram was used to measure these
changes. The small'sample rquired was advantageous in this research aé
isolation of several grams of a pure product was difficult and expensiQe.
Temperature'control was found to be excellent. The heating unit
was built as déscribed in (88) and (89) and the electronic controls were
‘ désigned and built by Mr. Claus Schonfeld. The cfrcuit is shown in
Fig. 8 (pégel32). The temperature was measured by a copper-constanton
fhermocouple cemented into a groove down the inside of the cbpper block.
. The thermocouple was calibrated by the highly sensitive platinum resistance
thermometer used by Dr. R. J. Gillespie's group.for hydrofluoric acid
Cryoscopy. 'fhis instrument is accﬁr&eto better than 0.001°C,-and it was
',founq that the temperature in the sample space of our apparatus could be .
held almost to fhié limft at low temperatures, i.e., fr§m liquid nitrogen
tempefafﬁre to about -70°C. Between -70°C and room temperature the liﬁit
of thercontrol becéme steadily poorer because of the greater'heating and

cooling aﬁplied. At around 0°C the control was at its worst, being about

20.3°C. _ .
() Dry-box

At the beginning of this work no dry-box was available in which the
qompouﬁds could be handled. A '"PLEXIGLASS" box was constructed with a
circulating system énd pufification train through which the nitrogen

atmosphere of the box could be passed. Heated, activated copper (31) was
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used to remove oxygen, the nitrogen was dried by molecular sieves and
finally passed through-a liquid nitrogen trap to remove other conden#-
able contaminants. In place of a anventiqhal fnlgt port a large
pélythené bag was used. In order to remove-any£hing from the box, it
was necessary to move the object down to.the end of the bag and seal |
with a blow-torch. The use of a polythene bag in this hanner is a
technique normally employed by nﬁclear chemists to keep radioactive
dust out of the air. In this case the sealed polythene bag made trans-
portation of cbmpounds under investigation from‘the dry-box much safer '
from decomposition by‘afr. This was especially useful for fransporting
nujol mulls of sensitive materials to the Perkia Elmer 521vspectrometer

(see section 1V(d)).



IV EXPERIMENTS

(a)" General techniques employed

Because of the extreme sensitivity of the compounds examined

to moist air and stop-cock grease, etc., it was necessary to use
" special techniques in order to prevent décompoéition of‘the‘compounds.
The majority of the chlorides and oxychlorides investjgated were
volatile and thus ;acuum distillation or sublimation was an excellent 
method of separation and/or purification. As grease was attacked it‘
was not'possible.to use a permanent vacuum-line with stOp-cocké and
ground;glass jéintg. A typical vacuum-line used is shown in Fig. 9
(page 35). |

| The compound to be purified was contained in a-tube’sealed by
the thin-walled capilliary at A. The line was pumped and heated with
a Bunéen burner for at least twenty-four hours to remove surface
moisture. The-steel balls under B were then lifted wifh a magnet and
.dropped to break the sealmat A, whilst tbe sample was cooled in liquid
nitrogen, to prevent the vapours -attacking the steel. The balls were
'fep[aced in the réservoir and removed by sealing at é. The U -traps were
.*cooled n any convenieﬁt freezing-mixture and the‘sample separated ana
purified by trap to trap distillation. The sample was heated when

necessary by water-bath, oil-bath or tube furnace.

34
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Fig. 9 Tyvical vacuun line used.
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Normally the sample was collected in the final trap by‘seé}ing
at C and D and was traﬁsferred into the break-seals by standing thé'
latter in a Dewar flask of liquid nitrégen.' Less volatile compounds
could be collected in earlier traps if required. Two break-seals were
-n&rﬁal&y attached to the final trap, one to collect the main bulk of
~ the producf and one to collect a sma]f saﬁple for analysis.
Cells for vapour phase infrared and ultra-violet spectroscopy
were fiiléd on. a vacuum line using the apparatus shown in Fig. 10 (page
35 ). The apparatus was evacuated and heated for at least'Zh hours to
remove surface moisture. The glass was sealed at A and the seal B broken
Vwith the piece of glass-rod by shaking. The céll was wfappgd in cotton-
wool, then liquid nitrogén poured onto the cotton-wool to provide cooling.
When sufficient sample had distilled into the cell the glass wésfsealed
af c. |
Similar apparatus was used to fill Gouy fubes Qith Re0OCLy. The
tubekwas %ealed on the line in place of the cell and instead of distilling

-

into the tube the compound was melted and poured in.

(b) Neutron activation analysis.

Solutions of the éompounds,to be ané]ysed were prepared by se?eral
meth§ds. Air-stable materiélsAwere weighed and dissolved in a -convenient
“solvent. Air-sensitive solids wére transferred to a ‘tared flask jn a
dfy:box, >Extremely seﬁsitive compounds and compoundé of Which"only a
trace amount had been isolated were not weighed bu{'destroyed in'a break-

seal, and the rhenium: chlorine atom ratio determined. . These compounds

were isolated in break-seals. The tube above the break-seal was filled
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with solvent (genérally hydrogen peroxi&e) and the seal broken with a
glass rod. A concentratfon of épproximately one mflligram of rhenium
per millilitre of sdlution-was found to be sujtab]e. A standard golution
~of rhenium and chlorine was prepared by dissolving an a§curately weigﬁed
aﬁount of pure rhenium metal (99.9% by weight) in concentrated nitricv
acid, dilutiné, and dissolving an accurately weighed amount of ANALAR
ammonium chloride. \ |
One millilitre samples of standard and unknown were pipetted

into separate two-fifths dram polyethylene capsules (obtained from |
Olympic Plastics, Los Angeles, California). The ﬁapsuies were sealed -

by heating with a hot pyrex glass rod. The twé-capsules were placed
axially in the reactor rabbit and irradiated for about forty-five
seconds. The y-ray spectra for sample and standard were>observed using

a 3" thallium-doped,‘sodium iodiae crystal detector and a 400 channel |
'-anafyser (Victoreen Instrument Corp., Tullambre ﬁivision, Model PIP hob).
The peaks for 38Cy and 188Rg}discussedAin section Il were plotted and

the Compton background subtracted. A correction for decéy of each sample

was applfed by multiplying by a factor derived from the expression:

factor = e AtA

-

where At = difference in time between irradiation and counting
A = the decay constant = 0.693/t1/2
tl/Z = half-lffe of the isotope

‘The number of counts in the top channels of the peak given by

the unknown were compared with the counts under a similar area of the
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peak given by the standard. The number of milligrams of rhenium and
chlorine, and hence the peréentage of rhenium and chlorinqrand the

rhenium:chlorine atom ratio were then calculated.

(¢) Ultra-violet and visible spectra. .

All spectra were recorded on a Cérey model 14 instrument. 4Carey~
1 cm quartz cells were used for solution studies and were filled in a
dﬁy-box. The gells were securely‘capped before transfer to the spectroQ
meter. Gaseous spectra Were‘recorded in -all quartz cells of 10 cm path
length with'l%-inch diameter windows. These cells were filled by the
method described in sectioh<lV(a). The gas-cells were heated by wrapping
with asbestos paper and nichrome heatihg wire. Temperaturevcontrof was
obtained by feeding the power to the heatiﬁg wire through a‘vériac. The

temperature was measured in an earlier experiment by placing a thermocouple

in the cell at similar variac settings.

(d) Infrared spectra.

Routine spectra of air—stable.ﬁompogndé were recorded bn a
Perkin-Elmer-337 instrument. More accurate measurements of vapour-phase
samples weré pérformed on“a Perkin-Elmer 521 instrument and far infrared
studies were ﬁadé on a Perkin-Elmer 301 spectrometer. Mull-spectra of
air-sensitive compounds were also recorded on the PE 521, as this
3ns{rument has a closed cell compartﬁent fhrough wHiCh a stream of dry
n%trogen may be passed. This obviates decomposition of the sample in the
spectrometer caused by reaction with moist air.

Vapour phase spectra were recorded using the cell described in-
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sectioﬁ Ill-and in.(92). Spectra of solid samples were recorded as
nujol mulls between ﬁotéssium bromide or po!yethylene plates. The
nujof was dried by vacuum distillation from phosphous pentoxide.  Mulls
pf sensitive materials were prepared in the dry-box and transferred to
the instrument sealed in polythene as expiainéd in section I11I. Solufi§n
cells were filled and transported in é’simflar manner .

Far infraréd spectra of‘gaseous materials were measured-in lO»cm
path length pyréx glass cells fitted with polyethylene windows. The s

windows were heat-sealed to the glass body. Samples were distilled into

the cell on the vacuum-line in the manner described in N(a).

(e)_,Mass spectrometry.
Mass spectra were recorded on a Hitachi model RMU/6A by Dr. D.

Clugston and Mr. R. Curran.

(f) Magnetic susceptibilities.

These measurements wére made by the Gouy method-on the apparatus
discussed in section 111. The samples were grouhd to a fine powder and
‘packed in 3 mm (o0.d.) quartz tubing to a length of approximately 10 cm,
in a dry-box. The tube was capped, .removed from the box and sealed. The
sample-tube was thén placed in the vibr;ﬁﬁr of a HOOVER (Philadelphia, Pa.)
UNIMELT melting-point apparatus and shakénvuntil thé length remained |
con;fant, When the measurements-we}e compfetgd’the sample was weigﬁed and
the tube calibrated with mercury tetrathibcyantocobaltate (HglCo(CNS)4])
pabkedvto the same.length as the sample (93). A

Diamagnetic corrections to the molar susceptibility were made using
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the values found in (S4). When the Curie-Weiss law was followed,

_effective magnetic moments (ueff) were calculated using the formula:

e q1/2
peff, 2.84 [xm(T + 98)]

. where xé = the corrected molar susceptibility

- T = absolute temperature

6 = Weiss constant.

In cases where the Curie-Weiss‘Iaw did not apply, By

was calculated

for each temperature T.

we = 2.8 [11'/2

(g) Purification of reagents and solvents.

Acetone
Commercial grade acetone was stored over freshly regenerated
molecular sieves (type 4A) and used without further purification.

Acetonitrile

YAnalar'" acétonit;ile was purified by distillation ffom phosphorous
pentoxide and potassium cgrbonate as described by Lewis and Smyth (95).
The specific conductance éf the purifie&'material was found to be
‘6.2 X TO-Sohm-lcm_l. This value compéres faVerably with the value of
5.9 x 10-8Aquoted by Waddington (96) for pure acetonit}ile.
Benzene :

Reagent grade benzene wa§ dried by distillation from phoépﬁorous
pento*ide,.and stored .in a dry-box over freshly regenerated molecular
sieves (type La) .

Carbon tetrachloridé

Carbon tetrachloride was dried and's§ored in'a similar manner to
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that used fof benzene.
Chlorine

| 'Qommércial chlqriné (supplied by Méthéson! Whitby, Ontario) was
“dried by passing through concentrated sulphuric acid and phosphorous

penfoxide traps, then into Stopcock B of the trap shown in Fig. 11.

S~

A

Figure 11

‘Chlorine was flushed»through the trap until all air was expelled,’
then the Stopcock A was closed and thertrép cooled in liquid nitroéen.
When ébout 50 g of,cﬁlorine were solidified in tﬁe érap, Stopcock B was
closed, a:vacuum line was attached tb-Stbpcock A:and A was opened to
pump'oxygen out of the ch}ériﬁe. Wheﬁ tHe pressure dropped to 107" mm Hé,
A was closed and the chlofiﬁéiallowed to warm up to -7é°C in a'dry'fce/
acetone bath. At_this temperature chlorfne is a liquid. The éhlbrine
was crefrozen in liquid nitrogen‘and &eéQacuatéd to-lO—umm Hg. This process
was repeated until no increase in”pregsﬁre was observeﬁ'wégn the trap
containing solid chlorine was opened to fhe‘Vaéuum line:éfk stead& streém
from the trap was obtained by-alfowing quuid‘;hlorine fovboif éffygt ‘

-31.5 °C. This temperature was maintained by standing the chlorine
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container in a slush of "m''-toluidine.

Dichloromethane

Reagent grade dfchloromethane was stored ovér molecular sTeves‘
(type 4A) and used without further pﬁrffication. | | |
4Hydr0gen
| Commercial grade hydrogen (supplied by Canadian Liquid Air) was
driedrby passing thréugh concentrated sulphuric acid and phosphorous
pentoxide traps. |
Nitrogen '

Purified grade nitrogen (supplied by Caadian Liquid Air) was
‘deoxygenated by hot activated éopper in apparatus qescribed elsewhere (91),
and then dried by passing through concentrated sulphuric acid‘and phos-
'JphOrous'bentoxide‘traps.

Oxygen

Commercial gfade oxygen (supplied by Canadian Liquid Air) was dfied
by ‘liquefaction of the gas in a liquid'nitrogen'cooled trap simf!ar to
that described for chlorine. The oxygen was then allowed to evaporate
slowly by controlled cooling withrliquid nitrogen.
Pyridine

Reagent grade pyridine was dried by distillation from barium oxide
as recomhehded by Leis and Currans (97).

. .

Tetrahydrofuran .

Reagent grade tetrahydrofuran was dried by distillation from
Vithium aluminum hydride, then stored over freshly regenerated molecular

sieves. *
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Thionyl chloride

Thionyl chloridevwés pﬁrified by the method of Freidman (98)
invof&ing-distillation from triphenyl phosphité.
- A1l other reagents and solvents used were of the normal reagent
graae.

(h) Preparation and purification of rhenium compounds used as starting

materials..

Metallic rhenium

Rhenium me;a] was obtained commercially in péwdered form and
purified by reduction with hydrogen where indicated in the text. In all
_ other cases, the powder was vacuum dried at 120°C for 24 hours before
use. Suppliers of rhenium were Johnson, Matthey and Mallory (Torénto,
Ontario),'The4University of Tennessee, and Chase Brass and C0pper'Compény,

Rhenium Division, Solon, Ohio.

Rhenium heptoxide:v Re, 07

;Some . rhenium heptoxide was‘purchaséd from The University
~ of Tennessee and some from Koch~Light Laboratqrfes, Colnbrook, Bucks,
England, but the majoritylwas prepared by burning rhenium in oxygen, in

apparatus described by McLaren et al (99).

""Rhenijum trioxide; Re0j
. Rhenium‘tfioxide was prepared by reduction of rhenium heptox?de
by two different methods. - |
(i) Rhenium heptoxide was reduced with dioxan as described by
Hiskey'ana Nechamkin (100). Tﬁis_method was found to be

messy and high yields of trioxide were difficult to obtain.
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(i1) It has been reporfed (101) that Rez07 may be reduced to
ReO3 with cérBon monoxide. It appeared that reduction by
this method would be mgch easier in an autoclave than in
the apparatus described. This proved to be correct.

Re, 07 was finely ground in a dry-box and transported-
to the autoclave in a stopperéd bottle. The Rey07 was
placed in a glass liner and the autoc}aQe sealed and
flushed with carbon monoxide as rapidly as possiblé to
minimise’hydrolysis of the ReZO} by atmospheric moisture.
After reduction at 200°C and 500 psi carbon monoxide
pressure for 2k hours the product was wasﬁed:with water
to remove unreacted startiné material and driea at 110°C.
Ninety percent yjelds of very pure rhenium trioxide were

recorded,

Rhenjum dioxide: ReO,x H,0
Rhenium dioxide hydrate was prepared by aqueougihydro!ysis of
rhenium pentachloride as recommended by Colton and Brown (47).

Perrhenyl chloride: Re03C£

Perrhenyl chloride was prepared according to the method of_Wolf,
Clifford and Johnson (69) by direct chlo?%nétion of rhenium trioxi&e at
.180°C. Theipale yellow product Qas isélated in breakséaIs and purified
‘.by irap"to trap distillation td‘giVe a_colburless liquid'produét. Yields
6fipure compound were about seventy péfcent;

Rhenium oxytetrachloride: ReOCf,

- (a) Rhenium oxytetrachloride was prepared by Colton's method (70).

from rhenium heptoxide and thiony! chloride. The product of this reaction
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was invariably contaminated by'su]phur.dioxide, which proved very diffiéﬁlt
to remove by vacuum disti]fation. Thé presence of sulphur dioxide was .
readijy detected by its gas-phase ultra-violet spectrum (102).
~(b) Direct chlorination of rhenium metal gave low Yields of

rhenium oxytetrachloridé if powdered rhehium was used, but gave high yields
of rhenium oxytetrachloride if a rhenium mirror suspended on porous brick-
was used (see section V(a)). The oxytetrachloride wésrseparated from
pentachloride which was also produced, by pumping at reduced pressure, but
separation from other volatile products was tedious. Thirty or forty trap
to trap distillations were sometimes required to remove all impurities
(see section V(a)). o |

(c) Rhenium pentachloride and dry oxygen were sealéd iﬁ a Carius
tbbe which was fitted with a break-seal. The tube was heated to 180°C in
a furnace. Thé break-seal was'then attached to a vacuum line, which was
evacuated and heéted for at least 24 hours before the seal was broken and
the product distilled. This was th¢ mosf convenient preparative method.
Only two or three vacuum distillations were neceﬁéary to produce very pure"
oxytetrachloride in about 70 percent Yie}d. The average Re:Cf ratio found
for eighteen independant neutron activation analysis on ReOCLy preparéd by
all three methods was l:3,92(i0.07). An éﬁalysis by convential.wet‘methods_
after hydrolysis gave C% = 41.3%, 41.1%§.Re = 54.1%, 54.4%. CzLORe requires
Ce =.41.4%, Re = 5h.1%. -

Rhen i um pentachloride

Some rhenium pentachloride was purchased from Alpha Inorganics,

" Beverly, Massachusetts, and Shattuck Chemical Company, but was génerally
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prepared by one of the following methods.

(a) Powdered rhenium was chlorinated in the apparatus shown in

(b)

Fig. 12 (page 47).

The rhenium was qléced in a combustion boat as shown.
Surfaceloxides were reduced by a stream of dry hydrogen péssed
over the metal at 500°C. The stopcocks A, B and C were closéd
and a vacuum applied at F for 24 hour; to pﬁmp out all traces

of moisture. The vacuum was released by opening the stopcock

‘A to let in nitrogen. Chlorine was then passed over the metal

at 500-550°C untél all the metal had reacted. Aimost all of
the (ReC%s), produced remained in the first trap and the other
traps were used to collect rhenium oxytetrachloride. Despite
the precautions taken to keep oxygen out of thé sysiem, some

Re0OCLy was always formed. When the reéction was complete, the

‘apparatus was sealed at D, E, and F. . The traps were then

attached to a vacuum-line and evacuated at room temperature.

Chlorine and ReCCLy - Impurity distilled to. 1éave (ReCls)y as a

residue which was sealed in glass until required.

| The rhenium pentacﬁloride produced was in the form of very
small‘crystals. . The best method of purifying the material was
to seal the pentachloride in a Carius que with chlorine énd
distill it along the tube by applyiné a température gradient.
By this method large plate-like crystals were formed.
Rhenium heptoxide was reacted with carbon tetrachloride in a

sealed tube as described by}KnoX,‘Tyree et al (45). Without



' * Apparatus used for the preparation of rhenium pentachloride.
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modi%ication this method gave high yields of pure rhenigm.
.pentachloride. |

(é) Powdered rhenium was reacted wiﬁh chlorine in a sealedAtuBe.
Rhenium powder was sealed in a vycor tube with an excess of
chlorine, and the tube heated in a furnace at 600°C until all
the metal had reacted (70.2 g re#cted in 24 hours). The tip
of the tube was removed from the furnace énd the témperature
lowered to 300°C. Large plate-like crystals of Fhenium
pentachloride formed in the cooler end of the tube. A
quantitative yield Qas obtained.‘

Rhenium pentachloride is a biack crysfaliihe material
which melts at 261°C. An average of 12 analysés by neutron
activation gave (see Table 2, page 20) C¢ = 49.7%, Re = 51.6%
(stoichiometry = 1:4.98:0.06). CasRe requires C2 = 48.8%,

Re = 51.2%. ' |

‘Reaction of (ReCgc), with lfquid chlorine

The appafatus used is shown in Fig. 13. Rhenium pentachldride was
powdered'in‘the dry-box and transferred t6 fhe glassware through A. The;
apparatus was stoppered and removed from the dry-box. The stopper was
removed and chlorine was Blown into B immediately with C closed and the
apparatus standing in a solid carbon dioxide/aceﬁoﬁe refrigéraht. When
sevefal milliliéfes of chlorine had been condensed, C was opened and the
chlorine supply removed so that nitrséeﬁ could escape through B. "The

apparatus was removed from the C0,/acetone bath and the condensing-finger

D filled with this cooling mixture.  Steady reflux of chlorine occurred.


http:4.9&0.06

Lg
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Apparatus for refluxing with ligquid chlorine.
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When the reaction was considered to be complete, the temperature of the
condensing-finger was allowed to rise and the chlorine allowed to escape
to atmospheré. The glass was sealed at D and the reaétidn mixture ﬁould
be distilied through the break-seal E.. |

Rhenium trichloride: Re}Cég

Some rhenium trichloride was obtained from the Shattuck Chemical -
Company. This product was contaminated with épproximately 12% rhenium

pentéchloride.g

Rhenium trichloride was prepared byythermal decompo;ition of
rhenium pentachloride.A The decomposition may be performed in a.stream,
of nitrogen or under vacuum (26). We have found it a little easier to
use vacuum, Rhenium_pentachiéride was placed in the end ofva long
horizontal glass tube. Low vacuum (*lo-zcm Hg) wés applied and the end
of the tube containing pentachlofide heated in a tube furnace to 200°C.
About thirty or forty percent of the (ReCls), decomposed to (ReC23)3.
The remainder distilled to a cooler part of the tube. The furnace W?s
moved along the tube to heat the distilléd (ReCg),. Again some of the
(ReCes), was decomposed and some distflléd to a cooler part of the tube.
The procedﬁfe was repeated to complefion of the decomposition. Invariably
some (ReCis), was converted to ReOC%y by reaction with oxygen thch leakga
into the system. This Re0OCL, was recovered f(om U-traps placed between
the' reaction tube and the pump. |

Rhenium trichloride'pfoduced By this method was a deepbpurple,
microcrystalline solid with a melting point gréatef than 300°C. The average

of sixteen analyses by nettron activation analysis was Ce = 36.1%, Re = 61.5%
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(Re:C2 = 1:3.04 0.10) CLgRe3 requires C% = 36.4%, Re = 63.6%.

(i) Preparation and purification of new compounds and new methods of
preparation of known compounds

Rhenium fetrachloride

(a) Powdered rhenium metal and antimony pentachloride (mole ratio

-%21:2.5) were sealed in a ''vycor" tube similar to that shown in Fig. k4.

. FIGURE 14

The eealed tube was heeted in a tube-furnace at 600°¢ until all
the metal had reacted (0,59 Re reacted in about 48 hours). The tube
~ was moved along the furnace, so that the end B was out of the furnace
and et room temperature. When all the products had condensed in B, the
~ furnace temperatere was reduced to 250°C and the tube position feveréed
so that B was at the furnace temperature and A was at room temperature.
Excess antlmony pentachlorlde and some antimony trtch!orlde distilled tnte
A, leaving a black solid in B. The tube was opehed in a dry-box, and the
black solid transferred to_a‘test-tube fitted with a ground-glass joint.
The tube was stOppered, removed from the dry-box and transferred rapidly
to ;_vacuum—line. The'b1ack solid Qas pumped at room temperature, and
then at 165°C for 48 hours to remove all traces of antimony trichloride.
 The glass was’tﬁenisealed and the product stored in a dry-box. Yields of

" 75% have been recorded.
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(b) Approximately equimolar quéntities of rhenium éentachldridé
and antimony trichldride-Were sealed in a pyrex glass tube similar to the
vycor tube described in Fig. 14, The tube .was heated for 48 hours at
300°C and the resulting black product purified in a manner similar fo
that described above.

Rheniﬁm tetrqchlorf&e prepared by tﬁese methods has the properties
of B-ReCg, described by Cotton et al (50). An average of 10 anélyses by b
neutron activation gave Re = 56.8%, Co = 4313% (Re:Cy = 1;3.98) CZqRe

requires Cy = 43.3%, Re =56.7%.

Conversion of rhenium tetrachloride to tetra-n-butwl ammonium

octachlorodirhenate(111) (n buthﬂ)z(gngﬂa)‘

Rhenium tetrachloride prepared by the above methods was réacted
with tetra~n-butylammoniun bromide by the’méthod of Cotton et al (50). The
blue product had an ultraviolét/visib]e-spectfum identical to that of
("'bUtQN)z(ReZCQB) prepared by a standard method (103). Analysis by A.B.

 Gygli, Toronto, Ontario, gave:
€=33.1% H=6.4% C2=23.1%

C3oHyaCigNoRe, requires C'= 33.6%, H = 6.4%, Co = 24.8%.

‘Oxotrichlorobispyridinerhenium(V) : Re0C4py,

. (a) ‘Rhenium oxytetrachloride was sealed under vacuum in a tube
fitted with a break-seal, and the tube above the break-seal filled with
pyridine. The seal was broken with a glass rod, causing the pyridine to

be sucked onto the Re0C%,. The tube was shaken vigorously to dissolve the

ReOCQQand>form a red solution. Heat was evoived—during dissolution. After
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half an hour a green precipitate formed and continued to form until the
“red solution faded to a béle yellow. ‘The green compbund was filtered
and washed with carbon tetrachloride; then pumped at 100°C for 24 hours
to remove all solvent. .

(b) ReOCgypy, was prepaféd in exactly the same manner as in (a)
"wuéing ReOClq-;OPéz3 as a starting material, instead of ReOC%y.

Neither starting material was weighed but estimated yields were
of the order of Q;;ehf§ percent. Réoczgpyztprepared by either method is

. a gréen, air-stable, microcrystalline material of melting-point >300°C.

Analysis by Galbraith Labs. Inc., (Knokville, annéssee) gave:
€ =25.6% H=.2.3% CL = 22.6% N=5.9%

Neutron activation‘anélysjs gavé CL = 22.9%,Re = 40.0% [stoichiometry
Re:C2 = 1:2.97( 0.08)]. C1oH10C23N20Re requires C = 25.72, H =‘2.14%, |
Co=22.8%, N = 6.0%, Re = 39.8%.‘ The compound showed the same infrared
spectruh and solubility properties as a sample of ReOC%3py2 prepared by

the original method (104).

Dioxotetrapyridine rhenium(V) chloride [ReO,py,] CL

" The yellow filtrate from the‘breparations of ReOCL3py, above were
‘evaporated to low bulk. Large red crystals were debosited Qh{éh after
m~drying showed an infrared spectrum identical to that for [ReO, py, ] C2
pfe%ared by a standard method (105). h |

Oxoethoxobispyridinerhenium (V) [Re0(0Et)CRopys ]

Re0CL3py2 was refluxed with boiling absolute ethanol. After two

hours all the green ReOCL3py, had dissolved to give‘a blue solution. The B
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solutlon was evaporated to ]ow bulk and cooled to deposit large blue
plate-like crystals. The product was filtered, washed with a little
ice-cold absofute alcohol and dried in vacuum. Analysis by Galbraith
‘Labs. gave C = 30.15%, H = 3.01%, C% = lh.73%; N = 5.58%. Ci2H15C22N202Re
réquires C=30.3%, H=3.2%, Co = 14.9%, N = 5.9%, Re = 39.0%. |
The product was obtained in 80% )neld as air-stable blue plate

cryétals,melting-point = 185°C. The melting-point_and infrared specgfum
~ were identiéal with those of a sample of ReO(0Et)CLzpy2 prepéred by the -
original method (57). |

Oxoﬁrichloro(Z,Zﬁdipyridyl)rhenium(v) [ReOC23dipy]

2,2£dipyridyl and rheﬁium oxytetrach]ofide were dissolved in ﬁarbon
tetrachloride in a dry-box, énd the solutions mixed. A yellow compound
precipitated from the solution. The precipitate was filtered, washed wifh
»carbon tetrachloride and vacuum-dried. Analy$is of the product bf
GalbraitthaborétoriesAgéve C =25.3%, H = ].8%,'62 = 22.4%, N = 5.60%.
-Neutron activation analysis gave C% = 22.7%, Re = 40.6%: C10HgC23N20Re
requireé C=25.8%, H= 1.92; €2 = 22.9%, N = 6.0%, Re = 40.1%. The
infrared‘épectrum was identical to that of a sample pfepared by the original
method (106). . .

The Re0C4ystarting material wés not wéighed but the yield of ye}low-
igreen air-stable microcrystalliné solid, melting-poiht‘= >300°C, was
~estimated as approximately seventy-five percent. |

u- oxobls[oxodlchloro(z 2-dipyridyl)rhenium(V)] [(d|py)ReOC22-—0 CQZORe(d:py)]

Re0Cg3dipy was refluxed with boiling absolute ethanol, Very slowly
the solution changed to a pale orange colour and a green compouhd was

precipitated. The green compound was filtered, washed with ice-cold
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absolute ethanol énd vaEuum dried. Ana]yéis‘ﬁy Galbraith Laboratories
gave C = 27.8%; H=2.1%, €4 = 16.2%, N = 6.3%. Calculated for
czoﬂlecuuqoaRe , C = 27.5%, H = 1.8%, & =.16.‘3z, N = 6.4%, Re = 42.6%.
Yield of green, gir—stable crystalline‘materiél, melting point >300°C,
was siXty percent. - |

Trioxochlorobispyridinerhenium(V1i1) [Re03Cpy,]

Pyridine and perrhenyl chloride Were-diSSOIved in carefully dried.
carbon tetraéh1okide and mixed. A wHitg precipifate formed immédiately.
Thg precipitate was filtered, wéshed with carbon tetrachloride and puﬁped
on a vacuum-line at réom temperature to remove volatile impurities. The
compound was then sublimed at 100°C in vacuum. The Re03C% starting.

- material was not weighed,.but the yield of pure, éir-uﬁstable, very pale
yellow compound, melting point = 155°C (decomp.) was.approximately,fofty

to fifty per;ent. Aﬁalysis by A. B. Gygli gave C = 28f0%, H=2.9%,

b’Cl = 8.4%, N = 6.3%. Neutron activation analyses gave C% = 7.9%,

Re = 43.4%. Célcqlated for C1gH10C4N203Re, C = 28.1%, H = 2.3%, CL = 8.3%,
N = 6.5%, Re = 43.63. |

Trioxochquo 2,2%dipyridyl rhenium(vi1l) [Re03C2dipy]

2,21dipyridyl and:perrhenyl chloride were dissolved in;carefully
~dried carbon tetrachloride ana the solutions mixed. The heavy white
precipitate which formed immediately was filtefed, wéshed Qith carbon
tetrachloride and pumped at room température for 24 hours to remove
Qolatile‘impurities. The Re03C% starting material was not weighed but
~yields of white, involatile, air—stéblg compound,‘meltfég point 280°C

(decomp.), were estimated at sixty to seventy percent. Analysis by
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Galbraith Laboratories gave C = 26.7%, H=1.7%, CL = 8.4%, N = 6.1%.
Neutron activation analysis gave C% = 8.0%, Re = 43.]%. Calculated for
C10HgCaN,03Re, C = 28.2%, H = 1.9%, C2 = 8.3%, N = 6.6%, Re = 43.8%.

Oxotetrachloro(oxotrichlorophosphoris V) rhenium(Vi) [ReOCQu(OPCQq)] 

(a) Powdered phdsphorus penfahhloride was weighed in a dry-box
into the bﬁlb A of a pyrex glaéé tube similar to the tube shown in Fig. IQ
(paée 51) but with a break-seal fitted to A. Powdéred rhenium heptoxide
was weighed and transferred to tﬁe bulb B (mole ratio 5 PCis: lRé207)
and £hé apparatus sea]ed.at C before the reaﬁtants were allowed to mix.
The tube was then shaken until the solids reactedeith_evolution of heat
to form a red-brown semi-liqufd mass., The tube was attached to'a vacuum
line and after pumping and heéti;g for at>1east 24 hours, the seél was
broken and the . reaction products fraétionated. Phosphory] chlorfde and
unreacted phosphorus pentachloride wefe volatile at roo@.tempera;ure.

The ReOCQu--—OPC23 sublimed more slowly at room femperature and was freed
- from pho;phorhs chlorides after threé or four tfép to trap sublimations.
The yield of ReOCQ;-—-OPC13 was about Fifty percent. | |

| (b) ReOCg,---O0PCo; was prépared in a manner analogous to (a)
using Re03 instead of Re297 as staftfng matérial.

(c) By direct synthesis from ReOCy énd POCL3 in pyrex appﬁratus
shown in Fig. 15. The glass was vacuum dried, the P0C23 pouréd fn and the
tube sealed at A. The apparatus was shaken to Ergak the seal>B. The
reactanfs mixed to form a red soiutjon and heat was evolved. The apparatus

was attached to a vacuum-line and after pumping and baking for at least 24

hours the seal C was broken and excess POCe3 pumped off at ice temperature.
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The ReOClq---OPCZQ.was‘purified by sublimation and_isolated in break- :

" seals. Yieids of appronmate]y‘seventy percent were recorded.
Re0C2,0PCe3 forms long fiﬁe neédle eryStéls with a melting-point

of 90.5°C. Analysis by Galbraith Laboratories gave C% = 53.5%,AP = 5.8%.

‘Analysis by A. Bernhart gave P = 6.2% (see Chaptér Vl(a)).‘ Neutron. '

_activation analyses gave (mean of 12 analysés) CL = 52.2%, Re = 38.7%

(Re:C2 = 1:7.080.35). Calculated for C%;0,PRe, C2 = 49.9%, P.= 6.2%,

Re = 37.5%.

Tetrachlorophosphonium(V) hexachlororhenate ([PCQQ]+[ReC26]—)

(a) Powdered.rhenium énd‘ phosphorus pentachloride (mole ratio
1:5) were sealed in a pyrex tube full of chlorine. The tube was placed
in a tube-furnace at SOO—SSOAC. It was arranged that‘the tfp of the
tube was at the end of the furnace, therefore at a lower temperature . A
brown solid was &éposited in the tip 6f.the tube. When ali the rhenium
metal had reacted, and the produ;t had collected in the tip of the tube,
the temperature of the furnace was lowered to-200°C. The tube position
was revéréed so that the other end of the tube was in the air at room
temperature. Unreacted phosbhorus pentacﬁloride condensed Onfthisbcool
end of the tube. The tube was opened in the dry-box and the product
transferred to a break-seal. The break-seal was'transferred to a vacuum-
line, and after evacuating fhe line for 24 hours to dry the glass,vthe'séal
,was'brokeh and the product pumped at -room temperatﬁre to remove traces of
ﬁhosphorus chlorides. . .

(b) Rhenium pentachloride énd phosphorus pentachloride were

sealed in a pyrex glass tube fitted with a break-seal. The tube was placed
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in a furnace and heated to 300?9. fhe pfoduct was sebaratedlfrom pth-
phorus chlorides by the procedure used fn (a.

(éClq)+(ReC£6)- prepared by either method may be pﬁrified by
vacuum.sublimétion at 150°C. _Anafy;is by neutron activation (meén of
ten determinations) géve: CL = 62.8%, Re = 32.8%. Ana]ysis by Gélbrai;h

Labs gave: C&L = 51.0%, P = 5.6%. Calculated for €2 0PRe, Co = 62.02,

]
P = 5.4%, Re = 32.6%.

“

| DitetrachloropEOSphqnium(V) dctachiorodirhena;eflll)' (PCQq)ZjRezczg)z-

(a) RePCig was prepared by ;he.method of Machmer (107). The
product was separated from phosphorus chlorideslby the procedure used

for RePCllo above. | |

(b) Rhenium pentachloride and phosphorus'triéhloride were
sealed in a pyrex glass fube fitted with a break-seal. The tube was
placed in a tubé—furnéce'and heated to 300°C. The product was separated
from phosphorus halides by the procedﬁre used for RePCkld above.

Neutron activation analysfs (%ean of 4 detérminétions gave e =
55.3%, Re = 37.]%'(Re;C2 = ]:7.7),'C£3Pﬁe requires C2 = 56.6%, P = 6.2%,

Re = 37.2%.



V. CHLORIDES AND OXYCHLORIDES -

(a) ‘Rhenium hexachloride and rhenium oxytetrachloride

It was mentioned in section | that the observed hagnetic
: momeht (48) of rhenium hexachloride was énomalous. We wished to
reéxamine thjsxsystem, fo check the magnetic measuremenfs and if found
correct, perhaps find an explanation of the anomaly. We also‘wished to
discover why rhenium hexachloride did not thermally decompose to a tetra-

chloride and chlorine. Technetium hexachloride decomposes in this manner

“very easily:

 TeCog ENtIe s qeca, + Cop (59).

warming

The conditions of Colton's(61) chlorination (described in section
1(c)) were reproduced. The major product resembled the compound described
by Colton, and just a littje penfachloride was produﬁed. In mény early
. ._experiments, before thé activation_analys?s‘(section 11) and gas-phase
infrared cell (section‘lli) had been developea, the first test -applied to
the product was to measure the infrared spectrum of a sojufion;prepared

ina dfﬁ—boxl Invariably peaks were observed in the range 900-1050 cm-l.

This region of the infrared is far too high for any heavy metal-chlorine
vibrational frequency (108), but is the pormal-region of. heavy metal-oxygen

stretching vibrations (109). Therefore these absorptions were the result

of oxygen contamination of the product.

- 60
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Because of fhls contamination, more and more 'fléerous condltions
were applied to keep moisture and oxygen out of the reactants, solvents,
and produets. At t%is time no dry-box was avallable in which this
'.compound could be handled without fuming and decomposition. The .initial
reason for the uSevef break-seals and grease-free vaeuum systems (see
Experimental section IV(a)), and f&( the develoement of special infrared
. and analysis techniques was to try to obtain this eompound‘in a pure
~form, and obtain accurate analysis figures. : .

| Early analysis results by classical wet methods were not accurate
but indicated that the ratio of rhenium to chlorine atoms was about 1:k.
When the neutron activation method was refined‘enough,'many analyses were
pefformed. It was found that‘it was possible to obtain a_rhenlum:chlorlne
ratio ef 1:6, unless the product was carefully'separated from volatile
contaminants (see later in this discussion). Samples which were purified
by many trap to trap vacuum subllmatlons (thnrty or forty ln some cases)
which formed large black crystals, and had a very sharp melting-point at
32°C were found to have a rhenium:chlorine ratio of 1:4. On hydrolosis
with aﬁmonlum hydfoxide solution, the compound gave a Rev“_:Re'V ratio of
2:1 which is typical of rhenlum(yl)(eee section I1).

Gaseous infrared speqtra'recorded eslng the gas cell qescrlbed in
Nsectlonrlll, filled on a vacuumfllne with no possibility of.oxygen entering
the "system (see experlmental section lV(a)), showed one large peak centred
~at 1040 cm 1. The peak was spl|t W|th aP branch at 1047 cm ! and an R
—branch at 1033 em . The absorptlon occurs at a little lower energy in

'1‘

solution; 1033 em—l in carbon tetrachloride and 1029 cm ° in titanium tetra-
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chlo}ide.' This absorption peak, which is reproduced in Fig. 16 (page 63)
can only be causea by a rhenium-oxygen viEkation. - From the above
evidence, it was realised that thfs chlorination ﬁroduct’was rhenium
oxytetrachloride. Subsequent investigations showed that it was possible
‘to‘obtéjn ciassical wet analyses for rhenium and chlorine, on a sample
.transferred in the new Vacuum/AtmoSpheres (Lo;_Angelés, California) dry-
Box, from a sealed tube to a previously weighed flask. These analyses
éonfirmed the formulation of the chlorination product as ReOCLy.
| The vapour-phase ulfra-violet/?isible spectra of this chlorination
product, and Re0Cg, prepared by reaciion of rhenium pentachloride with
oxygen, were found to be identical. The ébsorptions observed are listed
in Table 3 (page 64). | |
Further support for this‘formulation is afforded by a study of
tﬁé hagnétié suscebtibility of the compound. The susceptibilities of
samples of ReOCg, prepared by direct chlorination, and by the reaction 6F
' pentéchloride with oxygen, are recorded in Table & (page 65 . These results
are plotted as a funétion of temperatufe in curves (a) and (b) of Fig. 17
(page 68 . Curve (c) of this figﬁre is a plot of the maénetic data
.reported by'Klemm and Schﬁth in 1934 (3]),'and (d) is a reproduction of
the data which Brown and Eolton (48)idbtéfﬁed for "rhenium hexachloride'.
theée ”hexachlofide“ figures have,begq_recalcu)ated assuming Brown and
Colgon}s cdmpound to be rhenium bxytetrachloride. The recalculated results
are’presénted as éu?ve (e). The Weiss constants and the'ca]cﬁlatga‘éffective‘
_magnetic moments are presented in Table 5.(page 67). 1t can be seen in this

table that the Weiss constants are'éll between 24° and 28°.



: 63
Fig.16. Re = O absorption in vapour-phase '

infra-red spectrum of ReOClh,showing

" .P, G and R branches.
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Table

3

!
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Vapour phase u/v visisible sbectrum of'ReOClh.

Temp.

- Wavelenth Region

(°c)

7000 - 5500 R

5500 ~ 4000 )

4000 - 1850 A

- 78

No absorption
observed.

No absorption
observed.

Steady rise in
absorntlon from
3600 A to  total

'~absorot10n at

1850 A. Shouldegs
at 2790 & 2L60 A,

.+ 23

No absorption
observed.

‘absorption band

Large broad

from 3775 - 5400 A
with peak at
l'l*zo.

Total absogption
from %OOO A -
1850.

+ 80

Very wéak,_vefy
broad band

15700 - 6400.

Large absorption
band 3700 - S450
total absorption
from 4000 - 5100 R.

Total absorption
from 3400 - 1850 A.




. Table 4.~

The magnetic sus chtlbllitv of PeOClh.

-t

‘ PcOCl

"Rec1 134

Prepared by Prepared'by "ReCl, "
ReCl. & O direct chlorina-. Schuth and 'KLemm Brown and Colton | Recalculated
(mhlé wor?) * tion. {(This work)"” ( 21 ( 48 ) (Sece teoxt)
Temp, Xra ~ Temp. X Tamp. v Xm “Temp. Xﬁ Temp. X
k) |Gacbegs)| (k) | (x20%ers)| (°K) (acdegs) (k) {Gaclegs)| (°K) (x10%gs)|
8o 3334 80 3292
100 2815 100 2780 20 2540 o8 14368 o8 3739
120 2432 | 120 2405 113 3876 | 113 3302
140 2134 | 1h0 2113 134 3358 134 2841
160 1906 | 160 1881 158 2942 158 . | 2504
180 1719 180 1701 177 2672 177 2271
200 1576 200 1556 199 1310 201 2403 201 2040
220 1450 220 1431 225 2201 225 1870
240 1339 240 1293 251 1982 251 1670
270 1209 270 1192 266 1872 266 1571
293 1150 293 | 1117 293 - 928 297 1695 297 1430

$9

PY o~
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Fig. 37 Maenetic susceptibility of ReOCll}..

(a)Drep by ReCl5 (b)Pfep. by direct chlerination.
(r~) Schuth and Kiemm ( 31 ). (d)”ReCl " ( 48 ).

(e)"ReCléf.' reoalcmated (See te*{t)

T *t " g 0 (K L

100 150 200 250 300
Temp. (°K) —>



Table S

&7

Compound Weiss constant. /ueff
ReOC1, . Schuth and Klemm. (31) 25° 15
~ Re0C1, (xReCly + 0,). | - 24° 1+7
Re0Cl, (by direct ehlorination) .| 27° 17
ReCl, Colton and Brown( 48 ). 28° | 2:07
ﬁef.( 48 )recalculated on 28°

ReOClh basis.

19
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The effective magnetic moments from the measurements of Klemm
- and Schuth, this work and the recalculated figure§ of Brown and Colton
are not in precise agreement; This is understan&able when one considers
the method of filling the sémple-tube. Because of the low melting-point
of the cohpound, both otherigéoups of»wo}kers and oufﬁﬂves have found it
impossible to grind the solid and pack a tube in the normal manner. The
method used was to seal the quartz sample tube‘thfgugh a gréded seal onto’
'pyrex apparatus, which contained the Re0Cy, under1a break-seél (see
experimental sectioﬁ IV(a) and Fig.10 page35 ). The apparatus was
evacuated and heated to remove surface moisture. The seal was then broken,
and the compound melted, and boured into the tube as a'liquid.t Thaw—helt
techniques were employed in an attempt to obtain a continuous iO cm ltength
of réd of solid compound, but as the solid has a smaller specific volume
than the liquid, some empty space was apparent in all caséﬁ. Within this
lfmitation, theAagreemeﬁt of the Begs values fs quite reasonable,

It seémedrstrange thét the major product of éhlorination of rhenium.
should be a[tered so much, just by using metal with a higher specific
‘ surfacg area. The first conclusion drawn was that abhigher chloride was
formed which attacked thqlglasé or ceramic to abstract oxygen. A smaTl
~amount of volatile yellow material, from which it was difficult to separate
the Re0C%,, had often been observed durisg trap to trap sublimationé, and
it_how‘seémed possible that thi; wa§ a higﬁer chloride. By many careful
éublimétions a few milligrams of this compound were isolated. Activation
analysis gave a rheniumfchlorine_ratio of 1:~50 and the y-ray spectrum of

244, was observed. A few more milligrams were isolated and the mass spectrum



. 69

recorded. The spectrum showéd peaks at almost every ﬁass number up to
200. Dr. Shaw of the Geology Department of McMaster kindly pe;formed an
emission épectrographic analysis of the compodnd and reported that‘it
contained: o
several per centkof Si and A2
about one per cent of Na and Tf, and
traces of Sn, Mg, Pb, Fe, Be, V, Cu, Ni, Co and Cr
Obviously the yellow “compouﬁd" was '‘ceramic chloride", and the
oxygen in the major chlérination product was the result of attack on.the‘
porous brick.
lt.seemed possible that a higﬁer-chioride was formed, which
immediately attacked tﬁe porous'pot.. The experiment was repeated Qsing ’
pyrex wool in place of the porous brick, but this reaction prodUCed
fheniumfpentachloride in high yield with little rhenium oxytetrachloride. .
No higher chloride was observed. It was shown that chlorine did not
attack the ceramic by sealing these‘materials'in a pyrex glass t;be and
heating at 500 - 550°C, the temperature of the chlbrinétion, for 24 Hours.
No reaction was observed.. A similar reaction was attempted between
rhenium pentachloridelandmceramic but no conclusions could be drawn, as
.the’pentachloride decomposed to trichloride and chlorine at temperatures'
Iowgr»thanrthe reaction temperatﬁre.
A most reasénab]e exp!anation»of'this attack was offered By '
Chatt (110). He suggested that rather than a higher chloride being
formed which then attacked the éeramfc, fhe rheniﬁm metal was acting as
a'reducing agent. Anranalogy'cén be drawnrtorthe role ofrcarbon in a

blast-furnace where the carbon and in this case, rhenium, preferentially
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absorb the oxygen of.the.oxides present.‘ A rhenium oxide; which is sub-
sequently cﬁlorinated must.have a .very high free energy of formation at
550°C in order to extract oxygen from such stable refractory oxides as
silica and alumina.

Despite all the precautions taken'to exclude oxygen, a little
Re0CLy, was produced in all chlorination reactions.. It has been noted
by.others (lh)(25)>and confirmed by us, that the Re0CLy was orodUCed

'onjy at the beginning of_the reaction. The presence ofva very etable
oxide phase offers a possible explanation of this observation, if this
oxide ie not reduced by hydrogen and reacts with chlorine much more
rapidly than does rhenium ﬁeta].

An attempt was made to record the infrared spectrum of‘gaseous
rhenium oxytetrachloride in the polyethf]ene region. However, the com-
pound attacked or dissolved in the polyefhy!ene, causing the windows to
turn black after- about fifteen_minutes,~thus.preventing the transmission

" of infrared radiation. By freezing the sample, then heating it and
measuring the spectrum rapidly, it was possfbie to observe a very strong
absorption peak at 368 cm-]. A siﬁilar strong peak was observed at
372 cm— for carbon tetra;hloride and titanium tetrachiorioe solutions.
This peak is in the region aséoc?ated with’metal~chlorines:retching
vlbratlons and was therefore assngned as such h

" The anomalous magnetic moment of “rhenlum hexachlornde” has
been explained but we are left with a larger anomaly. The second row

| transition metal, technetium, has a higher ehloride.than the third row

metal of the same group. However, technetium hexachloride was prepared
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by the same workers . wHo .;léimed rhenium hexachloride and the descrip-.
tion of the technetium cémpound was very similar to the description of
“rhenium hexachlofide”. In the light of the results of this work, a
reexamination of the techﬁetium.system éppears to be needed. |

Several methods have been used fn Unsuécéssful attempts to pre-
pare rhenium Hexach]oride. Rhenium pentach]br}de, B-tetrachloride and
trichloride have been sealed in pyrex glass tubés with chloriné and’
heéted-at temperatures from 100°C ﬁo 500°C.: In all cases the tube filled
with red-brown vapourswhich are typical of pentachloride. When one part
of the ﬁuBe was cooled,-]argé black pléte-like‘crystals formed in the
coolest sections. These were shown to be pentachloride and this method
~was an excellent way to purify the compound. It-was considered that
possibly, the hexachloride was thermajly unsfable, so a low temperature
preparation was attempted. Powdered rhenium pentachloridé was }efluxed
»in_quuid chlorine in apparatus described by Fig. 13 (pagegg) and under
rhenium péntachloride'in Seéiion tv (h). Somé rhenium pentachloride ‘
dissolved in the liquid chlorine but only the of?ginal reactants could
bebisolated. Ultraviolet light was shone on the refluxing mixture in
an attempt to:induée'chloanation by chlorine radicals, but the course
‘of the reactién was unaffected.

It was noted that th; melting-point of ReOCZ, was lowered
gli;htly unless the first five or ten ber éent of'fée distilled pr6~'
duct was discarded. This led us to believe that there must be a»Qolatile
impurity. By sublimétfon f}om traps at varyiﬁg témperatures,4i£ was

found possible to isolate a trace of this compound. At -40°C (maintained
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’By,a chlorobenzene slush) a trace of yellow compoﬁﬁd distiiled over.
This compgund‘turned bright blue when a]lowéd to warm up to above 0°C.
The blue';ompo;nd was non—vo]atife.

Only trace amounts cou]d’be isolated, mak}ng-identification dif-
-~ ficult. ”Howéver; neutron acfivation analysis of both the blue and
" yellow Qarieties gave a rhenium:chlorine ratio of % 1:3 and a ReVll:RelV
‘ ratioiof Q 1:2. Therefore both yellow and blue compounds apéear to haQe;
the formula Re0C23. Many derivatives'of this oxychloride are kﬁown (28)
- but the oxychloride itself has not been iso]ated pfevioUsly.‘ However,
as mentioned in Section | (d), Glukhor (68) suspected a "volatile b]ué
oxychloride, probably rhenium oxytrichloride. It is possible that the
change in colour and volatility'is a polymerisation effect.

In'generéT; interpretafion of maghetic and electronic spectral
data of third row transition metals is compllcated because energy
splitting caused by coupllng of spin and orbltal angular momenta are
- of the same order as the splittings caused by ligand field effects (111).
' Strqng-Spfn—orbit coupling in a d' s&stem can cause large reductions in
the paramagnetism. Somewhat weaker spin-orbit coupling could be treated
‘as a perturbation of the ligand-field effect thereby reducing the para-
rmagnetism‘(éz); |

e . However, the effective qagnetic moment‘fognd~for'ReOC24 is very
close to the spin?on]y value of .1.73 B.M. ThisAshows that ;pin-orbit
couplfﬁg is negligible in this comﬁound. Multiple bonding between the
céntral metal and oxygen in d2 complexes of the type L2Re0X3A(wHere L is

a neutral ligand and X is a halogen) has been used to exp]ain,diamagnctism 
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in these compounds (105)7 The dy -pn rHenium to oxygen bonding shorteﬂs
thevRe-O bond length and reduces the symﬁetéy from Oh to_CL,v to produce
'a non-bonding bz_orbitai of low energy to be filled by two electrons"
(112).  THe splitting of energy levels‘oh lowering the symmetry is shown
in Fig. 18 (page 74) .

The very high energy V Re-0

tions at lower energy indicate that polymerisation via oxygen bridges is

absorptioh and the lack of any absorp-

‘unjikely (in sélution and in the vapour phase). Unless such polymerisa-
' tiqh of Re0C%, is assumed, this compound is five cb-or¢inate and two
sfructures are possible. It may be a square pyfaﬁid (dqv) or a trigonal
‘bipyramid (D3p). If Cyy, the ligand field splittings will be the,same as
those discu;sed above, and shown in Fig. 18. The ground-state of a C3v
molecule containing one d efectron has been calculated to be 2E". There-
fore: if C3V‘, ReOCZQ would Bave‘an orbitally degenerate Qround—state and
- would be expected to have some (negative) orbital contribution to mag-
netic moment, but if.qu would be expected to be véfy close to the spin-
only value. |

The theory proposing multiple M‘= 0 bonding via di =~ pn inter-
actions (105, 112) states that this bonding weakens the bond t6 the ligand
“trans' to the oxygen. Work in this laboratory has shown that-thé rhenium--
chlorine bond }ength is increased (76) and‘the ”trans“ halfde ion may be
replaced by a]koxfde easffy (114), ﬁdmpéunds of the type L,Re0X3 which
have labile "trans" halide ions haQe Re = 0 }nfraréd stretching ffgquencieé

]

between 958 cm” and‘991 cm-]'(28). A series of compounds [Re¥OX, ... L]

(where X = C2 or Br and L is a neutral ligand) in which a short Re = 0
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The splitting of energy levels on loweran symmetry from 0 to Ckv
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bond and a vefy long Re ... L bond have'been pfoven (15, 116,‘117) have
Re = 0 infrared absorptibns at about 1020 cm-‘ (1. The gas phase

", al-

infrared spectrum of ReQC2y has an Re = 0 absorptfon at 1040 cm
'thqygh this is somewhat lower in solution.

Téié very high energy Re = 0 bond indicates that theré is no
ligand “trans' to the oxygen in the gas phase, although in solutlon a
solvent molecule may be weakly co- ordanated in this position. We con-

' s;der that this infrared and magnetlc data (ndlcate that ReOClq has_theu

square pyramidal geomegry;

0

NP
CI/R\

~(b) Rhenlum Pentach]or'de -

As dlscussed in the introduction to thts thesis (Section I (c)),
rhenium pentachlor«de ls‘wel]—known and has been studned extensively.
The solid state_structuré'has been determined by x-rayidifffaction‘of‘a
single crystal. The melting;point was quoted as 260°C by Lebédey in
1969 (55). However, the véry recent paper (52), in which the crystal
structﬁfe is presented; quotes a melting point>of 220°C. This Iowivélue
is'also quoted in Colton (53). The melting-point observed by us‘hés,
.261°C which suppofts the éarTiérvalpe. We must coﬁclude thaf the ma-

LY

terial prepared by the later authors was very impure.
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fhe,authors of the.structural paper were ;upplied with peﬁta-
chloride which "was prepared by the thermal decomposition of ReCg in a
dry nitrogen atmosphere“.' The ofigina] discoverer of “ReCis” noted that
’thg compound did not decompose on heating but distilled unchanged (61).
‘We have shown (see above) that the compqund claimed to be rhenium hexa-
chloride waé actually rhenium oxytetrachloride, and can confirm tﬁat
this compound does'néf'decompose on heating.

The above preparation of pentachloride is theréforevconfusiﬁg,
but a sfmple explanation does offer itself. As mentioned above, it is
almost impossible to prepare rhenium pentachlor?dé, free from oxytetré—
cﬁloride, by direct ch]orfnatioﬁ ofvrhenium,metal. Other methqu of
preparation (see experimental Section 1V) will also yield a product
contaminated with oxytetrachloride unless rigorous efforts are made to
exclude oxygen. The oxytetrachloride has an intense dark colour and in _
a mixture of pentachloride and bxytetrachloride no pentachloride can be
observea; When fhé oxytetrachloride was diétilled off ''by heating in a .
dry nitrogen atmosphere' to leave a residue of-pentachléride, it Qould
appear that the '"hexachloride' had decompoSed to pentachloride. ‘

We have reexamined the mégnetic properties of rhenium penta-
chloride which have been studfed preQiously (31, 32, 48). The results,
which are listed in‘Table 6, give a-Weiss constant of 265° énd an ef-
fective magnetic moment of 2.31 B.M. These results'ére inAagreement

‘wfth_the published data.

(c) Rhenium Tetrachloride

This compound was discussed in Section f-(c). The preparation



Table 6.»

‘The observed masnetic suscentibility of rhenium ventachloride.

Temp. (°K) Xth (xiosc.g.s_.)
102 1812
128 1689
14k 1639 '
168 154k
192 L1473
218 141k
250 | 1345
| 264 . 1309
‘ 291 1261
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f 6f‘a—ReC24 descriBed by Brown and Colton (47) has been repeated, but no
compound of this stoichiometry was isolated. The productsof severaf
reactions were examined by infrared spectroscopy and neutron activation
énalysis.' Thé analyses were Inconsistent and rhenium to chlorine ratios‘
from 1:2 to almost 1:5 have been recorded. The infrared spectra of
nujol mulls of the products showed bfoad diffuse peaks in the region
800 - 1000 cm—], which lead us to believe that the compound contains
oxygen. 4 A |

Many propefties of B-ReCly have beeh described (50) but no re-
‘liable preparative mefhod'is known. When rhenium powder was reacted
with a large excess of phosphorus : pentachidride and chlorine in a sealed
glass tube, a compoundlof ReC%s and PC5 was isolated which existed in
the solid state as PC24+ ReClg (see Seétion Vi (b)). The ion PC£“+'is
well known and characterised (118). 0On the other hand SbC2u+ is not
- nearly as well known but the anion Sbczs—‘is extremely stable and easily
formed (118). It was considered that under. the same conditions as the
phosphoru§ pentachloride reéction; antimony pentachTéfide might attack.
rhenium powder to form ReCQQt SbCeg . fhe latter compound could be a
‘good starting mate}ial for the preparation of rhenium tetraéhlqride.-
) Rhenium was sealed in a pyfex tube with antimony penta;hloride
and chlorine gas (mole ratio f‘Re: 5 SbC%s). The tube waé slowly heated
to 450°C. At about 400°C, red-brown-vapours of rhenium pentachloride
could be observed, and a thin film of brown solid deposited on thé walls

- in the neck of the tube, which was slightly cooler than the rest of the

“tube. After several days heating at 450 - 500°C all the metal reacted,
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and the tube contained an aﬁtimony pentachloride wet brown solid, and.
red vapours of.rhenium pentachloride. Preferentiaf—cooling of different
areas of the tube did not separate the product from excess antimony
.chlorides as easily as excess phospﬁorus chlorides were separated in

the corresponding phosphorus pentachloride reaction. The antimony
pentachloride wet solid was pumped on a vacuum-line at temperatures up

to 170°C. Some product distilled up the tube at this temperature but a
little black crystalline involatile residue remained.

Activation analyse; showed that the volatile product had a
rhenium:chlorine ratio of 1:5.2. This and a few simple chemical tests
indicated that this product was probab]y'rhénium pentachloride contami-
nated with antimony trichloride.

The involatile product was 5nalysed by neutron activation and a
rhenium to chlorine ratio of 1:4.01 Was found. The infrared spectrum of
a nujol mull of this residue -showed that no. absorption occurred in the

~range 4,000 - 400 qm-]. Rhenium tetrachloridevwould not be expected to
absorb in this region. |

| None of the reactions of B-ReCy which Cotton et al. (50) had
reporfed appeared to be v;ry chéractefistic. The best»”spotftest” for
‘Reczu seemed to be the reaction WIth tetra''n''butylammonium bromide to
givi the blue Re(l11) combound L(but)qN]ZRezcns, Following Cotton's

me thod, the réaction-was performed'with our compdund and a blue pr&ddct
obtained. Analysis of the blue product for carbon, hydrogen and chlorine
by a commercial analysf.and a cohparison of the uitra-violet/visib]e

spectrum with that of [(but),f],Re;Ceg prepared by a standard method (103)
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confirmed the formulation. The black crystalline product was therefore
considéred to be B-rhenium tetrach]ofi&e and furthef examination of the
product from later reactions provided confirhat{on. Tab1e 7 compares
the properties of rhenium tetréch]oride prepared in this manner with- the
prope(ties of Cotton's 'accidental' rhenium tetracthride.
| Subsequent reactions in which the temperature and mole ratio of

" rhenium t§ énfihony pentachloride were varied showed that only a very
_small'excess of SbCeg (mole ratio Re:SbC2g = 152.5); no excess chlorine
“and temperatures of about 600°C were the’optimum conditions for ReC&,
formation. Under these conditions, using '"vycor" fubing, half a gfam
‘of rhenium powdgr can be ch]orfnated in 48 hours.

It was considered that the pfobable mechanism of formation of

ReCLy was via:

SbCZS 2 SbC9.3 +C22

Re + 2 % C25 > ReCts

ReQs + SbC2s > ReCly” SbCLg™. -

followed by reduction of ReC24+ (as monomer or polymer) to (Reczu)n,
‘possibly by SbClg., Rhenidﬁ pentach!orideikas sealed in vycor thes:
with SbC2g and SbCl3. No reaction occurred between ReClg and SbhCes even
afte: heating at GOOfC for a week. lHowéVer; r;action occurred between
Récis and SbCe3; to give ReCly at 306°C.. No fntefﬁediates.have been
isolated and therefore the formation_of'ReC2; appears to be simple re-

~ duction of ReC%s by SbCgj.
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Test . [ ]

'Cotton et al

(50).

Qur observation.

10'

11.

. Moisé air.*

Acetbnitrile.

T.H.F.

Benzene.

Carbon tetra
~chloride

Methanol.

Absolute
ethanol.

Acetone.

. D.M.S.0.

Hydrochloric
acid.

Heat to 300°
in NZ'

Soluble

Sticky black

Insoluble.

Insoluble.

Insoluble in
solvents.

Insoluble
solvents.

in

Soluble with

Soluble with
with
Soluble with

Soluble with

mess obtained.

non-polar
non-polar

decomposition.

decomposition,
decomposition.

deconposition.

decomposition.

Probably decomposes tb

ReClg & ReCl

5

Sticky black mess obtained.}

insoluble. After a day a

‘flittle dissolves to give

a green solution.

As for CHBCN.

Insbluble.
Insoluble.

Slowly soluble — purple/
red—> green solution
with black ppl.

Slowlf soluble —sygreen,
Seyred.

Slowly soluble —s3blue

{42 hrseyred/pursle.

Slowly soluble—~4~purnle
12 hrs. red.

Soluble —blue.

Decomposes to ReCl

} .
d ReCl_.
and B ~

" The only reported reaction which we repeated was the reactior to form

[Et-butyl)hNJ > (Re 018) nentloneﬂ in the text

is the most characterlstlc reactlon}of 3~ReClq.

*Ina nersonul communlcatlon P of. Cotton informed us that this
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This postulate is substantiated by the very low yields of Recz;
if chlorine is added to the Re + SbC&g reaction mixture. It has been
stated thgt rhenium is not attacked by chlorine'wgen sealed in a static

"system (119). This statement is not true as we have ch]orinated.rhenium
in this manner (see rhenium pentachloride in experiﬁental Section 1V (h))

and chlorination of the metal in our reactions with PCLs and SbCLg is

probably by molecular chlorine produced by the yaéour phase equilibria:
PCls <z PC9,3 +'C22
SbC2s ¥ ShCRz + €4,

If more chlorine is added to the Re + SbC2s5 system than is

nécessary to chlorinate all the metal, ;he dissociation of SbCls’to
SbC23 and C2; will be hindered and SbC3 reduction of Relig drastically'
curfai!ea. |

f'lf ReClq;is~broduced by reduction of—ReCEs by SbC23 as postulated
above, excess SbCLs should ;ot affect the yield. However, it was found
that a large excess of SbCig did cut the yield considerably. If the Re +
SbCLg reaction product was very wet with SbCls, the digtillate on the
vaéuum line was not colo&f]ess SbCes, But an intense greeﬁ colour. This
‘colouration must have been caused by a rhenium compound but separation
of it from SbC2s has nbt been possible.

-'fhe published crystal structure (52) (seé Fig. 2, page ]]) shows
that each rhenium afombis sifuated‘in a pséudo-bctahedral field. Rhenium )
(1v) is a d3 sYstem and in this environment should exhib}t péramagnetism

- equivalent to three unpaired electrons, whethér'thé ligand field splitting



Is large or small. .
The magnétic‘probérfigg of several hexachlorérhé;até([v) salts
havé been .examined (120, 121, 122) and all show‘similar,properties. They
‘“‘““*have‘ah“effectivé maghetic moment of 3.2 B.M. to 3.8 B.M. and a tempera-
ture dependence which approximates to the Curie-Weiss law. Some anti-
férromagneticlinteraction has been demonstrated‘(IZZ). In general, B-
ReC2y would be expected to show magnetic behaviour similar to thése
hexachlororhenate (1V) salts. | |
The magnetic susceptibility of g-ReCf, was measured over the
temperature~rahge ]00-- 293°K. Table 8 shows that the susceptibility
is independent of temperaéure. Strong temperature independent para-
magnetism i§ pfesent however, giving a’magnetic'moment which véries
from 0.90 B.M: at 100°K to 1.55 B.M. at room temperature.
| Temperature independent paramagnétism arises from the second
‘(high—frequenéy) term of the VaA;VIeck>equati0n. This term, also known
as the second order Zeeman effect, is the résult of mixing-in of para-
magnetic higher enérgy states. Therefore, thevmagnétic data indicates
--that B-Reczq»contains no unpaired électrons. Cotton et al. (52) cite.a
minimum Re-Re fnteratomic’distanée of.Z.ZBZ and consider this to be short
-enough t§ indicate some metal-metal interaction. This metal-metal
interaction is confirmed by our'obse;vétions.‘ The singjy occﬁpied fng
orb;tals on a pair of tri-chlorine bridged rhenium atoms must interaét
to form molecular orbitals in which the electrons are paired, forming

B} . -] . .
metal-metal bonds. The bond-length 2.73A is longer than other observed

Re-Re bonds (see reference (76) for a full discussion), which indicates



Table 8,

-

The magnetic susceotibility of p—ReCl,
: : tY of Praevl,

{Temp. (°K)

Xth (xlosj Ay (B M)
100 1010 .90
125 1010 1.01
150 1010 11.10
175 1010 1.19
200 1010 1.28
225 | 1010 1.35
250 1010 1.43
275 1010 1.50

293 1010 155

84



- 85

that only relatively weak bonds are formed.
The far infrared spectrum of a nujol mull was recorded between

polythene plates. The absorption peaksabsorbed were:

-1

369 cm  strong

294 " weak

24y o weak

158 ' medium

166 ' weak shoulder

However, the polythene plates weré attacked. .lt was not possible
in this case (as it was for rhenium oxytetrachloride vapour) to measure
the spectfum before attack of the polythene took place. Therefore, it
cannot be stated, with certainty, whfch of the above absorptions can be
attributed to g-rhenium tetrachoride, and which are caused by decompo-
risition prg@gcts.r The strong abSOFPtion at 369 ém—] is in'the range |
" associated with metal-chlorine vibrations bﬁt is much_higher than the

318 cm-] of v, -C% in the hexachlorrhenates (71), and observed for several

Re
rhenium complexes in this laboratory (114). However, this absorption

occurs at the frequency found for v in rhenium oxytetrachloride.

Re-C4
~At_this stage, it cannot be determined whether this absorption is a
rhenium tetrachloride vibration, or a vibration of rhenium éxytetra—
chloride or some other decomposition product.

The x-ray diffraction pattern of powdered B-ReC%y, has_beeh

recorded and indexed by Dr. C. J. L. Lock and Mr. P. Frais. The results,

which are presented in Table 9 (page 86), are very close to the theoretical.
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Table 9.
X-ray diffraction data of powdered B-ReClh
# dhii) 1nt21ca dhiij (k)¢ # dhk§a) nt'®cal dhii)(hklsé
1. [6.288 | 7 |6.282 ] (o10) 23. |1.957 | 11 ‘hi.9s7 ' |(a31)
2. 16.012 | 43 | 6.073 | (002) 24, 11.806 | ~9 h.892 |(215)
'3, 15.528 |100 | 5.580 | (011) 25. 11.831 | 6 [1.83%  [(224)
L, | 4.478 | 18 | 4.468 | (110) 26. |1.791 | 20 [.797  [(1332)
s. | 4.225 | 31 | 4.247 | (111) 27. |1.768 | 12 |1.767  [(224)
6. 13.386 | <3 | 3.403 | (013) 28. [1.750 | 18 f.752  [(306)
7. 13.150 [~10 | 3.181 | (020) 29. {1.7209 | 72 h.7m7  |(G1b)
8. |3.03% [~10 3.037 (ooh) 30. }1.703 | 10 |1.702 (026)
9.12.939 |~10 | 2,984 | (113) | 3. ]1.671 |~5 |1.673  [(017)
10. | 2.774 | 16 2.800 (022) 32, [1.625 | ~5 |1.625 (126)
‘11. ] 2.721 | 32 2.728 (121) 33, 11.585 | ~5 11.585 (323)
12. | 2.674 | ~9 | 2.683 | (104) 34, [1.550 | ~4 {1.552  [(324)
13,1 2.606 [~11 | 2.620 | (212) 35, 11.510 | ~9 J1.510  ](141)
1. ] 2.559 |1 | 2.558 | (a1 | 36, |1.487 [ ~5 |1.489  |(330)
15.{ 2.367 | <3 | 2.379 | (213) 37. | 1.463 | ~5 l1.464  [(043)
16. | 2.270 | ~9 | 2.2;m | (213) | 38.{1.439 | ~5 [1.4k0  [(335)
17. ) 2.227 | ~7 2.234 (220) | 39.11.51k | ~5 (1.415  {(413)
18.12.161 | <3 | 2.170 | (I15) 40.11.393 | ~5 11.393 }(325)
19.] 2.004 | 16 | 2.09% | (030) 41.11.376 | ~5 [1.377  [(L4Ok)
20. | 2.067 | 17 2.064 (031) 42, 11.365 [~11 [1.366 (422)
21.] 2.0 } 11 | 2.0%6 | (302) 43,1 1.331 } <3 [1.33% . [(T15)
22.]1.991 | 20 |1.980 | (223 1 -

(a) Valuescalc ulated

(b) Values estimated from our photographs.

from our photographs. -

(e) Values calculated from Cotton's (52) unit cell parameters.
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values, calculated from the single crystal x-ray data of Cotton et al.(52).

- (d) Perrhenyl Chloride - Re03C%

It has béen reported that perrhenyl chloride decomposes in.sun-
light to turnpurple (26). Wolf, Clifford énd Johnsén (69) consider
that compound will remainlcolourless for severél weeks if sealed in a
greaseless systém. They expressed the Opinion.thét the purple colour-
: ation was caused by dissolved rhehium trioxide. 'By our observation,
freshly prepared, undistilled pe;fhenyl chloride slowly discolours to a
blue/purple, but a product whichkhas beeﬁ vacuum-distilled several times
has remained colourless for several montﬁs.

Distillation of Re03CZ2, freshly prepared by chlorination of Re03;
-left a white, nonvolatile at roomitemperature, crystalline residue. Neu-
tron activation analysis of this residue revealed that {t contained only
a trace of ch]ofineband 75.6 per cent of rhenium. The infrared spectrum

showed only a very broad band at &.922 cm-].

,Thelﬁhéoretical pércentage
of rhenium in rhenium heptoxide is 77.5 per cent and the infrared spec-
trum shows only a broad bond at ~ 9224cm‘], similar to that for the white
residue above. This residue dissolved. in water to form a colourless
perfhenic acfd solution. In spite of the white appearance, instead of
the normal yellow colour, it was~concluded tHat a little rhenium hept-
oxide is formed by the action of chlorine on rhenium trioxide;

| kWhen an aqueous solution fs evaporated to dryness, perrhénic
acid cannot be isolated (35) and déep gréen and purple colours develop.
Tﬁesé colours are also observéd if Rgzdj is exposed to ﬁoistlaif and’

are probably hvdrates of a rhenium oxide. No work on the formulation of
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these compounds has been published.
 The purple colour to which Re03C% '"decomposes' is very similar

to the above. Exposure to even the faintest trace of moist air by slow

 Tleakage on diffusion is sufficient to cause Re,07 to turn blue and we

-

consider that the blue colour to which Re03C% ""decomposes' is caused by

the contaminant which we have isolated, i.e. rhenium heptoxide.
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Since this work_has been coﬁpleéed, a paper hasvappeared in the
literature (123) which contains some physi‘ca] measurements made on
rhenium oxytetrachloride. The room temperatﬁre magnetic moment and spec-
tra of rhenium oxytetracﬁ‘xoride solutions were measured. Electronic
reflectance spectra and the infrared spectrum of a nujol mull were.also’
reﬁorded. In general, the published data is .in agreement with that in
the text. These authors also consider that the data indicate that

rhenium oxytetrachloride has C,, symmetry.



VI PHOSPHORUS HALIDE COMPLEXES

(a) Oxotétrach]oro(oxotrichlorophosphorus rhenium(Vl) Re0C2,-0PC23

Whilst still under the impression that the product of direct
chlorination of a metallic film was rhenium hexachloride, attempts were
made to prepare rhenium 6xytetrach}oridé by other methods. It was found
that the repdrtedrpreparation, by reaction of rhenium heptoxide with
bthionyl chloride (70), gave an impure product. An examination of the
vapoﬁr-phase u]tra;violet spectrum, invariably showed sulphur dioxide
(102) to be present. The original method of preparation; by reacting
rhenium trichloride with air or oxygen (24) was reported to give mixed
products; Thgée must be separated to prepare pdre rhenium oxytetra-
‘chlorfde. It has been stated that if rhehium chloride is sealed with
carefully dried oxygen at 180°C (124), rhenium oxytetrachloride is the
" sole product. Our work cdnfirms'thisvstatément. Under these conditions
rhenium pentachlorfde was converted quantitatively to fﬁen?um 6xytetra—
ch]oridé, and this was found to be.the best method of preparation.

Preparation of oxytetrachloride was attempted, by chlorination
with phosphorus pentachloride. »' |

Rhenium heptoxide was‘miked Qith phosphorus péntachloridebin a
dryrbox. It wasiunnecessary to seal therth solids in a tube and heat,
. as they.reacted exotherma]ly at foom temperaturé to givé a red-brown
semi-]iquid mass. Rhen}um trioxide and PCLg reécted in a similar manner

to give a similar product. Separation of the mixture of products by

* .
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vacuym distfllation.gave phosphérﬂ chloride, unfeacted phosphdrus
pentachlpride‘and a dark red-black éompound, thch»sublimed slowly at
room teﬁgerature. After fhree or four‘sublimationsvthis compound was
pure. It crystallised in fine ﬁeedles_which melted sharply at 90.5°C.
Analysis for 'phosphorus and chlorine by a commercial analyst gave a
P:CQ rafio of 1:8. However several neutron activation analyses gave a
Re:C2 ratio of 1:7, and the infrared spectrum of a mull of the compound
-indicéied a formula Re0C2,-0PC23. Therefore a sample was sent to another
analyst who found a P:C% ratio of 1:7, thus supporting the above formu-
fation. Further confirmation was obtained by synthesising the compound
rfrom Reoczq and POCi3. |
As discussed in Section IV (a), Cotton et al. (115, 116, 117)
have described a series of rhenium (V) compounds [ReOX, ... L]”, where
X = bromide or chloride and L = a neutral ligand such as Hy0 or CH3CN.
Théy postulated that the rhenium-neutral 1fgand bond was long, and the
ligand, which was “tréns” to the sxyggn atom was very weakly bound. This
postulate was proven‘by a single cystal x-ray structural determinatidn
(115). We consider that the fnfrared data presented in Table 10 (page92)
indicates that Re0C&; - OPC23 has é s%m{lar type of structure.
| The infrared'dataAshows‘that the POCL3 is bonded fh the normél
fashion (125) i.e. through the 6xygenr The phosphorus oxygen frequency
is lowered by &;ho ch-‘, as the bond is weakened by donation of electron
densiiy from the o*ygen atom to the rhenium atom. The energy of the
phosphorus ‘=chlorine bond is increased sfightly, as e]ectroh.density is

shifted from anti-bonding‘regions into the phOSpHorus -chlorine banding


http:spectr.um
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_ . Table 10.
Infra ~ red spectra of ReOCY, . OPClj.
; - 2 2128) Reoc -

CCll} Nujol TiCl Vapour POCZL3 ' vgggg%l}. Assignment
Soln ull Soln (This work)
1300 1290 1290 ~ ) '
1248 (1239 | 1258 V(p - 0)
1210 [1202 1214
1021 1020 . 1021 1040 1040 &%e =0
1028

612 610 605 584 581 Vb - ¢
504

484 486
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region; in order to maintgin electrostatfc neutfélity of the ligand.

| The infrared data also shows clearly that the compound exists

as Re0C2,-0PC23 in the solid state and in-titanium tetrachloride sofu-

tion. In fhe‘gas phase, it.exists as discrete Re0Cf, and POCLj moleéules,

whereas in carbon tetrachloride an equilibrium is evident between ReOC%y, _

POCt3; and fhe complex. This indicates that the POC23 is loosely bound. ‘
VRe-0 in the compouﬁds [ReOXy ... L];, in whichyétrong pn - dn

interactions bétween rhenium and oxygen are postulated, and a short Re-0

1

bond has been proven, was found to be at»ﬁ 1020 em . in ReOCgy -

VRe-0
OPC23 is at the same frequency and indicates the similarity in structure
between [ReOXy ... L] and ReOC%y ... OPCLj.

The magnetic sugeptibility'of ReGCLy ;.. dPCQ3 has been studied
over a wide temperature range, and show that the compound obeys the |
Curie~Weiss law with ®‘= 23°‘and uefsz If7l B.M. TBe-results are pre-
sented in Table 11 (page 9%) and plotted as a function of temperature
in Fig. 19>(page 95). For purposes of comparison, the variation‘of sus-
ceptibility of ReOC%, is also plotted. The close similarity in magnetic
behaviour can be seen. Thus the addition of POCL3 to ReOCLy in the sixth -
co-ordination position has not éffected the magnetic properties. Spin-
orbit coupling effecté are again absenf and no higher symmetryvthaﬁ the
qugpostulated for ReOCLy i5s appareht.

The infrared and magnetic evidence presented'above lead us to
believe that RéOCZg ... OPCL3 is a fheniuﬁ(lV)- analogue of the rhenium
(V) compounds [ReOXy ... L]  prepared by Cotton's group.. Therefore, it
is considered that ReOCLy ..; OPCL3 hés a pseudo-CqV molecular symmetry

with a trans 0 = Re ... OPCL3 system:


http:evide.nt

Table 11.

Magnetic susceotibility of ReOC14~OPCl

3"

~ (Mean of results for two indep. preps.)

Temp.(°K) | Xm (XlOG:c.g.s.)
80 5584'
100 3086
120 2689
140 2320
160 2087
180" 1880
200 1771
220 1620
2o 1516
- 270 1315
293 1212
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Fig. 19. Comparison of magnetic vroperties of ReOCl,+ and ReOClh- 0orCl..

10

-

3

ReOClh
(0 = 2u°
Meff=1+68)

Re0C170PCI, |
(0 = 23° Meff=1.71)

Temp.>(°K)'———-} |

] [} { ]

150 206 250 300
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(b) Tefrach]orophosphbnium(V) Salts of Chloro Anions

A method used in an attempt to prepare rhenium hexachloride was
, dlrect chlorlnatlon of rhenium metal with chlornne and phosphorus penta-
chloridg under pressure. By heating powdered rhen:um with a large ex-
-;ess (RG{PC¢S=]=5A~ of phosphorgsf pentachloride and chlorine gas in a
séaled tube, a brown sé]id product was isolated. This solid was easily
separated froh‘phosphorus chlorides, and could be pUrifiéd by Vacuum
sublimation at 165°C. The sublimed product fdrméd a thin réd film onithe
‘cooler glass walls. Neutron activation/analysis showed that this com-
pound was not rhenium hexachloride, as the Re:Cl ratio was 1:10. The
infrared-Spectrum of a nujol mull of thé éompound showed only one absorb*
t}on in the range 400—40007cm- . This absorption peék was very strong
.and cenfred at 649 cm-'. .

~Thisfpeak is at’muchvﬁigher enérgy than can be expepfed for a
heayy metal-chlorine Vibratioﬁal mode_(log); It is too intense and too
loQ in enérgy to be the result of a metal oxygen vibration resulting
““from oxygen contamination of the prbduct. Neithér phosphorué penta-
chloride (118), _ phosphorus trichloride (127) nor phosphorus oxytri-.

chloride (128) absorb in this région'but_an’absorption at4549 cm-‘ is
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characteristic ofvthe PCe,T Ton (118). |

As the compound ébntains PCqu, it must be PC24+Re025-. The
phosphorous content was confirmed by a commercial analysis (but formu-
lation as ReCes.PCes will also fit this analysis). It was not pdssis}e
to confirm the fofma] oxidation state of rhenium by examining the hydro;
lysis products. When water was added a'deép red solution formed which
rapidly faded through ofangé and yellow to become colourless in three or
' foﬁr minutes.‘ Any formal oxidation state of less than seven would be
expected to precfpitate rhenium dioxide (see Seétion lj)._ The colour of l
this compound seemed to be rather intense for a rhenium(vfi) (d°) com-
pound, and the observed‘paramagnetism (see later) showed _that unpaired
electrons Were_certainly present. Therefore the reaction with water
probably involves disproportionation torrhenium(v|||);and rhenium(}v)
but the Re(IV) is oxidised to rhenium(v[i) (as soluble, colourless per-
 rhenate ion) by the phospho;us compounds present.

The compound was readily oxidized by air to perrhenate ion.
This was shown by infrared spectroscopy. “Aftér fecording the infrared
spectrum, the cell was opened and the mull exposed to air. The odour
of phosphoryl chioride'waE noticed and after ten minutés, the mull had
ghénged from a very dark brown colour to’White. The inffared spectrum
waé recorded again, and the only absorption peak was a brpad band centred
at-518'cmf'. This péak is typical éf perrhenates. The ekpe;ted abéorp—
tion peaks of phoSphbryl chloride wéré not obsérved, presumably because
all'fhe phosphory! ;hloride hadrvolatiliséd. |

The magnetic susceptibility of RePCljo was recorded over a wide
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temperature range and found to obeykthe.Curie-Neiss law with 0 = 56 and
Hegs = 2.67 B.M. Thé data is,présénted in Table 12 and as a function of
temperature in Fig. 20. Fog purposes of comparison, the magnefic p?o—

T 'Eé?ffeE"Bf rhenium ﬁéthEhlb%idef“éﬁ&“g'ﬁééﬁ"BT"fbhr"hékéfldbiénhenate(V)
salts (129) are also plotted. The available magnetié data of.the hexa-

fluororhenate ion shows that the Weiss constants were in the range 35° - 100°.
and the effective magnetic moments between 1.62 and 2.2L .* Some anti- ”
ferromagnetic interactioniwas suspected but\no NEel points were reported.

The hexachlorétqngstate(lV)ionVis isolectroni; with the hexa-

: ;h]cgbrhenate“ion. ‘Kennedy and Peacock (130) have studied the magnetic
properties of several salts of this fon. In this case more marked anti-
ferromagnétic interactions are present. Wéiss constants of 1225 to 400°,
and magnetic moments of 0.83 to 1.76,% “have been observed. Although the
magnetic properties of RePC2jo resemble the properties of (ReFg) more
vthan~those of ReCs, a comparison of the mégngtic properties of RePCilb

with those of texa fluwrorten aelV) or ‘hexachlorotungstate(1V) does not offer

strong support for the (PC£4)+ (ReCg) formulation. However, the chqf-

* Because of the antiferromagnetic interactions, Peacock and Hargreaves
- (129) calculate their‘effectlve magnetlc moments of 1.53-2,.05 B.M. at
300°K from the relation u 2.84vx: . As the Curie-Weiss law was
obeyed at higher temperatures, the values in this text were recalcu-
— —————Vated- for-purposes-of- comparison,- from the more -common relationship
used in }hss work Megs = 84/%' 21'+ 9) _

k4

%% In this case the'antlferromagnetlc nnteract{ons appear to be too
strong to justify reca]culatlon of the effective magnetic moment from
m ff = 2. 84%&- (T + 0).- _


http:1.53-2.05
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Table 12.

The macnetic susceptibility of RePCllo.

Terp CK) Xm (xio’6 C.g.5.)

9% 5972
103 5591
12k Look
136 4590
152 4276
166 Loos
;-' 183 3706

197 3501
211 3324
226 3143
a2 - 2982
258 2829
é74 ‘ 2929

290 2601
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Fig.20.
1091 The magnetic propertles of (a) RePCl (thls work)

(b) ReCl (this work) and (c) (ReFG)— A mean of

the results recorded for four salts of this ion. (129)

T ¥ ~T
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fon is much larger than the metal cations of the (R¢F6)- and (WC2g)2"
compounds studied. It is possible that magnetic dilutiqn by this lérge
‘anion removes the éﬁtiferromagnetism.present in the latter éompounds.
Magnetic studies of an alkali metalvsalf of (ReC2g) or of (ReFg) ™ and
(WC25)2- associated“with a large cation must be made before this poinf
can be verifled.

It is well known that phosphorus 'pentachloride exists in the |
solid state asuan ion pair PC24+, PCee (131). Beattie and Webster (118)
- have shown, by conductivity and infrared spectroéc0py, that this same
ion pair occurs in acetonitrile so]utibn. Conductance measurements of
RePCLyg in acetonitfile solution were attempted. The compound -dissolves
in acetonitrile to give a b]ood-red solution, which quickly fades to a
pale yellow. Rapid transfer was made to a conductiQity-cell and an at-
tempt made to make a measurement before the colour faded. A molar con-
ductance of only 0.14 ohm—] cm-] was recorded., This value Qas the same
for the faded yellow solution. Therefore it was'ﬁdt possible to dis-
solve a sample and measure the conductance rapidly enough, for this
technique to give any indication of the mqleculaf structure.

It was hoped thatlfar infrared and possibly Raman spectroscopy
would providé some confirmation of the hexachlororheﬁate(V):ion in
vReszlo, by comparison with the spettra of the hexachlororhenafe(JV) ion.
Woodward and Ware (7l)>studied the iﬁfféred and Ramaﬁ spectra of the
latter ion and the hexachlorosmate(lV) ion, andrcoﬁpared them with
rhénium and osmium héxafluokide‘spectra. In the latter two compounds,

which contain one and two d electrons respectively, anomalies in the v,
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vibration have been attributed to'a dynamic Jahn-Teller effgct*.
| These'anomalfes in the v, vibration were é very weak Raman line,
and.a‘broadenéd and weakened (vz + v3) gombfnation band in thg infrared.
Hexachlororhenate (1V) hexachlorosmate(1V) ions contain,tzgﬁ
and tzg” electrons. The §2;3 system péssésses only épin degenefaéy and
Woodward and Ware say that very little Jahn-Teller effect is expected.
Hexachlorosmaté(lv) with a 'czgl+ system should show no Jahn-Tellgr effect.
‘ HoWever; in both of theée cémpounds the vy, vibration was so’weak th;t it-
could not be observed in‘the Raman spectrum, and the (Vz + v3) combination
Bond was broadened and weakened to the same extent as rhenium hexafluor-
ide (tzgl) and osmium hexafquride (tzgz), No reason fér this departﬁré'
from fheory was forwarded. | | |
It was anticipated that the hexachjoéorhenéteﬁb would have far

infrared and Raman spectra similar to hexachlo}orhenateﬂw but the Jahn-
Teller effects Qould be more marked. However, it has not been possib]e:‘
to observe a Ramanrspectrﬁm. RePCe1q is @ veéy dark brown solid and |
decomposes aé the point of impaet pf the laser beam. This is presumably
because the compoﬁnd is highly absorbing at 6328;; the wavelength of

the He/Ng laser exciting line. The compound was ground into phosphorous
pehtachloride in an effort to lower the absorption. It was héped that
_the Raman spectra of PC24+, PCQG; and Reczg- would be observed, but de-
composition in the laser beam stjil’occurréd, even when the RéPCllo»

concentration was only one per cent.

- * Theoretically, for 0, molecules, the Jahn-Teller effect can affect the

vy (eg) and vs(t, ) vibrations and e]ectronac degeneracy permits Jahn-

Téller distortiols for tp !, t, 2, ty 3 but not ty °, t, %, tag 5 and’
(132) No Jahn—Tellgr effgcts hdve been obsefved for the® vs vibration.
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The far infrared spectrum was recorded and the absorption peaks
observed are listed with thése of céasiﬁ6 hexachlororhenate(lV).in Table
13. As in.the case of B-rheniﬁm tétrachloridev(see,Section Vv (c)), the
observed spectra were poor because of attack on the polyethylene windows
and little argument can be presentéd on thé basis of this Spéctrum. ln
spite of the attack the (v, + v3) peak at 582 cm-]‘was shérper than tﬁat
which was observed at 584 an! for hexachlororhenate(1V) and the‘(vz + vg)
peak was extremely broad and.extrémély wéak in both cases.

o It was desirable that a more stable and l}ghtér co]oufed‘hexa-
chlororhenate(v) salt be made in order to study the specfral‘properties
more fully. Rhenium pentachloride was sealea_in pyrex glass tubes with
chlorides of large cations. Ceasium chloride gave a hexachlororhenate(1V)
salt as reported previously (lh); Chlorides of the large organic groups
tetraethylammonium, tetraphenylarsonium, benzyl-—triethyl and tetra-n-
butylamronium, all produced "charred masses from which no stoichfometric
compounds‘could be isolatea; 4Conséquently the only spectrum obtained of
the hexachlororhenate(V) ion was the poor far infrared spectrum of ﬁePCllo,
from which it is difficult”tﬁ draw firm conclusioﬁs.
| fhe only stfom;evidence for tHé formulation PC%:' is the sirong
infrared absorption at 649'cm-]; although a little support is_given by
thebmagnetic and far infrared data.

| Experiments are in progress to compare the x-ray powder diffréc-
tion patterns of RePCij, wifh fhaﬁ of PC24+ PClg~. Also a single‘crystél
- X=ray structural détermination is to bé madé»if suitablé ;rysté]s can

1

be mounted.



Table 13.

The far infrared spectra of RePCl

10 20d Cs ReCl.

~ Assign (71) | Cs,ReCl (71) Cs,ReCl RePCl, 4
o | (this work)
(0,+0) 584 my 58k v 582 w
(0;+ %) | k73 w 1468 vu 490 vw
Vs 313 vs 311 vs 218 vs

‘74 | 172 s 170 s 161 s
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A paper has since appeared in the literafﬁfe which described a
reacfion of rhenium metal with phosphorﬁé pentachloride in a sealed
.tubé (107). The product of this reaction analysed as RePCig, and was
- ‘claimed to be the first known phosphorﬁéy trichloride complex of rhenium,
ReCL5.PC23.. The reaction-conditions described for the preparation of
this compound were somewhat different to the conditiqns used in the above
preparation of RePC2jg. In this case, the reaction temperature was 60q°c'
(ih a '"'vycor'' tube), whilst the temperature used in our preparation was
'500°C; A smaller excess of phosphokﬁs pentachloride (Re:PCls = 1:3.5
against 1:5 in our réaction), and no excess ch]orine,‘were sealéd in
the tube. |
The reaction was repeated using:these published conditions, and
a product which looked very similar fo RePCLyg was isolated. The product
was transferred to a Qacuum line and it was found that this product Qas
: invglatile up to 180°C. Thfé contraétsvwith the product of our original
feaction which sublimed iﬁ vacuum at 150°C." Numerous other chemicél
differences which are list;d in Table 14 were found. These Qhow that
~the reaction of rhenium wfth phosphords nentachloride in a sealed tube
giveé differentrbroducts when the rea;tion conditions are changed.
The infrared spectrum of RePClé was recorded as a nujol mull in
;heurange 4oo - 4000 cm-]Q Again a very stfong absorption band was

l, but this time a small sharp peak at 710 cm_],was

observed at 649 cm
also observed. The peak at 649 cm-].again appears to be caused by the
’ P024+ ion. Therefore the formula of this compound appears to be

+ - _ _ L _ -
PC2y ReCRy . Now, as has been discussed earlier, the ReC%; ion is

]



Comparison of the proverties of RePCl

Table 1.

106

and RePClg.

RePCllO

ReP018

Heat in vacuum

Water

“Acetonitrile

Preparation

Infrared

Sublimes at 150%¢

Red solution which

.rapidly fades to ..

yellow, to colourless.

Red solution which
rapidly fades to
pale yellow.

Prepared by reaction
of ReCl_ + PC1

2 5.
One lag§e absorpticn

at 649 “cm.

Involatile at 180°¢

- Blue solution. After

2 minutes turns purple
then colourless with
black precipitate.

Blue solution which
turns green after
24 hours. ;

Prepared by reaction
of ReC}5 + PCl3
One laste absorption
at 649 “cm plus small
veak at 710 “cm.

~
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known in trimeric form (see Fig. 1; page 8) and dimeric form (see Fig. 4;
page‘18). The blue cojouf of an aqueous solution (before hydrolysis
‘takes place) and in acetonitrilé so]ﬁtion isrfairly characteristic of
‘the dimeric species (137). Using the method which Cotton et al. (50)
used Qifh B-rhenium tétrach]oridé the RéPCla was convértéd to the well-
known (to us) tetra-n-butylammonium octachlorodirhenate(111). The
composition of the lattér compound was confirmed by>a commercial analysis
ﬂfof carboh, hydrogen and chloriné and by thé‘ultra—violét and visible i
spectra which weré idéntica] to that of thé tetré-n-buty]ammonium com=
pound brepared by a standard méthod (103). Theréfofe tge compound was
considered to be (PC2§)2+ (RepC2g) 2™ rather than ReC25.§C£3 as postul-
lated by Machmer. The small peak at.710 cm'l cannot be explained by

this formulation and it is suspécted that this absorption is an overtone
or combination band. o

However, Machner published magnétic data which showed that the

compound was paramagnetic, with an effective maghetic moment of 2.37 B.M.
and obeyed the Curie-Weiss law (Weiss constant = 24°). ReCf5.PC3 would
~be expected to show paramagnetism, but (PC2y) oRe,Clg should be diamagnetic
with the electrons paired in the rhenium-rhenium bonds. Diamagnetism

(xm = =530 x 10-6 af room tempera?ure) has been observed’for the tetra-n?
bﬁtylamménium salt of this anion (103). The magnetic susceptibility of
this’compoﬁnd and RePC2g has béen_méésured over a wide temperaturé range
’and the results aré préséntéd in Tab]é 15; It can bé'seén that ReéClg,
and to é véry fuch smaller éktent; [(nbﬁt)gN]Z(Rezczg) show paramagnetism
‘which décréases as témpératdfé decréasés., This type of‘magnétfc‘behaviour

is caused by a diamagnetic ground-state with another



Table 15.

The variation of-the magnetic susceptibilities ovaePCIS and

tetra'n' butyl ammonium octachlorodirhenate III.

(n but)4N > (ReZCls)

RePClg
Temp (°K)|Xm (x10°) iz ' Temp (°K)|Xm (x106) Xm (xlos)
100 614.2 0.69 93 -1191 -591
1k | 6sk.0 0.77
135 712.7 0.88 134 -811.4 -211.4
157 763.4- 0.99
- 173 839.7 | 1.08 172 | -719.0 -119.0
206 898.4 1.22 203 -684.8 -84.8
233 | 953.1 1.34 235 -658.3 -58.3
269 996.1 1.47 269 -568.5 +31.5
293 | 1024 1.60 || 290 | -ss5.2 | +un8
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energy level lying at slightly ﬁigher eﬁergy. As the temperature is:
increased, thermal eneréy is sufficfent\to a]low some population of ghé
higher"lével. No detailed descrfption of the énergy states involved
is possible without more eXperimehtaIAWOrk and much.calculation, but the
assumption of a diamagnetiq ground-staté appears to be reasonable.

The magnetic data reported heré contradicts the data recorded

by Machmer. However, Machmer's results were very similar to the results

S described above for PC24+ReC£6 (Table 12, page 99). We have found that

 for these two reaction;, gfeatvcare musf be taken to reproduce experi-
mental conditions exacf]y, in order to obtain the deéired product; Pre-
paration of pure RePC2;q and RePczg is easier by direct synthesfs frdm
ReCZs +;P025 and ReC25l+ PCe3, then by the reactions of rhenium metal
with phosphorus pentachloride. It i§ considered that Machmer measured
the magnetic susceptibility of RePCR;o,.or probably a’mixture of RePCyp -
and RePczs, not pure RePClg. As the preparation he employéd involves
reaction in a sealed tube, only small batches can be prepared at one
time. Therefore, it is possible that he did not make.his magnetic mea-. -
surements on the batch which he analysed.

Comment must be made on the magnetf¢ susceptibility of .

((s but)y N),(RepCg). The observed room temperature diamagnetism was
g -
c.

-~

=555 x 10-6 c.g.s. This is very similar to the value of =530 x 10~ g.s.

rep;rted by Cotton et al. (103). 'As Cotton pointed out, the dfamégnetic
6

correction for the ligands is about -600 x 10 ° c.g.s. This leaves a

6

©_ corrected paramagnetic susceptibility of the compound of x& 45 x 10"

c.g.s. This is a véry small paramagnetism, but it was hoped that this
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value would become even smaller on cooling, and thus show a similar
behaviour ;o.RePczg'and support our proposéd formulétiqn as (PCRq)2+
(RepC2g)2 . |

‘Table 15 shows that the susceptibility of (nbutyN),Re;C2g was
reduced on cooling. Diamagnetism is indepéndent of temperature and
‘theoretically the lowest susceptibility‘which thi; compound can possess
is the diamagnetism of the ligands i.e. x = -600‘x 10-6yq.g.s.kor X, = 0.
It can be seen that at 93°K the compound has xé = -591 x 10—6 c.g.s.
This value‘is much lower‘than can be‘ac;ounted for by inaccuracies in
the diamagnetic corrections applied, and we can offer no‘expjanation of
this observation. |

‘The x-ray diffraction pattern of a powdered sample has been
recorded. This data, and the x-fay data of RePCR;q4 are presented in
Table 16 (page 111). The powder data has not been indexed but clearly
shows that the compounds have different structures. XQray powdef
photpgraphs'also showed t&at it was possiblé to prepare mixtures of the
two compounds, unless cafe was taken to reproduce the conditions of

the preparations exactly. .

N
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Table 16. Comparison of X-ray powder diffraction patterns.
RePCl, RePClg
dhicl Int. ‘dhkl Int. dhkl | Int. dhkl Int.
8.035 | 15 2.261 | <20 10.282 | wvw | 2.817 | s
7.430 <3 2.224 | “15 9.165 m 2.371 .| ww
6.677 39 12,193 3 8.080 vw 2.309 w
6.298 39 2.160 3 7.284 vw 2.273 1 ww
5.981 56 2.117 29 6.607 vs | 2.238 w
4.980 76 2.082 <3 5.717 w 2.212 \2 4
h.742 51- 2.048 13 5,200 | m 2.181 w
4.493 52 2.012 28 5.025 s 2.159 vw o
4,121 7 . 1.954 15 4,552 w 2.132 vw
3.958 i 1.916 29 4,353 W 2.099 m
3.848 <3 1.864 2L 2.2ho w 2.080 vw
3.661 9 1.827 18 L.143 vw 2.034 vw
3.588 8 1.798 10 o L4,013 W 2.006 m-
1 3.393 <3 1.766 12 “ 3.858 vw 1.973 vw
3.325 <3 1.760 | <3 3.655 w 1.941
3.236 <3 1.721 L1 3.576 vw 1.905
- 3.180 <3 1.692 10 3.453 | ww 1.864 vu
3.042 <3 1.665 3 3.278 1.845 w
- 2.997 <3 1.640 32 3.220 1.828 vw
2.875 <3 1.611 5 3,100 Vv 1.806 w
2.843 | 100 1.572 <3 2.993 w 1.779 vw
2.771 <3 1.544 " 6 2.931 W 1.749 't m
2.682 | 26 1.519 | 11 2.858 | w 1.734 | vw
2.643 | 18 1.495 9 2.784 | w 1.716 | ww
2.563 30 1.478 9 2.747 w 1.695 - vw
2.511 | ~10 1.460 13 - 2.679 w 1.667 | w
2.458 19 1.439 3 2.611 | vw | 1.560 | w
2.407 23 1.422 29 2.578 vw 1.501 W
2.382 4 - ’ 2.543 w 1.429 | ww
- 2.522 2 1.365 | ww
N 2.475 vw | 1.271 m




VIi AMINE COMPLEXES PREPARED FROM OXYCHLORIDES .

(a) Rhenium(V) Cohplexes |
- .AWhen 6xotetré;hloro(phesphoryl chloride) rhenium(Vl) Re0OC%,-

OPCL3) was fisolated, it was considered théf.a series of compbunds Re0CLy-
L might be'pfepared by ekchanging phosphoryl chloride with some other
neutral Jigand L.’ Liganas such as;tripheﬁylphosphine and alky or ary!
‘phosphites reacted to give a Slack tar, from which it has been impossible
to isolate pure products. It'séeméd that the rhenium compound oxidized
~ and/or chlorinated the ligands. It is possible that if. further experi-
ments are carried out to determine the correct solvents énd conditions,
reasonable products may be isolated.

Two ligands, pyridine and 2,2' - dipyridyl, which are more resls-
tant to okidatioh than the ligands mentioned above, did give clean
-reacfions to.form'easily fsolated, stoichiometric compoUnds;i

Dissolution of Re0CL,~0PCL3 in dry pyridine gavé é red solution
from which-a green compound precipftated after standin§ for half anrhouf‘r
As the green precipitate fofmed, the colour of the solufion faded to a
pale yellow. Later work ;howed that the reaction proceeded in exactly
the same-manner if ReOC4y, in;teéd of ReOCﬁQ-OéC23 was used as a starting
material. After purification, the green compound was analysed by neutron
,activag{on and found to have a rﬁenium: ch]oriné fatio of 1:3. Carbon,
hydrogen, nitrogéh ahd chloriﬁe determinationsJagrégd with the fo}mula~
‘tion of thé green compbﬁnd as o#otrichlorobis(p?ridine)rhénfum(v),A

112
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(ReOCL3 pyz), rather than the expected 6xotetrachlorppyridinerhenium(V!).
The infrared spé;trum of é_nujol mull showed absorptioﬁs nor-
mally found.for pyridine complexes (134), and a strong sharp absorption
peak at 966 cm-]. This peak was assighed to a rhenium-oxygen stretﬁhingv
mode by comparisoniwith the reported spectra (28) of the well-known
series of coméounds ReOX3ly and ReOX3M*, which héve rhenium-oxygen stretching

‘ to 991 cm-l.- The compound was found to

frequencies in the range 946 cm

be diamagnetic as is the case for the other‘compounds in this series (28).

Re0CL3 py, has been prepared before by another method, but no magnetic

or infrared data were rep9rted for the compound. Chakravorti's (104)

preparation was repeatedand the product was found to have the same

properties, melting point'and infrared épeétrum as the product of our

reaction. | |

The yellow solution, left after ffltration of the Re0CL,-0PC%3

plus‘pyridine reaction mixture,was evaporated to low Eulk, and large red
‘crystals deposited. An infrared spectrum of a nujol mull of these crys-

tals was identicalrwith that of the well-knowﬁ (105) dioxotétrapyriﬂine—

rhenium(V) chl&ride, [ReO5py,]Ce. 1t was found that ReOCi3py2 reacted
~with excess pyridiﬁe to form [ReO,pyy]C2 quantitativeiy.' At room tempera-
“ture, the time for complete reaction was several days, but the reaction

was more rapid if the mixture was boiled in air. Thﬁs the interconversion

-

~of these two compounds is extremely easy:

) boil with pyridine '
ReOClgpyZIboj] with conc. HC2 (IOQTf[Reozpy“]cz
N R .

%* Where x = halogen, L ="a neutral ligand and M = bidentate neutral ligand.
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‘When solutions‘of Rebczg—CPC23-(or,ReOC£g) apd'2,2'dipyridyl fﬁ
dry carbon tetraéhlo}ide were»miked, a yellowy green solid precipitated.
Neutron attivatign anélysis'of the dried product gave a rhenium to chlorine
ration of ]:3. Carbon, hydrogen, nftrégen and chiorine wereideterméned
by a commercial analyst and these resulié corresponded to a fdrmUlé'Ré0C23
dipy. The infrared spectrum of this diamagnetic compound was simi]ar’to
=thevspectrum of co-ordinated 2,2'-dipyridyl observed in other compounds
(135), and also éhowed a strong sharp absor;tion at 975 cm-]. ReOCL3"
dipy has been prepared by two other methods (50,106). Chakravorti (106)

" did not report any infrared daté for the compound'which he prepared.

This preparation was repeatedQ The prodﬁct'had an infrared spectrum
'identi;al,to that of the compound prepared by our method and to that

reported by Cotton et al. (50). | | .

Both ReOC23py, and Re0CL3-dipy were refluxed with‘absdlute alcohol.

The pyridine compound reacted rapidly to give a. blue solution. Gradual
~evaporation of the Solutioh.caused.large blue ﬁry;ta!s to deposft. . The
2,2'-dipyridyl compound reacted much more slowly, but after tﬁreé or four
days, the solution turned-pale orange in colour and a dark green crystéi-
line material was precipilated. The solid products of both reacfions were
-anaiysed_for carbon, hy&rogen, nifrogen and chlorine'bQ a commercial
analy;t. |

The ana]yse§ showed that both ﬁroducts were‘compounds Whiéh had
been prepared previousl* by other methods (57). The blue pyridine
comﬁound was oxoethoxéaichloroﬁié(pyfidine)fheniuﬁ(V).‘ | (ReO(OEt),

C2opy2), and the greeh 2,2'~dipyridyl compound was‘u-oxo-bis(oxodfchlbro-
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2,2‘-dip§ridylrhenium(V).. (Re0C2,dipy -.O - RﬁQClzdpr). The solu-
.bilifies, melting points and infrared sbeetfaVOf the compounds prepared
by this meihod were idéntical with thése-of the compounds prepared by
the original methods. | , |
Johnson et al. (57) prepared the oxygen-bridged 2,2'-dipyridyl ;

compound by reaction of 2,2'—dipyridy] with an acetone solution of
rhenium pentach]oride. These worker§ prepa}ed ﬁ-oxo—bié(bxodich]oro-
bispyridfnefhenium(v) by an analagous method. They noted that the
oxygen bridge of the pyridine compound was cleaved by ethanol. The re-
actions observed by Johnson et al. ana by us are combined in Fig. 2}
(bage 116). The reaction scheme in Fig. 21 shows that the o*ygen bridged
dimer of the 2,2'-dipyridyl series was formed in boiling ethanol. In
contrast, fhe oxygen bridge of the pyridine series is easily broken by
boiling ethanol.
| Johnson et aj. found that ReOCLypy; - OA- ReOCLypy, could be
prepared fromvphosphine compTexes,v?n which ii had been shown tﬁat the
attack site, a chlorine atom, was ”traﬁs"‘to an oxygen atom. dn this
basis, they assumed a "trans" configuration for the oxygen atomﬁ in ;he
pyridine compoundﬁ, and,pfobosed the reaction scheme reprodﬁced }n
Fig. 22 (page 117). |

| We'pfepared the blue ethoxo-compound ReO(OEt)CLopy, from ReOCL,-
0PCL3 via ReOC23pysz. Thé structure ofﬁfhe‘starting material (seé
- Section Vi(a)) has been shown to be A-o% Fig. 23'(pagé 118). The

phosphoryl chloride and one chlorine atom are replaced by’


http:R~.OC.t4
http:melti.ng
http:ReO.CR.2di.py
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- - ReOClzpyE
' _ tOH |
ReCly — 22— 0 O 0 0EtCI py,
- - ReOClpy, S
- |dipy . ey
'_ v " EtOH, LY |
| = 'ReOCl;py,—>[ReOzpy4l Cl
| A | py : :
" ReOCldipy | Dy
]EfOH .
ReOCl,dipy «3PY - ReOCI, OPCI,
, : or
| ReOClg4 |

FIGURE 2|. Reactions of Rhenium Penta-
Chloride and- Oxotetrachloro(phosphoryl .-
chloride)rhenium(Vl) with Aromatic Amines.
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Ph3p/ R?\Cl' o | Cl\Re\/py K
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Loon p/‘\m o /Te\c; i ”/
Py |
\"/ / S PY/”
/ N R Not Isolated | :

P - .
Ph‘ a Wet pyridine
b Ethcnol

FIGURE 22 Reccﬂons of phosphme ‘and pyndme complexes of
rhenium; scheme proposed by Johnson Taha aWnlklnson (57)
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C!\“ Py
py/] o

OEt

J | ‘ K
FIGURE 23 Possnble Geome?rlns of . Some Pyndme

Comp!exes of Rhemum
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_pyridine. Unless rearrangement takes-pface dur{né‘the reaction ReOC£3p;2
must have the cis configuration B (Fig. 23 - page 118). |
Wgen’one chlorine atﬁm of this compound is replaéed Sy ethoxide
(again, unless rearrangement takes placé) there are two possible geo-
metrical arrangements of the product. rThesé are shown as.C and D
_ (Fig. 23, page ‘]18)' .
Neither of these structures are the same as the one bropésed by .
Johnson, Taha and Wilkinson. |If eitﬁer CorbD is.the éorrect structure,
the assumption of a trans configuration for the reaction scheme_proposéd
by these workers must be quesfioned.
As Johnson et al. poiﬁted out, in the 2,2 dipyridyl compound,.
_ "theiligaAd nitrogen atoms must necessarily be cis father than tréns."
They did not howeverpfopose any cis configuration. If the same argu-
ments are‘appliéd to fhe'2,2' dipyridyl reactions as were épplied to
vthe-pyridine case, the geometrical arrangement of ReOCL3dipy is E
(Fig. 23, page 118). |
'>]f the struZtures B and E ére correct, little difference would .
be expected in their feac}ivity with alcohol. We have shown, however,
that one chlor{ne of the pyr{dine compound. is répiaced very easily.to '
give an ethoxy species, but several days of refluxing are necessary to :
replace one chlorine of the 2,2'-dipyridy} compqqnd by an oxygen bridge.
.>fhe reactipn-of'Re0C23pyg with excess pyridine to give {Réozpyulcz
doeS'not-QLpport strﬁcture B as the téans'stfﬁﬁtUre4of [Reozpyq]cg has
ﬁroyen by_singlé cryétal x—fay diffractfon (136); rRéarrangémeﬁt would be .
nécéssaff during thé formation of this gbmpound:in ordér to rémové ihe

PY = Re - 0 trans system if ReOCL3py, had the cis structuré B.
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The multiplevbonding between transition métals and oxygen, and
the labile nature of ha]fdé ions ''trans'' to fhé multiply bonded oxygen
wés discugsed in Se;tion v (a). 'The éase of replacémént of one chlorine
Ilgandvof Re0CL3py, by ethbxide ion, lead us to believe that this chlpriﬁe
ion is "trans'" to thé oxygen atom. In this case rearrangémént must take

_place during "the reaction of'ReOCQg-0é¢23\ﬂith pyridine. Theré are then
two arrangements, G and H (an 23, page H8), possible for Reoczgpyz,
which are ;econc'lable with the ease of replacement of chlornde ion by
ethoxide fon, and the formation of "trans' [ReOzpys]C2.

We have no evidence which suggests that H and K are the correct
étructures, rather than G and J, but Johnsoﬁ et al. suggest that H and
K are the correct geometries. |

‘No rearrangement to a 'trans' fbrm ana]ogous to H is possible’
for ReOCL3dipy but rearrangement to a cis form analogous to G is. This
compound, however, does not possess a chloride ligand which is easily

replaced by ethoxide and hb'cohpoﬁnd analogous to [ReO,py,]C2 has been
observed when the cBmpound was reacted wifh excess 2,2'=dipyridyl.‘These
observations support the ;etention of configuration E. rThe struﬁtures

which we consider to be cérrect are sdmmarised-ih Figs. 2ha and 24b

(pages 121 and 122) -

R All three structures for ReOCL,dipy =0 - Reoczzdlpy are possnb!e
and we have no evidence to indicate which one is correct.
The structure proposed for the dimeriq compounds by Johnson et
al. and above show that thé pyrid}nébcompound has.two oxygen atoms trans

. to the br{dging Qxygen.' On the other hand the 2%2'-dipyridyl compound
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has either chloride, or one of the n?trogen atoms:of the organic group,
trans to the oxygeh bridge; The difference'in the stebtlities ofithe
oxygen bridges towards ethanoi mayvbe used as an argument in‘favour,of
the proposed structures. The oxyoeo bridge of the pYridine compound
was broken by refloxing in ethanol for three day; (57). The oxygen
bridge of the 2,2'-dipyridy] compound was formed in this medium under
- these conditions and no evidence for any,cleayagehas been ooseroed.

,Multiply bonded oxygen atoms trans to tﬁe o-oxo4]inkage should weaken
‘\the oxygen bridge in the same way that a trans halide ion is made more
labile. | |

Cotton‘et al. (50) have pointed out this''relative weakening of
the bnidéing Re-0 bonds'' and presented'infrared data to support it.
They observed a ''very strong broad band" at 710 - 675 cm-] in the infra- .
red spectrum of'the oxygen-bridged pyridine compound. They compared the
frequency of this absorptlon peak to that assigned to the assymmetrnc
stretching mode in halo comp]exes; such as (RUZOCgo) , which occur
between 900 and 800 cm-]., We were unable to pick out an absorption
peak in the infrared spectrum of ReOCszlpy 0-Re0C2,dipy which could be
assigned to the bridging Re-0-Re bonds. Mitchell (137) has prepared
the mo]ybdenum analogue of this compound MoOCe,dipy-0-~ MoOClzdlpy, but he»
also was unable to assign an |nfrared absorptnon to the bridging Mo-0-Mo

group,4 He proposed a structure for the molybdenum compound
N Jl

Cl CI |
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Wh!ch suggests that -he considers the oxygen_bridge to be trans to a
nittpgén atom of the 2,2-dipyridyl. However; althngH this suppokté
our pqstu}ate, Mitchell offers no évidénce for this structure.

It is Tealized‘that a]thqbgh ghe structures proposed above for
the rhenium compounds fit thé expériméntal obsérvations, more work,

preferably by single crystal x-ray diffraction, is required in proof.

(b) Rhenium(VIl) Compounds

Re(ViI) is a common, staBlé, formal oxidation state of rhenium, .
shown in the perrhenate ion (ReOu-) and pérrhenyl chloride (Re03CL).
‘However, only one co-ordination compound, ﬁ%sulphuryl chloride bis(tri-
oxochlororhenium(Vi1)) [(Re03C2),S0,C%,], containing Re(VII) has been
claimed (70). As pyridine and 2,2'-dipyridyl gave clean‘reactions.wi;h
rhenium oxytetrachloride, it was considered possiblé that these ligands
might react with perrhen?i_chloride to give Re(Vll) containing complexes.

TrioxochlorobiSpyqidinerhenium(VlIy (ReO3Cepy;) and trioxo-
chloro 2,2'-dipyridy]rﬁénium(Vll) wére obtained from the direct reaction
of perrhenyl chloride and. the cor}esponding ligand in carbon tetracﬁl;ride
solution. The compounds were almost white and decomposed slowly in air.
_The compounds are interesting in that ‘the central rheﬁium atom must
haﬁe a co-ordiantion number of six. Rher tum (Vi) normélly-has a co-
ofd?nétion number of four,>But it has been shown that in sd]id'ReéQ7,
mixed six and four co-ordination is obéérved (138). |

In addition to analytical results, évfdence for the formﬁlation
as a Re(VI1) compound was affordéd‘by its réactipn with water. The

compound dissolved slowly at room temperature, but much more,répidly on
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boiling to give a clear colourless selution. A white precipitate was
formed on addition of tefrapheny] arsonium chloride selution This showed
the presence of perrhenaté ion and proved that hydrolysis accompanled
dnssolutlon Rhenium in formal oxldatnon states lower than (VII) shows
disproportionation on'hydrolysis and deposits black hydrated rhenium
dioxide (see Section I1). »

_The inffared spectrum of ReO3Cedipy sheWed the absorptions
assoclated with co-ordinated 2,2'-dipyridyl (135) and eeveral absorptien
peaks in the reéfon 8001- 1000cm-]. The absorptions are not character-
istic of co-ordinated 2,2'-dipyridyl (135) and may be assigned to rhenium
o*ygen vibrations. The spectrum For this regien is shown ih Fig. 25,
(page 12€). o

| ' Re03Cepy, decomposed more rapidly in air than did Re03C£di§y, and
was a pale yellew colour. Re03Cedipy was involatile at 100°C, but the
pyridine compound was sublimed at_this femperature. A residue left on
sublimation was shown by analysis ahd infrared sbectroscopy to be.pyri-
dinium perrhenate.

In addition to analytical results, evideﬁce for the formulation
as a Re(VI!) compound was{again afforded by ite reaction with water.
Re03Cepy, dissolved in cold water to give a-perrhenéte,solu%ioh, and no
: rheqium dioxide was precipitated. The ‘infraréd spectrum of the solid
showedvabserptions normally asseciatee'With co-ordinated pyridfne (Ijh)w
and severel absorptions in the range 800 ~ 1000 em;], which may be
eseigned to rhenium—exygen Vibretions. The spectrﬁm is presentea in

Fig. 25 (page 126).
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infrared svectrum of (a) Re0_Cl dipy and

Fig. 25. The

3

(b) Re0,CL py, in the range 800 - 1100 cm-1.
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The difference between the spectra of Re03Cepy2 and Re0O3Cedipy
in the 800 - 1000 em”! region may or may not indicate a difference in
- the geomeiries of the th compouﬁds. More éxpérﬁmental work must be
>§erformed before any prediction of their geométries can be made.

f{iphenylphosphine is the only othér ligand which has béen re-
acted with perrhenyl chloride. The method déscribgd in Section IV for
pyridine and 2,2'-dipyridyl was uséd and a purple precipitate was formed. .
The pfoduct turned brown when vacuum was appliéd'tq rehove excess solvent.
Cénsistent anafytica1 and spectral résults have not been obtained, and the
composition of this compound (or_mixture of compounds).remains unknown.

To our knowledge, this is the first:time rhenium oxychlorides
have been used as starting mégerials for the prepération of co-ordination
compounds. The nﬁmber of ligands used, and the work performed on these
_ reagtions was necessarily limited, as this work wasvalmoét out of the
~original scope of this research. However, it has been shown that the
preparation of co—ordinat{on compounds from rhenium oxychlorides is
possible and further investigations should prove a fruitful and inferes—'

ting field of study.



VIl GENERAL CONCLUSIONS

In addition to increasing our knoﬁ]gdge of rhenium-chlorine
chemistry, this research has provided techniques which'shoﬁld be useful
fn future investigations of sensitive ﬁompounds. The neutron activatfon.
method used for the determination of rhenium-chlorine ratios is poten-
tially a rapid and accurate method fof.finding the stoichiometries
of many systems where easily activated n;clei are present. The dif- .
ficulty in obtaining vapour-phase infrared spectra, because of the lack
of a suitable cell, was successfully overcoﬁe. The cell which was
developed was extremely.simple to construct, robust, and relatively
~.cheap. This cell will find many applicafions and requests for reprints
of a paper describing it (92) have been received from several countries.

Several old chemical problems, such as a‘reliable method of pre-
para;ion of rhenium tetrachloride, have been solved, but ﬁany new questions
have been raised. The compound thought to be rhenfum hexachloride was
shown to be rhenium oxytefrach1§ride. fhis leaves‘thg anomaly of a
second row metal, technetium, havihg a higher chloride thanvthe third
row metal, rhenium. Th;'same workérs'that‘isolated ""'rhenium hgxachloride“
also isolated technetium hexachloride by a similar method. The chlori-
nat}on product of a technetium mirror was to be ré-investigated, but it-
has not yet been possible to obtain the metal. |
' .The highest chloride formed for thé group VI second row}neta],

molybdenum, is a pentachloride and by the gfoﬁp VIl metal, ruthenium,

128
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fg a trichloride. The neighbouring third row metals, tqngsten‘(group.Vl)
and osmium (group VIII) form a.héxachlo;ide and a tetrachloride respec-
tiveiy. ‘we failed to find a method of preparation of rhénium hexach]oride.
lt-may be possible to prepare hexachloridés'of all these metals ff a
sulféble-method can be deVe]oped, but at the moment a re-examination of
technetium hexachloride ébpéars to be désirablé.
1t was not possiblé to idéntify with certainty the very Vo1atil¢‘
rhenium oxytetrachloride impurity (page 72) as rhenium'oxytfichloride,
but neutron activation analysis strongly indicated this formulation. = A
me thod éf preparationlof this compound in higher Yieldé.ié required.
Reactions which may prodﬁce'rhenium oxytrichloride aré the reactfons of
. the known rhenium chlorides with rhenium oxides. ‘keaction of rhenfum
metals or rhenium oxides sealed in tubes with sulphur chlorfdes or phos=-
-phorﬁs chlorides may also prove fruitful.
" As stated in Chaﬁter V (c) (page 80), the preparation of rhenium
- tetrachloride is éonsidered to be a reductioh of rheniuﬁ pentachloride
by.ant?hony trichloride. 1t is poésible that the redﬁctioﬁ may be'per—
formed by other reagents. If so,the,”accidentél“ ﬁrepération by the
Shattuck Chemical Company.may have resulted from reduction by impufities
‘in.their reaction vessel ratéer than the "thermal dgcémposftion of
rhenium péntachloride“f'
‘;dnly a few complexes wéré prepafed usinékrhenium oxychlorides as
starting materials. Reéctions of fhesé’oxychlofides with other ligands
will probably produce other néw compounds, and thesé reactions aré to be

investigated in the near future.
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This work has produced some new techniques, which are of wide

'appfication, some new rhenium compounds, and has introduced a little more

order to the rhenium-chlorine system.
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