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INTRODUCTION 

(a) Genera 1 

Research into the chemistry of rhenium has played an important 

part in the rapidly developing fields of inorganic chemistry such as 

"cluster compounds" (1) and "less-common" co-ordination numbers (2). 

It is possible to prepare compounds of rhenium with formal oxidation 

states from -I to +VII and co-ordination numbers from 3 to 9 (3). When 

these properties are combined with a marked tendency of the element to 

disproportionate in many oxidation states, one is· led into a very interesting 

field of study. The chlorides and oxychlorides of any element 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 {S,6,7,8,9,10) were made by W. Noddack and f •. Tacke {later Frau 

Noddack) in the late 1920's. Subsequently an enormous amount of rhenium 

chemistry was published, mainly by German workers, as samples of the metal 

became more readily available. The first gram quantity was isolated in 

192~ (~) and by 1933 potassium perrhen~te ~as being produced comme~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 

tesearch .and noted two chlorides. He described his experiments as follows:· 

11Durch Einwirkung von Chlorgas as Rheniumpulver einsteht bei 
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gelindem Erwarmen ein tiefgr~nes, leicht flLlchtiges Chlorid von der 

Formel ReCQ. 7 das bei .gewohnl icher Temperatur grUne Kristal le bildet--

---Bei Erhitzen von Rheniummetal mit Chlorgas auf 500° oder bei der 

thermischen Zersetzung von ReCQ.7 entsteht ein braunes ebenfalls flUchiges 

Chlorid das angenahrt die Zusammsetzurig ReCt6 ergab. 11 

He also noted (5) that perrhenate (ReO~) solutions, when heated 

with hydrogen chloride or potassium chloride, gave coloured solutions, 

but he did not investigate this further. 

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 crystalline "tetrachloride". They 

also observed green vapours of a volatile compound which crystallised in 

long needles and melted at 21°C, but did not isolate enough material for cnalysis 

These green vapours were only noticed at the beginning of each 

chlorination. The two explanations which Briscoe and coworkers presented, 

were that either the green vapours were the volatile chloride of some 

metallic impurity, or were an oxychloride formed from oxygen contamination 

of their ch 1 or i n-e. Subs_equent experiments in which osmium, mo 1ybdenum and 

tungsten (the most likelicontami~ants) impurities were added to the 

rhenium metal failed to increase the yield of green vapours, as did the 

addition of oxygen to the chlorine stream. In the same paper these workers 

d_escribe the preparation of potassium hexachlororhenate(l\.?by heating rhenium 

metal with potassium chloride in a chlorine stream. 

Hogenschmidt and Sachtleben (15) questioned the-"tetrachloride" 

formulation. Thetr chlorination yielded a ~ompound which appeared to be 
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. 3. 


Briscoe's tetrachloride, but on analysii they found a rhenium to chlorine 
. . 

ratto of 1:4·3. Enke (16) explained the colours cibserved by Noddack, when 

perrhenat~ ion and chloride ion were heated in solution. ·He added iodide 

as reducing agent and successfully prepared potassium, ceasium and thallous 

hexachlororhenate. The reaction was summed up by the equation: 

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 were interpreted to support 

l 
. 

the tetrachloride formula of s"riscoe and equilibrium ·constants were calcu

lated for the following system. 
,.. 
' 

Re2 Cis (gas) ~ J_ ReCi4· (gas) 

Jf 

In 1932 Briscoe et at (18) published another paper in which they 

rescinded some of their earlier observations on the green vapours. In 

this publication they stated that the yield of the green vapours was 

increased by adding oxygen to the chlorine. They also noted that the 

compound could be prepared by warming rhenium "tetrachloride" with oxygen, 

or by chlorinating "rhenium pentoxide". From analytical and molecular 

weight data they formulate the compound as rhenium dioxotrichloride {Re02Ctj) •. 

This is the last paper published by this group of workers, so it 
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seems appropriate to comment, at this point, on their results. The only 

compound to which they appear to have attached the correct formula was . 

potassium_hex-achlororhenate and it is possible that they knew of Enke's ·(16) 

preparation of this compound by other methods. Briscoe's problem seems 

to have been one of analysis. He analysed for rhenium by gravimetry, 

weighing the rhenium as the dioxide dihydrate (Re02•2H20) (19). This 

method was obviously unpopular as all other workers resorted to ot.tfor 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 is afforded by their 

description of a compound Re205 (20) which was later reformulated as Re03. 

Their description of this stoichiometric, 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 proposed that it was a pentoxide.* Two recent 

reviews (22,23) of the oxides do not agree about the degree of hydration 

of the dioxide. lnconsi~tencies of the degree of hydration would cause 

discrepancies in the analytical results. 

In 1932, Brukleand ZH!gler (24) reacted Briscoe 1 s "tetrachloride" 

with oxygen and successfu..1ly identified the only two rhenium oxychlorides. 

known to the present day. Perrhenyl chloride (Re03 Ci) 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 

(ReOCi4). It was stated that Re02Ci3 prepared by Briscoe et al (18) was a 

* However, some recent work (21) has indicated that a stable mixture of 
Reo 3 and some other' phase may be formed and that analytically this is 

closer to Re02.1+s· 
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• 	 mixture of Re03Ct and ReOCi4, but Briscoe et al.'s description of their 

compound was identical with Brukl and Zeigler's description of ReOCi4. 

Brukl and.Zeigler also claimed that in cold aqueous hydrochloric acid 

rhenium oxytetrachloride gives a brown solution which is the acid of 

the oxohexachlororhenate(VI) dianion and further claimed to have isolated 

the potassium salt of this acid K2ReOCt6. This work has not been 

confirmed. 

The following year Geilmann, Wrigge and Blitz (25,26) repeated 

the ~hlorination of rhenium metal and suggested that the tetrachloride 

prepared by Briscoe et al. was in fact a pentachloride .. They further 

showed that on heating in nitrogen or under vacuum the pent~chlori~e 

lost chlorine to form a trichl~ride. Much of the fundamental chemistry 

of the compounds was accu.rately described. Hydrogen reduction of the 

trichloride caused gradual loss of chlorine as hydrogen ~hloride. However, 

it was shown by_ X-ray diffraction that no phase .intermediate. between 

trichloride and metal was formed. They confirmed the work of Brukeand 

Z:1Egler, obtaining perrhenyl chloride and rhenium oxytetrachloride by 

reaction of pentachloride, or trichloride with oxygen. ln addition an 

attempt was made to make rhenium tetrachloride by the thermal decomposition 

of silver hexachlorhenate, but a mixture of penta.chloride and trichloride 

was obtained. No further simple chlorides or oxychlorides of rhenium were 

repo~ted for three decades. 

At this point it is convenient to divide this introductioh into 

three other sections: chlorides, oxychlorides and chloro anions, 
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(c) Chlorides 

The existence of all chlorides from ReCt2 to Reci has been 
7 

claimed • The only report of the dichloride (27) was a preparation of 

the hydrates ReC22 °2H2 0 and ReCi2 ·4H2 0. Very little evidence was 

presented to substantiate this formulation of the compounds and the report 

is unconfirmed. Fergusson (28) has expressed the opinion that these 

compounds may be dimeric in nature containing tr'ivalent rhenium. 

The preparation of rhenium trichloride by thermal decompositio~ , 

of pentachloride (25) was described i~ section l(b). Other methods of 

preparation via reaction of sulphuryl chloride with the metal (29), or 

heating hexachlororhenate(Vl)s~lts (30) are reported, but are not as efficient 

or convenient as the original preparative method. The compound is a red-

purple micro-crystalline material, which is essentially non-volatile, but 

can be sublimed under high vacuum at 500°C. Several magnetic studies (31, 

32 ,33) of t_h is compound have been undertaken. Schuth and Klemm (31) found 

a small temperature-independent paramagnetism, but a later determination 

by Knox and Coffey (32) gave a sli.ghtly higher value with rather more 

dependence on temperature. Recently Colton and Brown (33) have suggested 

that there pre two forms .of the trichloride. One form, which was prepared 

directly from the pentachloride, had a susceptibility corresponding to 

Klemm and Schuth's measurements (-20 x 10-6 c.g.s.) and a sublimed form, 

which had the magnetic characteristics described.by Kno?< and Coffey 

(-495 x 10-6c.g.s.). X-ray diffraction studies fai.led to detect any 

difference between the two forms (33). 

11 d11Trivalent rhenium contains four electrons. Therefore, as a. 

http:described.by
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monomer, in any environment other than the presently unknown spin-paired 

tetrahedron, strong paramagnetism would be expected. Wrigge and Blitz (34) 

in 1936, explained this lack of paramagn~tism by assuming dimerisation. 

Klenm and Frischmuth (35) state~ the following year that they considered 

the trichloride to contain rhenium-rhenium bonds. Compounds of empirical 
+ - . .

formula M (ReCt4 ) where M;Cs, Rb, PyH (35,36) were known and the rubidium 

salt (35) had also been shown to be diamagnetic. A single crystal X-ray 

examination of this system was clearly needed and two independent groups 

(37,38~39) published, almost simultaneously, data to prove that the 
-· 

(ReCt4 )- ion was iii fact~ trimer with the geometry shown in Fig. 1 (page 8). 

Further work (40,41,42) indicated that this trimeric cluster was 

cqmf!10n. The trichloride (41,42) itself has a similar structure with the 

trirhenium units bridged by some of the terminal halogens, so that each 
. 3

rhenium atom bonds to five chlorine atoms as in the ion (Re3Ct12 ) • Hass 

spectral investigations at-280°C (43) have shown that the trimeric units 

still exist in·the gas pha~e at this temperature, but this is hardly sur

prising as the compound can be sublimed without change at about 500°C 

(except for the magnetic changes menti~ned above). 

It has been shown. (44,45) that the .most stable and most easily 

prepared chloride of technetium is the tetrachloride. This contrasts 

sh~rply with_the rheni~~ system where all efforts before 1963 failed to 

produce rhenium tetrachloride, although as previously discussed, it was 

claimed by Briscoe et al in 1931. Croft (46) claimed to have intercalated 

rhenium tetrachloride with graphite in 1956, btit he did not give analytical 

data, or any details of the preparation. This work remains unsubstantiated. 
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-

Figure I. Structure of the (Re3ct ~- Lon.1 

Chlorine 

. . 

Q Rhenium · 



Colton and Brown (47) isolated a compound from the reaction of rhenium 

dioxide hydrate with thi~nyl chloride which they claimed to be a tetra

chloride. The compound was 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

1ity (48), and found it to obey the G:urie-Weiss law only between 

220°-300°K with µeff = 1.55 B.M. A later assessment {49) of this magneti~ 

evidence by Colton an,d Martin was used to predict a trimeric cluster of 

rhenium atoms. 

From simple molecular-orbital calculations, they predicted one 

unp~ired electron per trimeric unit, which, they say, should giv~ a 

magnetic moment of 1 B.M. per rhenium atom. By extrapolating a plot of 

reciprocal temperature against magnetic susceptibility to zero temperature, 

they found a temperature independent contribution to the susceptibility • 

.This was subtracted and the magnetic moment recalculated to give a 

temperature independent moment of 1 B.M. This magnetic moment and a 

little, not very convincing chemical evidence was use to justify their 

prediction of a trimeric structure. 

In 1966 Co.tton (50) bought fifty grams of "rhenium(l I l)chloride" 

from the Shattuck Chemical Company, which on analysis proved to be rhenium 

tet~achloride. Enquiries revealed that the compound had been prepa~ed by 

the normal method of preparation of rhenium trichloride, i.e.,"by thermal 

decomposition of the pentachloride in a stream of nitrogen at around 375°C". 

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

I. 
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and repetition of ~he preparation has proved impossible. The sample which 

Cot.ton obtained was sufficient for his group to determine a great deal of 

the chemist.ry of this compound. Its properties are so different from the 

properties reported by Colton, that Cotton now calls the earlier compound 

~-ReCi4 and his Shattuck-produced compound a-ReCi4. Cotton considered that 

the chemistry and preliminary X-ray data (SO) ind·icated that the compound 

was a metal to metal bonded dimer similar to the octahalodirhenium dianion 

discussed in sect ion I (e) (see Fig. 4, page,18). 

Although Cotton's group used all the 6-ReC24 which was available 

(51) before the single crystal X-ray structure had been fully refined, a 

later assessment (52) of the unrefined data showed that 13-ReC24 did not 

possess the (Re2Cia)
2-

type of arrangement. The structure which is shown 

in Fig. 2 (page 11) ~ontains dimeric units, but the rhenium atoms are 

bridged by three 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 some metal-metal inter

action was postulated. 

One preparation of rhenium pentachloride has been _described in 

section l(b). Another go9d method is by the reaction of rhenium heptoxide 

with carbon ~etrachloride in a sealed tube (45). Rhenium pentachloride is 

__a~eeR:b_r..9!'.'" _o~_ bl ~ck, .S:.S:.'L~~a l_l_i ne -s~1i~, w_i_ t~ _!"eported _me 1ting points of 

220°c·(53,54} and260°C (55), The liquid boils readily to give red-brown 

vapours. The single~crystal X-ray structure has been reported recently 

(54). The sol id is a chlorine bridged dimer (see Fig. 3, _page 1.2) similar 

to niobium pentachloride (56). The struct~re of the c~mpound in solution 

or in the gaseous state is not known. 

http:chemist.ry
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FIGURE 2· 

A Portion of the ~-Rec~ Polymer. 


\ 

0 
Rhenium 

I 0 
Chlorine 



l2 

FIGURE 3· The Structure of Cl •.Re2 10 
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It is a highly reactive compound, instantly hydrolysed by water 

to rhenium dioxide and perrhenate ion ·(see section II) and has been used 

as the st~rting material for the preparation of several complexes (57,58). 

Three independent studies (31 ,32,38) have been made of the magnetic pro

perties and these show small discrepancies. The reported magnetic moment 

was between 2.2 and 2.5 Bohr magnetons in each case. Brown and CoJton 

(47) and Schuth and Klemm (31) found the Weiss constant to be 266° and 265° · 

respectively, but Knox and Coffey (32) report a value of 164° with 

divergence from the Curie-Weiss law below 150°K. This divergence was 

confirmed by Brown and Colton (47) who showed it to occ~r at about ll0°K. 

These authors attempt to explain Knox and Coffey's low e values on the 

basis of hexachloride contamination. 

The hexachloride of technetium was prepared•by Colton in 1962 (59), 

by direct chlorination of a technetium mirror. At this time there existed 

the anomoly of a second row transition metal ·with a hLgher chloride than 

the corresponding third row metal. Technetium hexachloride on gentle 

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

Because of this anomaly i~ was of lnterest to prepare rhenium hexachloride; 

the 	decomposition of hexachloride might also provide rhenium tetrachloride. 
1 

Colton noted the gree~ va-pou~s of Noddack (12,13) which were also 

reported by Schacheral (60). He further noted that the workers who 

observed these green vapours, pr~pared their own metal by hydrogen reduction 

of perrhenate salts. Geilmann et at (26), whose major chlorination product 

was the brown pentachloride, used commercial metal in a more massive form. 

In order to increase the yield of green vapours Colton (61) absorbed ammonium 

perrhenate solution on brok8:; porous brick material and evaporated .to 



14 

dryness. The perrhenate was then reduced in a hydrogen stream at 200°C 

to dioxide, and at 600°C to leave the metal as an extremely fine deposit 

on the po•ous pot. After flushing with purified nitrogen, he chlorinated 

to obtain the desired compound in high yields with very small amounts of 

pentachloride produced. 

This compound was analysed and claimed to be rhenium hexachloride 

which he described as "dark dichroic crystals, which melt a few degrees 
' 

above room temperature to give a black liquid and green vapour" (61). It 

was found that on heating, the compound did not decompose in the manner 

of technetium hexach 1 or i de, but dist i 11 ed unchan.ged. The on 1 y phys i ca 1 

measurements made on the hexachloride were magnetic susceptibility studies 

(48~,which showed that the hexachloride obeyed the Curie-Weiss law over the 

temperature range 98°K-297°K, with a = 28° and µeff = 2.07 B.M. The authors 

admitted that this result was a little high for ad' system. 

The Spin-on 1 y moment for d I is 1. 73 B. M. By Ko tan i theory (62) 

for a less than half-filled shell, any orbital contribution to the para

magnetism is negative, thereby lowering the magnetic moment. The magnetic 

properties of rhenium hexafluoride have been studied and a magnetic moment 

of 0.25 B.M. reported (63). This low magnetic moment is probably caused by 

large spin-orbit coupling effects.* 

It seems strange that a change of ligand from fluoride to chloride 

should so drasticalry increase the paramagnetism. Colton and Brown (48) 

attempt to explain this by assumin~ that the hexachloride is distorted 

from the perfect octahedron, thereby destroying the spin-orbit coupling. 

This matter is discussed further in section IV. 

* 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). 
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Noddack claimed that he prepared the heptachloride in his 

very early ~nvestigation~ (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 l(b). Perrheny1 chloride (Re03 Ct) 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: 

0

Re - 0 = 1.761 A 

Re - Ci = 2.230 A 

Ci - Re - Ci = 108° 20 
1 

. The original preparation was by the action of oxygen on rhenium 

trichloride (24). Other methods of preparation are by the action of 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 contains purple and blue impurities which Wolf and coworkers 

(69) claim to be dissolvea rhenium trioxide. · 

Rhenium oxytet'rachloride has been studied very 1itde since its 

discovery. Newer methods of preparation are by the reaction of chlorine

oxygen mixtures with the sulphides (67,68) and by th~ reaction·of thionyl 

chloride with rhenium heptoxide or ammonium perrhe.nate (70). Melting 

points of the compounds 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 the. Curie-Weiss law withe= 25°C and µeff = 1.5 B.M. 

There is also a report in the literature (68) of a "volatile blue 

oxychloride, probably rhenium oxytrichlo~ide'', but th~s has never been 

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

as starting materials for the preparation of complexes. 

(d) 	 Chloro-anions 

The hexachlororhenate(IV) anion was first reported in 1931 (14) and·. 

I 	 + +· s i nee then the 1-exach lororhena tes M2 ReX6 (M = a1ka1 i meta 1 or NHi.; ; X = C.e., 

Br or I) have proved to be (except for the perrhenates) the most stable, 

easily prepared, and important compounds of rhenium. Raman and infra-red 

measurements have been compared with those of the hexachlorosmate(IV) 

compounds (71). Discrepancies observed in the {v2 + v3) combination band 

have been associated with a dynamic Jahn-Teller effect. 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 ·[Re3Ct1 2 ] 
3

• ion has been discussed under 

rhenium trichloride in section I (c) (see Fig. 1, page 8 ) • Many studies 

of the system have shown that the trimeric unit is extremely stabl~. The 

compounds which have been prepared containing the trimeric rhenium cluster 

are summarised in (28) • 
.. 

Kote 1 'n i kova and Trorev in. the paper in wh i-ch they reported 

ReC.e. 2 ·2H20 (27), also reported other rhenium I I containing compounds: 

KHReC.e.4 ·H20, KHReC.e.4 and PyH HReC.e.4 . 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, (7~) reinvestigated the compound and found the crystallo

graphic data to be correct, although the compound contained trivalent, 

rather than divalent rhenium as claimed by Tronev (27). The structure 

o( the anion (which is present in many compounds) is shown in Fig. 4. 

(page 18) (76). The novelty of this structure 1ies in the fact that 

the chlorine atoms are eclipsed, and the rhenium to rhenium internuclear 

distance is half an Angstrom shorter than in rhenium 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 knowledge of this topic. 
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fiQure 4. Structure of the (Re2c18)= ion 
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11 ANALYSIS 

A good review of the many reported methods for the determination 

of rhenium has recently been published (78) .• The most popular are 

gravimetric methods utilizing the insolubility of tetraphenyl arsonium 

perrhenate (79) or nitron perrhenate (80). Chloride analysis is'simple 

using silver nitrate as a precipitating agent for a gravimetric deter

mination, or as a titrant in volumetric methods. When "classical wet 

methods" of analysis are referred to in this work, the .methods employed 

were gravimetric methods using tetraphenyl arsonium perrhenate and 

silver chloride. 

Numerous problems have been encountered in obtaining reliable 

analysis results by these methods. Some of the rhenium compounds 

studied are extremely sensitive to oxygen o~ water vapour, and are 

difficult to handle even in a good dry-box. It is therefore difficult 

to weigh samples accurately because of decomposition. ·whenever it was 

possible to weigh a sample accurately, in our hands the above methods 

have often given results which were not reliable or reproducible. This 

was undoubtedly because the hydrolysis to chloride ion and perrhenate 

= 3
ion was incomplete~as ions such as ReC26 and (Re3C212) are formed (81) • .. 

Both rhenium and chlorine have two naturally occurring isotopes 

which can be activated by neutron capture. The relevant nuclear data 

ay given in Table 1 (page 20). 

Ii can be seen that either rhenium isotope will give an appreciable 

19 
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Table 1. 

-
-
- ?' ..  ......-

Natural Isotope Abundance (82) 'i'hermal neutr 
Capture Cross 
Section( barns 

on 

185Re 37 .17& 104 

187Re 62.9% 66 

35c1 75.5% 30 

37Cl 24. 5;& -. 5? 

Half-Life of 
Activated 

)(83) Species (82) 

-...--...---------...i 
92.8 hr. 

16.9 hr. 

4 x 105yr. 

38 min. __...._________ 
Table 2. 

Activation anal:y_sis of rhenium chlorine cgE_:_-i).e~~ 
_______-t-_....:,.._ 

Re;6 Cl% Rc:Cl . Error No • of 
Theor. Found Theor. Found (atoms) (3Q-'). Dctns. . - -

(Rec1
5

)
2 51.2 51.6 48.8 

' 
lt9. 7 1:4.98 + .06- 12 

(ReC1
3

)
3 

63.6 61.5 36.4 36.1 1:3.09 + .12- 10 

'( c..H .. N)2Re0Cl
:; ;J 3 -

1:3~01 +- .14 5 

(NH4)2 Rec16 42.8 43.6 lt8. 9 1~9.5 i:5.91 +- .15 9 

Re0Cl4 • 54.1 41.4 1:3.92 +- .07 - 18 

ReOc14.roc1
3 

37.5 
.• 

38.7 49.9 52.2 1:7.08 +- .35 6 
I 

•1n the case of Reoc14, it was possible to analyse this compound 

for rhenium and chlorine by conventional methods after hydrolysis. 
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amount of activity on short irradiation, but because of the long half-

life of 36c ~of the chlorine isotopes, only 37Ci will give significant 

amounts o_f activity on short irradiations •. Several y-ray peaks for 

each of the active isotopes 186Re, l88Re and 38c£ appeared to be useful 

for counting, but the ones selected were at 2.16 MeV for 38ci and 0.155 

MeV for 188 Re 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 results 

was very poor. 

It was realised that the reason for the poor agreement 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 

from resonance absorption, it can be seen in Fig. 5 (page22) that the 

ability of a nucleus to capture neutrons falls as the neutron energy 

increases. So if the neutron flux enters a highly absorbing solid, the 

slower neutrons will be preferentially absorbed. This will leave a 

larger proportion 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:CR. 

ato7n ratio although it would affect absolute percentage determ,inations-if 

the activation cross-sections of rhenium and chlorine varied in exactly 

the same way. Fig. 6 (page23 ) shows that unfortunately they do not. 

The rhenium cross-section follows the normal v-t rel.:itionship whilst that of 
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Fig. 6. 


Variation of Neutron capture cross-section with neutron energy.(83) 
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chlorine varies as v-<1. This flux-depression effect had to be 

eliminated. The easiest way to overcome the problem is to perform 

the irradJations on solutions, where large aggregates of nuclei are 

not present. Any solvent may be used which does not contain easily 

activated nuclei. Elements which do not have easily activated nuclei 

are carbon, hydrogen, nitrogen and oxyge~ which means that most 

common organic solvents (with the obvious exceptions, dichloromethane, 

chloroform and' carbon tetrachloride), water, 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 

reason for the development of the method. The novelty lies in the 

determination 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 thesi~ and in (84). 

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 ..nexachloro·

rh~nate(VI) and trichloroxobispyridinerhenium(V)_ are all air-stable and 

rhe;ium pentachloride is an air sensitlw compound. The observed· absolute 

percentages of rhenium and chlorine are compared w1th theoretical_values, 

and the ratio of the number of atoms 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· n~mber of atoms of chlorine, assuming that the 

number of rhenium atoms is exactly one. At least three independently 

prepared and purified samples of each compound were analysed and each 

determination was done in duplicate. The total number of duplicate 

analyses is given in the right hand column. 

The two final analyses are for typical air-sensitive compounds 

which were analysed by this method, and whose composition has been 

confirmed by other techniques (see later). It can be seen that good 

agreement is obtained. In the case of rhenium oxytetrachloride it was 

possible to obtain a quantitative decomposition to chloride and perr

henate ions and the analysis was confirmed by classical wet methods. 

We conclude that this is a very satisfactory and rapid method 

of determining the stoichiometry of .rhenium-chlorine containing compounds 

when interfering elements are absent. Interference is only caused by 

elements which on neutron activation give appreciable amounts of y-activity 

of energy close to 0.155 and 2.16 MeV. Potentially such a method is 

applicable to any compounds which contain elements which can be activated. 

It is not even necessary to determine both elements in the same irradf a

tion, but in this case greater care has to be taken that both sample and 

standard are irradiated in exactly the same neutron flux. Because it is un

necessary to weigh the sample for analysis, this method should find wide 

application in the analysis of series of compounds which are very unstable. 

The method has been extended to determine the formal oxidation 

state of rhenium. The following schemas of aqueous alkaline hydrolysis 

are well-established (85): 
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Re IV ) Re IV (as Re02 hydrate) 

3Rev ~ 2Re 1V + ReVI I (as Re02 hydrate + _ 
perrhenat~ ion (Re04) ) 

3R~VI ~ Re IV + 2ReVI t {as Re02 hydrate + _ 
perrhenate ion (Re04) ) 

ReVI I ~ ReVI I (as Re04-) 

The perrhenate ion. is soluble and rhenium dioxide insoluble in 

water, therefore Re 1V is easily separated from ReVll'by filtration. 

The dloxide may be dissolved in hydrogen peroxide 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 onimillilitre of each 

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

This determines 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. 



II I APPARATUS CONSTRUCTED 

(a) Vapour-phase infrared cell 

Two major types of cell for recording infrared spectra of 

gaseous samples have been described (86,87). The first type {86) 

consists of a glass on metal cell-body with clamps to press the windows 

on, vacuum being held by 0-rings. These ~ells had disadvantages in 

this 'work. First, it is very difficult to construct a cell which will 

hold high vacuum without using 0-rings made of rubber. Some of the 

compounds investigated in this research attack this material. At the 

present time, teflon 0-rings ~re too hard to hold good vacuum, and al

though teflon was not readily attacked, our compounds dissolved in or 

diffused into this material. 

A typical example of the other type of cell is that described 

by Wildy (87), He attached lithium fluoride windows to a pyrex glass 

cell body using silver chloride as a cement, and a thin silver cylinder 

as a means of absorbing expansion strains. Wildy noted that molten silver 

chloride will "wet" glass.which has been platinised or silvered and since 

his cell may be heated or co~led, the difference in the coefficients of 

expansion of glass and silver chloride is insufficient to cause the seal 

to break. From these facts it was ~easoned that it should be possible to 

seal silver chloride windows .directly to a pyrex cell body. 

Several problems were encountered before the method of making 

the seal was found. Any metal (except the platinum on the glass) touching. 

the window, fogged it, and made it opaque to infrared 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 melting, is impossible 

to construct. A G-clamp was found useless because of differences in the 

coefficients of expansion of the glass and clamp material. 

The biggest problem to overcome was the extremely sharp melting

point of the silver chloride. When heated slowly in a furnace, as in 

Wildy's method, the bulk of the window melts at the same time as the 

edges in contact with the glass,and ruins the window. Unsuccessful 

attempts were made to lower the melting-point of the edges of the window 

by pressing in silver.nitrate impurity. Although feasiple, this course 

was not pursued as the following method was found to be foolproof. 

The windows were laid ~lat on a clean glazed ceramic til~ and 

heated in a muffle furnace to 320-325°C. The platinised end of the ce11

body was heated in a blow-torch to just below the softeni_~g-point of 

pyrex (dull red -500°c) and pressed squarely onto a silver chloride window 

as the latter was withdrawp from the furnace. The process was repeat:d 

for the other end of the ce11. It was found that the ce 11-body fused 

about half a millimetre into the window and formed a seal which would 

hold a vacuum of 10-6 mm Hg for days .. It was not found necessary to 

anneal the seal. The cell was fitted with a side-arm through which 

samples were distilled in. Cooling was applied by pouring liquid nitrogen 

onto the cotton-wool covered _eel 1-body; Transmittance was of the order 

of forty per cent. Some of this loss can be accounted for by the small 

diameter of the cell, which would not allow pa.ssage of the full beam of 

the instrument. Windows of a larger diameter would overcome this, but 
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these are expensive and forty per cent transmittance was sufficient 

for our work. The cell was heated by wrapping with asbestos paper and 

nichrome wire to which power was fed through a variac. The temperature 

at many variac settings were measured in an earlier experiment ~y 

placing a thermocouple in the cell. The cell is capable of recording 

spectra at temperatures over 400°C. 

(b} Gouy apparatus 

An Alpha Scientific Laboratories Incorporated variable 

·temperature Gouy apparatus was purchased, but found to be totally 

unsuitable because of poor temperature control. We used the Alpha magnet 

and built accurate apparatus using the design of Earnshaw (88) and Newport 

Instruments Limited ( Bucks.,England) (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 scaled down as shown in Fig. 7 

(page 30). 

The diameter of the tubing normally used for samples was 3 mm O.D. 

although it was possible to use a tube of 5 mm O.D. Figgis and Lewis (90) 

consider that reproducible results cannot be obtained on samples of less 

than 3 mrri diameter because of packing problems. We have obtained consis-

X 	tant results in these tubes of much smaller diam~ter by carefu)· packing. 

The samples were finely ground before filling the tube which was then .,, 

shaken in the vibrator of a HOOVER (Phlladelphia, Pennsylvaniaf UNI-MELT 

melting-point apparatus to constant length. The tube was refilled and 

replaced in the vibrator until a constant ten centimetre· length ~as 



--

39 

Fig.7. 

Details of the temperature control unit used on the Gouy apparatus • 
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maintained. The small. sample size also caused the changes in force, in 


and out of the magnetic field, to be small. A Sartorius ELECTRONO 
 I 

microbalance, which can be read to one microgram was used to measure these 

changes. The small sample required was advantageous in this research as 

isolation of several grams of a pure product was difficult and expensive. 

Temperature control was found to be excellent. The heating unit 


was built as described in (88) and (89). and the electronic controls were 


designed and built by Mr. Claus Schonfeld. The circuit is shown in 


Fig. 8 (page 32). The temperature was measured by a copper-constanton 


thermocouple cemented into a groove down the inside of the copper block • 


. The thermocouple was calibrated by_ the highly sensitive platinum resistance 

thermometer used by Dr. R. J. Gillespie's group for hydrofluoric acid 

cryoscopy. This instrument is accurate to better than 0.001°C, and it was 

found that the temperature in the sample space of our apparatus could be 

held almost to this limit at low temperatures, i.e., from liquid nitrogen 

temperature to about -70°C. Between -70°C and room te~perature the limit 

of the control became steadily poorer because of the greater heating and 

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

±0.3°C.: 

(c) 	 Dry-box 

At the beginning of this work no dry-box was available in which the .. 
~ompounds could be handled. A uPLEXIGLASS" box was constructed with a 

circulating system and purification train through which the nitrogen 

atmosphere of the box could be passed. Heated, activated copper (91) 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 condens

able contaminants. In place of a conventional inlet port a large 

polythene bag was used. In order to remove anything 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 manner is a 

technique norr.1ally employed by nuclear chemists to keep radioactive 

dust out of t~e air. In this case the sealed polythene bag made trans

port~tion of compounds under investigation from the dry-box much safer 

from decomposition by air. This was especially useful for transporting 

nujol mulls of sensitive materials to the Perkin Elmer 521 spectrometer 

(see section IV{d)). 



IV EXPERIMENTS 

(a)· Gene~al techniques employed 

Because of the extreme sensitivity of the ~ompounds examined 

to moist air and stop-cock grease, etc., it was necessary to use· 

special techniques in order to prevent decomposition of the compounds. 

The majority of the chlorides and oxych1orides investigated were 

volatile and thus vacuum 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-cocks and 

ground-glass joints. 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 capill iary at A. The line was pumped and heated with 

a Bunsen burner for at least twenty-four hours to remove surface 

moisture. The steel balls under B were then lifted with a magnet and 

dropped to break the seal at A, whilst the sample was cooled in liquid 

nitrogen, to prevent the vapours -attacking the steel. The balls were 

· replaced in the reservoir and removed by seal i·ng at B. The U-traps were .. .. - . 

·c~oled i~ any convenient freezin~-mixture and the sample separated and 

purified. by trap to trap distillation. The sample was heated when 

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

34 



Fig. 9 Tyoical vacuu:!1 .line used. 
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Normally the sample was collected in the· final trap by sealing 

at C and D and was transferred into the break-seals by standing the 

latter in a Dewar flask of liquid nitrogen. Less volatile compounds 

could be collected in earlier traps if required. Two break-seals were 

. normally attached to the final trap, one to collect the main bulk of 

the product and one to collect a smalt sample for analysis. 

Cells for vapour phase infrared and ultra-violet spectroscopy 

were filled on, a vacuum line using the apparatus shown in Fig. 10 {page 

35 ). The apparatus was evacuated and heated for at least 24 hours to 

remove surface moisture. The glass was sealed at A and the seal B broken 

with the piece of glass-rod by shaking. The cell was wrapped in cotton-

wool, then liquid nitrogen poured onto the cotton-wool to provide cooling. 

When sufficient sample had distilled into the cell the glass was sealed 

at C. 

Similar apparatus was used to fill Gouy tubes with ReOCt4. The 

tube was sealed 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 ~ompounds to be analysed were prepared by several 

methods. Air-stable materials were weighed and dissolved· in a ·convenient 

solvent. Air-sensitive solids were transferred to a :tared flask in a 

dry-box. Extremely sensitive compounds and compounds of which.only a 

trace amount had been isolated were not weighed but 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 (generally hydrogen peroxide) and the seal broken with a 

glass rod. A concentration of approximately one milligram of rhenium 

per millilitre of solution was found to be suitable. A standard solution 

of rhenium and chlorine was prepared by dissolving an accurately weighed 

amount of pure rhenium· metal (99.9% by weight) in concentrated nitric 

acid, diluting, 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 capsules were sealed 

by heating with a hot pyrex glass rod. The two· capsules were placed 

axially in the reactor rabbit and irradiated for about forty-five 

seconds. They-ray spectra for sample and standard were observed using 

a 3" thallium-doped, sodium iodide crystal detector and a 400 channel 

·analyser (Victoreen Instrument Corp., Tullam"ore Division, Model PIP 400). 

The peaks _for 38C1 and 188fte discussed in section II were plotted and 

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

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

t.U.factor = e 
·, 

_where tit = difference in time between irradiation and counting 

l = the decay constant = 0.693/t 112 

t 112 =half-life of the isotope 

7he 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 percentage of rhenium and chlorin~ and the 

rhenium:cp1orine atom ratio were then calculated. 

(c) Ultra-violet and visible spectra. 

All spectra were recorded on a Carey model 14 instrument. Carey 

1 cm quartz cells were used for solution studies and were filled in a 

dry-box. The ~ells were securely capped before transfer to the spectro

meter. Gaseous spectra were recorded in all quartz cells of 10 cm path 

length with 1! inch diameter windows. These cells were filled by the 

method described in section IV(a). The gas-cells were heated by wrapping 

with asbestos paper and nichrome heating wire. Temperature control was 

obtained by feeding the power to the heating wire through a variac. The 

temperature was measured in an earlier experime~t by placing a thermocouple 

in the cell at similar variac settings. 

(d) Infrared spectra. 

Routine spectra of air-stable compounds were recorded on a 

Perkin-Elmer-337 instrument. Hore accurate measurements of vapour-phase 

samples were performed on·.a Perkin-Elmer 521 instrument and far infrared 

studies were made on a Perkin-Elmer 301 spectrometer. Mull·spe_ctra of 

air-sensitive compounds were also recorded on the PE 521, as this 
~ 

instrument has a closed cell compartment through which a stream of dry 

nitrogen may be passed. This obviates decompositi6n ~f the sample in the 

spectrometer caused by reaction with moist air. 

Vapou~ phase spectra were recorded using the cell described in· 
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section Ill and in (92). Spectra of solid samples were recorded as 

nujol mulls between potassium bromide or polyethylene plates. The 

nujol wa~ dried by vacuum distillation from phosphous pentoxide.· Mull$ 

of sensitive materials were prepared in the dry-box and transferred to 

the instrument sealed in polythene as explained in section Ill. Solution 

cells were filled and transported in a similar manner. 

Far infrared spectra of gaseous materials were measured· in 10 cm 

path length pyrex glass cells fitted with polyethylene windows. The 

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 were made by the Gouy method· on the apparatus 

discussed in. section I 11. The samples were ground to a fine powder and 

packed in 3 mm (o.d.) quartz tubing to a length of approximately 1 0 cm, 

in a dry-box. The tube was capped, .removed from the box and sealed·. The 

sample-tube was then placed in the vibrator of a HOOVER {Philadelphia, Pa.) 

UNJMELT melting-point apparatus and shaken un~il the length remained 
. 

constant_. When the measurements-were completed the sample was weighed and 

the tube calibrated with mercury tetrathiocyantocobaltate {Hg[Co{CNS)4]) 

packed to the same.length as the sample {93), 

Diamagnetic corrections to the molar susceptibility were made using 



the values found in (94). When the Curie-Weiss law was followedt 

effective magnetic moments (µeff) were calculated using the formula: 

-.where x' =the corrected molar susceptibility
m 

T = absolute temperature 

e = Weiss constant. 

In cases where the Curie-Weiss law did not apply, µTwas calculated 

for each temperature T. 

(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 · 

11Analar11 acetonitrile was purified by distillation from phosphorous 

pentoxide and potassium carbonate as described by Lewis and Smyth (95). 

The specific conductance ?f the purified material was found to be 

6.2 X 10- 8ohm- 1cm- 1 • Th.1s va 1ue compares f av.ourabl y w1"th the va 1ue o f 

5.9 x 10-8 quoted by Waddington (96) for pure acetonitrile. 

Benzene 

Reagent grade benzene was dried by distillation from phosphorous 

pentoxide, and stored in a dry-box over freshly regenerated mole~ular 

sieves (type 4A). 

Carbon tetrachloride 

Carbon tetrachloride was dried and stored in a similar manner to 
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that used for benzene. 

Chlorine 

Commercial chlorine (suppl led by Matheson, Whitby, Ontario) was 

dried by passi~g through concentrated sulphuric acid and phosphorous 

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

A 


Figure 11 

Chlorine was flushed through the trap until all air was expelled,· 

then the Stopcock A was closed and the trap cooled in.liquid nitrogen. 

When about 50 g of chlorine were solidified in the trap, Stopcock B was 

closed, a vacuum 1 i ne_ was attached to st-opcock A and A was opened to 

pump oxygen out of the chlorine. When the pressure dropped to 10-1+ mm Hg, 
>. 

A was closed and the chlorine allowed to warm up to -78°C in a dry "ice/ 

acetone bath. At thls temperature chlorine is a liquid. The chlorine 
- • -I+ 

was~refrozen in liquid nitrogen and reevacuated to 10 mm Hg. Th'is process 
I 

was repeated-until no increase in pressure was obs_erved w-Ren the trap 
-";~..~ ~--:..-

containing solid chlorine was opened to the ~acuum line~ ·~A steady stream 

from the trap was obtained by allowing liquid chlorine to boil off at 

-31.5 °C. This temperature was maintained by standing the chlorine 



11mcontainer in a slush of 11 -toluidine. 


Dichloromethane 


Reagent grade dichloromethane was stored over molecular s·ieves 


(type 4A) and used without further purification. 


Hydrogen 


Commercial g~ade hydrogen (supplied byCanadan Liquid Air) was 


dried by passing through concentrated sulphuric acid and phosphorous 


pentoxide traps. 


Nitrogen 


Purified grade nitrogen (supplied by Caiadian Liquid Air) was 

deoxygenated by hot activated copper in ·apparatus described elsewhere (91),.. 
and then dried by passing through concentrated sulphuric acid and phos

· phbrous pentoxide traps. 

Oxygen 

Commerc i a 1 grade oxygen (supp 1 i ed by Canadian Liquid Air) was dried 

by liquefaction of the ga~ in a liquid nitrogen cooled trap similar to 

that described for chlorine. The oxygen was then allowed to evaporat~ 

slowly by controlled cooling with 1iquid nitrogen. 

Pyridine 

Reagent grade pyridine was dried by distillation from barium oxide 

as recommended by Leis and Currans (97). 

Tetrahydrofuran . 

Reagent grade tetrahydrofuran was dried by distillation from 


lithium aluminum hydride, then stored over freshly regenerated molecular 


sieves. 




Thionyl chloride 

Thiony1 chloride was purified by the method of Freidman (98) 

invofving.distillation from triphenyl phosphite. 

All other reagents and solvents used were of the normal reagent 

grade. 

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

materials •. 

Metallic rhenium 

Rhenium metal was obtained commercially in powdered 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 (Toronto, 

Ontario), The University of Tennessee,and Chase Brass and Copper Company, 

Rhenium Division, Solon, Ohio. 

Rhenium heptoxide; Re207 

.Some. rhenium heptoxide was purchased from The Universlty 

of Tennesse~ and some from Koch:.,.Light Laboratories, Colnbrook, Bucks, 

England, but the majority.was prepared by burning rhenium in oxygen, in 

apparatus described by Mclaren et al (99). 

Rhenium trioxide; Re03 

Rhenium trioxide was prepared by reduction of rhenium heptoxide 

by two dlfferent methods. 

{i) 	 Rhenium heptoxide was reduced with dioxan as described by 

Hiskey and Nechamkin (100). This method was found to be 

messy and high yields of trioxide were difficult to obtain. 
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(ii) 	 It has been reported (101) that Re207 may be reduced to 

Re03 with carbon monoxide. It appeared that reduction by 

this method would be much easier in an autoclave than in 

the apparatus described. This proved to be correct. 

Rei07 was finely ground in a dry-box and transported 

to the autoclave in a stoppered bottle. The Re207 was 

placed in a glass liner and the autoclave sealed and 

flushed with carbon monoxide as ta~idly ~s possible to 

minimise hydrolysis of the Re2o7 by atmospheric moisture. 

After· reduction at 200°C and 500 psi carbon monoxide 

pressure for 24 hours the product was washed with water 

to remove unreacted starting material and dried at 110°C. 

Ninety percent yields of very pure rhenium trioxide were 

recorded. 

Rhenium dioxide: Re02x H20 

Rhenium dioxide hydrate was prepared by aqueou~ hydrolysis of 

rhenium pentachloride as recommend~d by Colton and Brown (47). 

Perrhenyl chloride: Re03 Ct 

Perrhenyl chloride was prepared according to t_he method of Wolf, 

Clifford and Johnson (69) by_direct chlorination of rhenium trioxide at 

180°C. The pale yellow product was isolated in breakseals and purified 

by irap to trap distillation to gi~e a colourless liquid product. Yields 

of pure compound were about seventy percent. 

Rhenium oxytetrachloride: Re0Ct 4 

(a) Rhenium oxytetrachloride was prepared by Cotton's method (JO). 

from rhenium heptoxide and thionyl chloride. The product of this reaction 
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was invariably contaminated by sulphur dioxide, which proved very difficult 

to remove by vacuum disti.llation. The presence of sulphur dioxide was 

readily detected by its gas-phase ultra-violet spectrum (102). 

(b) Direct chlorination of rhenium metal gave low yields of 

rhenium oxytetrachloride if powdered rhenium was used, but gave high yields 

of rhenium oxytetrachloride if a rhenium mirror suspended on porous brick. 

was used (see s~ction V(a)). The oxytetrachloride was separated 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)). 

(c) Rhenium pe~tachloride and dry oxygen were sealed in a Carius 

tube which was fitted with a break-seal. The tube was heated to 180°C in 

a furnace. The break-seal was then attached to a vacuum line, which was 

evacuated and heated for at least 24 hours before the seal was broken and 

the _product distilled. This was the most convenient preparative method. 

Only two or three vacuum distillations were necessary to produce very pure 

oxytetrachloride in about 70 percent yield. The average Re:Ct ratio found 

for eighteen independant neutron activation analysis o~ ReOCt4 prepared by 

all three methods was 1:3.92(±0.07). An analysis by convential wet methods 

after hydrolysis gave Ct= 41 .3%, 41 .1%; Re= 54.1%, 54.4%. Ct40Re requires 

Ct =.41.4~, Re= 54.1%. 

Rhenium pentachloride 

Some rhenium pentachloride was purchased from Alpha lnorganics, 

Beverly, Massachusetts, and Shattuck Chemical Company, but was generally 

http:1:3.92(�0.07
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prepa!ed by one of the following methods. 

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

Fig. 	12 (page 47). 

The rhenium was placed in a combustion boat as shown .
• 

Surface oxides were reduced by a stream of dry hydrogen passed 

over the metal at 500°C. The stopcocks A, Band C were closed 

and a vacuum applied at F for 24 hours to pump 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 until all the metal had react~d. Almost all of 

the (ReCQ,5)2 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 the system, some 

Re0C24 was always.formed. When the reaction was complete, the 

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

attached to a vacuum-line and evacuated at room tempera~ure . 

. Chlorine and ReOCi4· Impurity.distilled to. leave 0\eCis>z as a 

residue which was sealed in glass until required. 

The rhenium pentachloride produced was in the form of very 

small crystals .. The best method· of purifying the material was 

to seal the pentachloride in a Carius tube with chlorine and 

.. 
distill it along the tube by applying a temperature gradient. 

By this method large plate-like crystals were formed: 

(b) 	 Rhenium heptoxide was reacted with carbon tetrachloride in a 

sealed tube as described by Knox, Tyree et al (45). Without 
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·Apparatus used for the prepnration of rhenium pentachloride. 
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modification this method gave high yields of pure rhenium 

. pentachloride. 

{c) 	 Powdered rhenium was reacted with chlorine in a sealed tube. 

Rhenium powder was sealed in a vycortube with an'excess of 

chlorine, and the tube heated in a furnace at ~00°C until all 

t~e metal had reacted (-0.2 g reacted in 24 hours). The tip 

of the tube was removed from the furnace and the temperature 

lowered to 300°C. Large plate-like crystals of rhenium 

pentachloride formed in the cooler end of the tube. A 

quantitative yi·eld was obtained. 

Rhenium pentachloride is a black crystalline material 

which melts at 261°C. An average of 12 analyses by neutron 

activation gave (see Ta~le 2, page 20) Ct= 49.7%, Re= 51.6% 

(stoichiometry= 1:4.9&0.06). Ct5 Re requires Ct= 48.8%, 

Re = 51 .2%. 

Reaction of (ReCt 5 ) 2 with l~quid chlorine 

The apparatus used is shown in Fig. 13. Rhenium pentachloride was 

powdered in the dry-box and transferred to the 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/acetone refrigerarit. When 

sev~ral mil 1i1 i tres of chlorine had been condensed, C was opened and the 

chlorine supply removed so that nitrogen could escape through B. The 

apparatus was removed from the C02 /acetone bath and the condensing-finger 

D filled with this cooling mixture. Steady reflux of chlorine o'ccurred: 

http:4.9&0.06
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\ Apparatus for refluxin~ with liouid chlorine. 

" 


B 

----~ 

Condensine finger 
filled with 
co2/ acetone. 

-E 

D 

_f--v-.----~· Liquid chlorine

7 ReC1
5 
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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 atmosphere. The glass was sealed at D and the reaction mixture could 

be distilled through the break-seal £. 

Rhentum trichloride: Re 3C!g 

Some rhenium trichloride was obtained from the Shattuck Chemical 

Company. This product was contaminated with approximately 12% rhentum 

penta ch 1 or ide., 

Rhenium trichloride was prepared by thermal decomposition of 

rhenium pentachloride. The decomposition may be perfo~med in a stream 

of nitrogen or under vacuum (26). We have found it a little easier to 

use vacuum. Rhenium pentachloride was placed in the end of a long 

horizontal glass tube. low vacuum (~10
-2 cm Hg) was applied and the end 

of the tube containing pentachloride heated in a tube furnace to 200°C. 

About thirty or forty percent of the (ReCi 5) 2 decomposed to (ReCi3)3. 

The remainder distilled to a cooler part of the tube. The furnace was 

moved along the tube to heat the distilled (ReCt5)2. Again some of the 

(ReCt 5 ) 2 was decomposed and some distilled to a cooler part of the tube. 

The procedure was repeate? to completion of the decomposition. Invariably 

some (ReCtsh was converted to Re0Ct4 by reactio11 .with oxygen which leaked 

Into the system. This ReOC.Q. 4 was recovered from u-traps placed between 

ihe·react1on tube and the pump. 

Rhenium trichloride produced by this method was a deep purple, 

microcrystalline solid with a melting point greater than 300°C. The average 

of sixteen analyses by neutron activation analysis was Ci= 36.1%, Re= 61.5% 
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(Re:CR. = 1:3.04 0~10) C19Re3 requires C1 = 36.4%, Re= 63.6%. 
\ . 	 ""' 
~ 

(J) 	 Preparation and pu~if ication of new compounds and new methods of 
ereparation of known compounds 

Rhenium 	tetrachloride 

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

=J :2.5) were sealed in a "vycor" tube simi.lar to that shown in Fig. 14. 

A B 

FIGURE 14 

The sealed tube was heated in a tube-furnace at 600°C until all 

the metal had reacted (Oi59 Re reacted in about 48 hours). The tube 

was moved along. the furnace, so that the end B was out o·f the furnace 

and at room temperature. When all the products had condensed in B, the 

furnace t~mperature was reduced to 250°C and the tube position reversed, 

so that B was at the furnace tempe-rature and A was at room temperature. 

Excess antimony pentachloride and some antimony trichloride distilled into 

A, leaving a black solid in B. The tube was opened in a dry-box, and the 

black sol id transferred to a ·test-tube fitted with a ground-glass joint. 

The tube was stoppered, removed from the dry-box and transferred rapidly 

to a vacuum-line. The black so11d was pumped at ·room temperature, and 

then at 165°C for 48 hours to remove all traces of antimony trichloride. 

The glass was then sealed and the product stored in a dry-box •. Yields of 

75% have beeh re~orded. 
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(b) Approximately equimolar quantities of rhenium pentachloride 

and antimony trichloride 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 produ~t purified in a manner similar to 

that described above. 

Rhenium tetrachloride prepared by these methods has the properties 

of S-ReC14 described by Cotton et al (50). An average of JO analyses by 
' 

neutron activation gave Re= 56.8%, C1 = 43.3% (Re:C1 = 1:3.98) C14 Re 

requires C1 =43.3%, Re =56.7%. 

Conversion of rhenium tetrachloride to tetra-n-butw~ ammonium 

Rhenium tetrachloride prepared by the above methods was reacted 

with tetra-n-butylammcniun ·bromide by the method of Cotton et al {50). The 

blue product had ah ultraviolet/visible ~pectium identical to that of 

(n-but4 N}i (Re2 C1 8 ) prepared by a standard method (103). Analysis by A.B. 

Gygli, Toronto, Ontario, gave: 

c == 33. 1% H = 6.4% C1 = 23.1% 

C32H72C18 N2 Re2 requires c'= 33.6%, H = 6.4%, C1 = 24.8%. 

·oxot rich 1 orob i spyr id i nerhen i um ( V) : ReOC! 3 py2 

(a) Rhenium oxytetrachloride was sealed under vacuum in a tube 

fitted with a ~reak-seal, and the tube above the break-seal filled with 

pyridine. The seal was broken with a glass rod, causing the pyr~dine to 

be sucked onto the ReOC2 4 • The tube was shaken vigorously to dissolve the 

ReOC14 and form a red solution. Heat was evolved ~uring dissolution. After 
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J half an hour a green precipitate formed and continued to form until the 

red solution faded to a pale yellow. ·The green compound was filtered 

and washed with carbon tetrachloride; then pumped at 100°C for 24 hours 

to remove alt solvent. 

(b) Re0C_t3py2 was prepared in exactly the same manner as in (a) 

-using ReOC.t4--0PC.t3 as a starting material, instead of ReOCi4. 

Neither starting material was weighed but estimated yields were 

of the order of seventy percent. ~~OCR.~py-2 ~prepared by either method is 

a green, air-stable, microcrystal 1 ine material of melting-point> 300°C. 

Analysis by Galbraith Labs. Inc., (Knoxville, T~nnessee) gave: 

c = 25.6% H =-2.3% c.e. = 22.6% N = 5.9% 

Neutron activation analysis gave Ct= 22.9%,Re = 40.0% [stoichiometry 

Re:CR. = 1:2.97( 0.08)]. C10H10CR.3N20Re requires C = 25.7%, H = 4.14%, 

CR.= 22.8%, N = 6.0%, Re = 39.8%. The compound showed the same infrared 

spectrum and solubility pr-0perties as a sample of ReOCt3py2 prepared by 

the original method (104). 

Dioxotetrapyridine rhenium-(V) chloride [ReOzpy4] Ct 

The yellow filtrate from the preparations of ReOCR.3py2 above were 

-evaporated to low bulk. Large red crystals were deposited wh~th after 

·--drying showed an infrared spectn..1m identical to that for [Re02py4] Ct 

prepared by a standard method (105). 

Oxoethoxob i spyr id i ne rhenium (V) [ReO (OEt) CR.2 PY2] 

ReOC,q;3py2 was refluxed with boiling absolute ethanol. After two 

hours al 1 the green Re0Ct3-py 2 had dissolved to give a blue solution. The 

http:ReOC.t4--0PC.t3
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1. 
solution was evaporated to low bulk and cooled to deposit large blue 

plate-like crystals. The product was filtered, washed with a little 

ice-cold absolute alcohol and dried in vacuum. Analysis by Galbraith 

labs. gave C = 30.15%, H = 3.01%, Ct= 14.73%, N = 5.58%. C12H15CR-2N202Re 

requires C = 30.3%, H = 3.2%, C2 = 14.9%, N = 5.9%, Re = 39.0%. 

The product was obtained in 80% yield as air-stable blue plate 

crystals,melting-point = 185°C. The melting-point- and fnfrared spectrum 

were identical with those of a sample of ReO(OEt)C.R.2py2 prepared by the -. 

original method (57). 

Oxotrichloro(2,2~dipyridyl)rhenium(V) {Re0Ct3dipy] 

2,2~dipyridy1 and rhenium oxytetrachlo~ide were dissolved in carbon 

tetrachloride in a dry~box, and the solutions mixed. A yellow compound 

precipitated from the solution. The precipitate was filtered, washed with 

carbon tetrachloride and vacuum-dried. Analysis of the product by 

Galbraith laboratories gave C = 25.3%, H = 1.8%, Ct= 22.4%, N = 5.60%. 

Neutron activation analysis gave Ct= 22.7%, Re= 40.6%. C10HeC23N20Re 

requires C = 25.8%, H = 1.9%, Ci= 22.9%, N = 6.0%, Re= 40.1%. The 

infrared spectrum was identical to that of a sample prepared by the original 

method {106). 

The ReOCtt.starting mC!terial was not weighed but the yield of yellow

green air-stable microcrystalline solid, melting-point= >300°C, was 

est tmated as approximate 1 y seventy-fl ve percent. . 

µ·-oxob is [oxod i ch 1ore (2, 2~d i pyr i dy 1) rhenium (V)] [(di py) Re0C22 -0-Ctz ORe (di py)] 

Re0Ct3 dipy was refluxed with boi_l ing absolute ethanol. Very slowly 

the solution ch~nged to a pale orange colour and a green compound was 

precipitated. The green compound was filtered, washed with ice-cold 
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j 	 absolute ethanol and vacuum dried. Analysis by Galbraith laboratories 

gave C = 27.8%~ H = 2.1~, C! = 16.2%, N = 6.3%. Calculated for 

C20H16C!4~403Re , C = 27.5%, H = 1 .8%, C! = 16.3%, N = 6.4%, Re = 42.6%. 

Yield of green, air-stable crystalline material, melting point >300°C, 

was sixty percent.· 

Trioxochlo~obispyridinerhenium(VI I) [Re03C!py2] 

Pyridine ,and perrhenyl chloride were di.ssolved in carefully dried 

carbon tetrach'lo'ride and mixed. A white precipitate formed immediately. 

The precipitate was filtered, washed with carbon tetrachloride and pumped 

on a vacuum-line at room temperature to remove volatile impurities. The 

compound was then sublimed at l00°C in vacuum. The Re03C! starting 

material was not weighed, but the yield of pure, air-unstable, very pale 

yellow compound, melting point= l55°C (decomp.) was approximately forty 

to fifty percent. Analysis by A. B. Gygli gave C = 28.0%, H = 2.9%, 

Ct= 8.4%, N = 6.3%. Neutron activation analyses gave C1 = 7.9%, 

Re= 43.4%. Calculated for C10H10C1N203Re, C = 28.1%, H = 2.3%, Cl= 8.3%, 

N = 6.5%, Re = 43.6%. 

Trioxoch 1 oro 2 ,2~d i pyr i dyl rhen i um(V 11) [Re03 C!d i py] 

2,2~dipyridy1 and perrhenyl chloride were dissolved in carefully 

dried carbon tetrachloride and the solutions mixed. The heavy white 

precipitate which formed immediately was filtered, washed with carbon 

tet"rachloride and p'umped at room temperature for 24 hours to remove 

volatile impurities. The Re03Ct starting material was not weighed but 

yields of white, involatile, air-stable compound, melting 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= 43.1%. Calculated for 

C10HaC!N203Re, C = 28.2%, H = 1.9%, C! = 8.3%, N = 6.6%, Re= 43.8%. 

Oxotet rach loro (oxot rich 1orophosphor~'.5 V) rhenium (VI) [ReOC£4 (OPC!3)] · 

(a) Powdered phosphorus pentachloride was weighed in a dry-box 

Into the bulb A of a pyrex glass tube similar· to the tube shown in Fig. 14 

(page 51) but with a break-seal fitted to A. Powdered rhenium heptoxide 

was weighed and transferred to the bulb B (mole ratio 5 PC1 5 : 1Re207 ) 

' and the apparatus sealed at C before the reactants were allowed to mix. 

The tube 	was then shaken until the solids reacted with ~volution of heat 

to form a red-brown semi-liquid mass. The tube was attached to a vacuum 

line and after pumping and heating for at least 24 hours, the seal was 

broken and the reaction products fractionated. Phosphoryl chloride and 

unreacted 	phosphorus pentachloride were volatile at roo11_1 temperature. 

The ReOC14---0PCi3 sublimed more slowly at room temperature and was freed 

from phosphorus chlorides after three or four trap to trap sublimations. 

The yield 	of ReOCi4---0PCt3 was about fifty percent. 

(b) ReOC14---0PC13 was prepared in a manner analogous to (a) 

using Re03 instead of Re2? as starting material.7 

(c) By direct synthesis from ReOC!4 and POC!3 in pyrex apparatus 

shown in Fig. 15. The glass was vacuum dried, the POC!3 poured in and the 

tube sealed at A. The apparatus was shaken to break the seal B. Tbe 

r·eactants mixed to form a red solution 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 POCt 3 pumped off at ice temperature. 
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The Re0C14---0PC13 was purified by sublimation and isolated in break-

seals. Yields of approx~mately seventy percent were recorded. 

R~OC140PC£3 forms long f1ne needle crystals with a melting-pciint 

of 90.5°C. Analysis by Galbraith Laboratories gave C1 = 53.5%, P = 5.8%. 

Analysis by A. Bernhart gave P = 6.2% {see Chapter Vl(a)). Neutron 

activation analyses gave (mean of 12 analyses) C£ = 52.2%, Re= 38.7% 

(Re:C1 = 1:7 .08 :!Q,35). Calculated for C1 7o;PRe, C1 = 49.9%, P = 6.2%, 

Re= 37.5%. 

Tetrachlorophosphonium(V) hexachlororhenate 

(a) Powdered rhenium and phosphorus pentachloride (mole ratio 

1:5) were sealed in a pyrex tube full of chlorine. The tube was placed 

in a tube-furnace at 500-550°C. It was arranged that the tip of the 

tube was at the end of the furnace, therefore at a lower temperature . A 

brown solid was deposited in the tip of.the tube. When all the rhenium 

metal had reacted, and the product had collected in the tip of the tube, 

the temperature of the furnace was lowered to 200°C. The tube position 

was reversed so that the other end of the tube was in the air at room 

temperature. Unreacted phosphoru~ pentachloride condensed on this cool 

end of the tube. The tube was opened in the dry-box and the p~oduct 

transferred to a break-seal. The break-seal was transferred to a vacuum-

line, and after evacuating the line for 24 hours to dry the glass, the seal 

was· broken and the pro.duct pumped at ·room temperature to remov~ traces of 

phosphorus chlorides. 

(b) Rhenium pentachlo.ride and phosphorus pentachlorid~ were 

sealed in a pyrex glass tube fitted with a bre.ak-seal. The tube was placed 
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in a furnace and heated to 300°C. The product was separated from phos

phorus chlorides by the procedure used in (a}. 

. + 
(PCt4) (ReCt6) prepared by either method may be puri fi_ed by 

vacuum sublimation at l50°C. Analysis by neutron activation (mean of 

ten determinations) gave: Ct= 62.8%, Re= 32.8%. Analysis by Galbraith 

Labs gave: CR. = 51.0%, P = 5.6%. Calculated for Ct10PRe, Ct= 62.0%, 

P = 5.4%, Re = 32.6%. 

Ditetrachlorophospho,nium(V) octachlorodirhenate(l I I)· (PCR.4)!(Re2Cta} 2

(a) RePCR. 8 was prepared b~ ~he method of Machmer (107). The 

product was separated from phosphorus chlorides by the procedure used 

for RePCR-10 above. 

(b) Rhenium pentachloride and phosphorus trichloride were 

sealed in a pyrex glass tube fitted with a break-seal. The tube was 

placed in a tube-furnace and heated to 300°C. The product was separated 

from phosphorus halides by the procedure used for RePCt10 above. 

Neutron activation analysis (mean of 4 determinations gave Ct = 

55.3%, Re= 37.1% (Re.:Ct = 1:7.7), CtaPRe requires Ct= 56.6%, P = 6.2%, 

Re = 37.2%. 



V CHLORIDES AND OXYCHLORIDES 

(a) ·Rhenium hexachloride and rhenium oxytetrachloride 

It was mentioned in section I that the observed magnetic 

moment (48) of rhenium hexachloride was anomalous. We wished to 

reexamine th.is system, to check the magnetic measurements and if found 

correct, perhaps find an explanation of the anomaly.. We also wished to 

discover why rhenium hexachloride did not therma·11y decompose to a tetra

chloride and chlorine. Techn~tium hexachloride decomposes in this manner 

very eas i1 y: 

. TcCR. gent! e ) TcCR.4 + CR.z (59).6 warming 

The conditions of Colton~(61) chlorination (described in section 

l{c)) were reproduced. The major product resembled the compound described 

by Colton, and just a little pentachloride was produced. In many early 

--experiments·, before the activation analysis (section 11) and gas-phase 

infrared ce·11 (section II.I) had been developed, the first test·applied to 

the product was to measure the infrared spectrum of a soluiion prepared 

In a dry-box. Invariably peaks were observed in the range 900-1050 cm- 1 

This region of the infrared is far too high for any heavy metal-chlorine 

vibrational frequency (108), but is the normal 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 this contamination, more and more r_igorous conditions 

were applied to keep moisture and oxygen out of the reactants, solvents, 

and products. At this time no dry-box was available in which this 

compound could be handled without fuming and decomposition. The initial 

reason for the u~e of break-seals and grease-free vacuum systems {see 
. ' 

Experimental section IV{a)), and for the d~velopment of special infrared 

and analysis techniques was to try to obtain this compound 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 1:4. 

When the neutron activation method was refined enough, many analyses were 

performed. It was found that it was possible to obtain a rhenium:chlorine 

ratio of 1:6, unless the product was carefully separated from volatile 

~ontaminants {see later in this discussion). Samples which were purified 

by many trap to trap vacuum sublimations {thirty or forty in 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 

VI I IV •with ammonium hydroxide solution, the compound gave a Re :Re ratio of 

2:1 	which is typical of rl:ienium(.VI) (see section II). 

Gaseous infrared spe~tra recorded using the gas cell described in 

.section 	Ill, filled on a vacuum-line with no possibility of .oxygen entering 

the'system (see experimental sec~ion IV(a)), showed one large peak centred 

a·t 1040 cm1 The peak was split with a P branch at 1047 cm1 and .an R 

-branch at 1033 cm 
-1 The absorption occurs at a little lower energy in 

solution; 1033 c_m1 in carbon tetrachloride and 1029 cm1 in titanium tetra

http:rl:ienium(.VI
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chloride. This absorption peak, which is reproduced in Fig. 16 {page 63) 

can only be caused by a· rhenium-oxygen vibration. From the above 

evidence, it was realised that this chlorination product was rheni~m 

oxytetracnloride. · Subsequent investigations showed that it was possible 

to obtain classical wet analyses for rhenium and chlorine, on a sample 

transferred in the new Vacuum/Atmospheres (Los Angeles, California) dry-

box, from a sealed tu.be to a previously weighed flask. These analyses 

confirmed the formulation of the chlorination product as ReOCR. 4 • 

The vapour-phase ultra-violet/visible spectra of this chlorination 

product, and ReOCR.4 prepared by reaction of rhenium pen.tachloride with 

oxygen, were found to be identical. The absorptions observed are listed 

tn Table 3 (page 64). 

Further support for this formulation is afforded by a study of 

the magnetic susceptibility of the compound. The suscep~ibilities of 

samples of ReOC.e.4 prepared by direct chlorination, and by the reaction of 

pentachloride with oxygen, are recorded in Table 4 (page 6S). These results 

are plotted as a function ~f temperature in curves' (a) and (b) of Fig. 17 

(page 6G. Curve (c) of this figure is a plot of the magnetic data 

reported by Klemm and Schuth in 1934 (31), and (d) is a reproduction of 

the data which Brown and Colton (48) obtained for "rhenium hexachloride". 

These "hexachloride" figures have be~n__recalculated assuming Brown and 

Colton's compound to be rhenium oxytetrachloride. The recalculated results ,,,... ,• 

are pres~nted as curve (e). The Weiss constants and the calculate~ effective 

-magnetic moments are presented in Table S.(page 67). It can be seen in this 

tab le that the Weiss cons tan ts are a11 between 24° and 28°. 
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Fig.16. Re = 0 absorption in va.pour-phase 

infra-red spectrum of ReOC14 showing 

.p, Q and R branches. 
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64 Table 3 


Vapour phase u/v visi~ible soectrum of Re0Cl4. 


Temp. 

(OC) 

- 78 

+ 23 

+ Bo 

Wavelenth Region 

7000 - 5500 P. 

No absorption 
observed. 

No absorption 
observed. 

Very weak, very 
broad band 
5700 - 6400. 

No absorption 
observed. 

Large broad 
·absorption band 

0 

from 3775 - 5400 A 
with peak at 
4420. 

Large absorption 
band .3700 - 5450 
total absorption 

0
from 4000 - 5100 A. 

Stear.y rise in 
absoraition from 
3600 A to total 

- absorotion at 
1850 A. Shou~de6s 
at 2790 & 2460 A. 

Total abso~ption 
from 3000 A 
1850.P.. 

Total absorption 
0

from 3400 - 1850 A. 



Table 4.;- The mngnetic ~uscentibility of Reoc14• 
<t 

1 

\ 


"ReCl " 
Rcca.lcul.n~ed 

(See text..2 

. Ter:ip. Xrn	' 
6

(xl.O cgs)(°K) 

98 3739 


. 113 
 3302 

134 2841 

158. 2504 

2271 

201 

177 

2040 

1870. 

251 

225 

1670 

266 1571 

297 1430 

.
..•. ' .~ 
• ... ..,''I; 

~ 

•rcmp. 

(oK) 

I 
80 

100 

1120 

ll~O 

160 

180 

200 

220 

/ 

2110 

270 

l 29"$ 

Prepared by 
ReCl & 0 
('"hi?. ••or?r) •.0. •I. •J V'v 1 .. 

xr!iI 
6(xlO cgs) 

3334 

?815 

2432 

2131~ 

1906 

1719 

1576 

1450 

1339 

1209 

1150 

Pre.-pared by 
direct chlorina-. 
t · (mi.,· l ) • 1on. ,..J..s wor< 

. Temp. 

(oK) 
. 

Bo . 
100 

120 

ll10 · 

160 

180 

200 

220 

21~0 

270 

293 

v'
""rn 

6(xlO cg.s) 

3292 

2780 

2405 

2113 

1881 

"HeC16
11Rc0Cll

Brown and ColtonSchuth and 1Klemm 
( 1+8 )( 31 ) 

T .?mp.. 

(oK) 

90 

. 
1701 

2556 .199 

1431 

1293 

1:192 

1117 293·· 

, r,
Xm ·Temp. I ·xrh 

6
(x10 cgs)I ( 0~) 

251+0 . 

I . 
1310 

I 

928 


98 

113 

134 

158 

177 

201 

225 

251 

266 

! 29? 

(x106cgs) 

4368 

3876 

3358 

,2942 

2672 

21+03 

2201 


1982 


1872 


1695 
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fig.!.-l.7. Mar.;netic suf;ceptibility of Reoc1 •
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The effective magnetic moments from the measurements of Klemm 

and Schuth, this work and the recalculated figures of Brown and Colton 

are not in precise agreement. This is understandable when one considers 

the method of filling the sample tube. Because of the low melting-point 

of the compound, both other groups of workers and ourselves have found it 

impossible to grind the sol id and pack a tube in the normal manner. The 
-

method used was to seal the quartz sample tube through a graded seal onto 

pyrex apparatus, which contained the ReOC1 4 under a break-sea) (see 

experimental section IV(a) and Fig. JO page35). The apparatus was 

evacuated and heated to remove surface moisture. The seal was then broken, 

and the compound melted, and poured into the tube as a 'liquid. Thaw-melt 

techniques were employed in an attempt to obtain a continuous 10 cm length 

of rod of sol id Compound, but as the solid has a smaller specific volume 

than the liquid, sbme empty space was apparent in all cases. Within this 

limitation, the agreement of the µeff values is quite reasonable. 

It seemed strange that the major product of chlorination of rhenium 

should be altered so much, just by using metal with a higher specific 

surface area. The first conclusion drawn was that a higher chloride was 

formed which attacked the. glass or ceramic to abstract oxygen. A smal 1 

amount of volatile yellow ma~erial, from which it was difficult to separate 

the ReOC14 , had often been observed during trap to trap sublimations, and 

it how seemed possible that this was a higher chloride. By many careful 

sublimations a few milligrams of this compound were isolated. Activation 

analysis gave a rhenium:chlorine. ratio of 1:-50 and they-ray spectrum of 

24tta was observed. A few more milligrams were isolated and the mass spectrum 
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recorded. The spectrum showed peaks at almost every mass number up to 

200. Dr. Shaw of the Geology Department of McMaster kindly performed an 

emission spectrographic analysis of the compound and reported that it 

contained: 

several per cent of Si and At 

about one per cent of Na and Ti, and 

traces of Sn, Mg, Pb, Fe,. Be, V, Cu, NI, Co and Cr 

Obviously the yellow "compound" was "ceramic chloride"," and the 

oxygen in the major chlorination product was the result of attack on the 

porous brick. 

It seemed possible that a higher chloride was formed, which 

immediately attacked the porous· pot. The experiment was repeated using 

pyrex wool in place of the porous brick, but this reaction produced 

rhenium pentachloride in high yield with little rhenium oxytetrachloride •. 

No higher chloride was observed. It was shown that chlorine did not 

attack the ceramic by seal)ng these materials in a pyrex glass tube and 

heating at 500 - 550°C, the temperature of the chlorination, for 24 hours. 

No reaction was observed. A similar reaction was attempted between 

rhenium pentachloride and ceramic but no conclusions could be drawn, as 

the pentachloride decomposed to trichloride and chlorine at temperatures 

lower than the reaction temperature. 

A most reasonable explanation of this attack was offered by 

Chatt {110). He suggested that rather than a higher chloride being 

formed which then attacked the ceramic, the rhenium metal was acting as 

a reducing agent. An analogy can be drawn to the role of carbon 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, whicb is sub

sequently chlorinated, must. hav~ 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 

ReOCt4 was produced in all chlorination reactions._ It has been noted 

by others (14)(25) and confirmed by us, that the Re0Ct4 was produced 

·only at the beginning of the reaction. The presence of a very stable 

oxide phase offers a possible explanation of this observation, if this 

oxide is not reduced by hydrogen and reacts wt th ch lori.ne much more 

rapidly than does rhenium metal. 

An attempt was made to record the infrared spectrum of gaseous 

rhenium oxytetrachloride In the polyethylene region. However, the com

pound attacked or dissolved in the polyethylene, causing the windows to 

turn black after about fifteen minutes,-thus preventing the transmission 

of infrared radiation. By freezing the sample, ~hen he~ting it and 

measuring the spectr.um rapidly, it ·was possible to observe a very strong 

absorption peak at 368 cm-l A similar strong peak was observed at 
-1 

372 cm for carbon tetrachloride and titanium tetrachloride solutiOns . .... ' 

This peak is in the region associated with metal-chlorinestretching
I • 

yibr~tions and was therefore as~igned a~ sue~.; 

The anomalous magnetic moment of "rhenium hexachloride" has 

been explained but we are left with a larger anomaly. The second row 

transition metal, technetium, has a higher chloride than the third row 

metal of the same group. However, technetium hexachloride was prepared 

http:spectr.um


71 

by the same workers. who claimed rhenium hexachloride and the descrip

tion of the technetium compound was very similar to the description of 

"rhenium hexachloride". In the light of the results of this work, a 

re·examination of the technetium system appears to be needed. 

Several methods have been used in unsuccessful attempts to pre

pare rhenium hexachloride. Rhenium pentachloride, $-tetrachloride and 

trtchloride have been sealed in pyrex glass tubes with chlorine and 

heated at temperatures from 100°C to 500°C. In all cases the tube filled 

with red-brown vapou~which are typical of pentachloride. When one part 

of the tube was cooled, large black plate-like crystals formed in the 

coolest sections. These were shown to be pentachloride and this method 

was an excellent way to purify the compound. lt~was considered that 

possibly, the hexachloride was thermally unstable, so a low temper.atur~ 

preparation was attempted. Powdered rhenium pentachloride was refluxed 

in liquid chlorine. in apparatus described by Fig. 13 (page 49) and under 

rhenium pentachloride in Section IV (h). Some rhenium pentachloride 

dissolved in the liquid chlorine but only the original reactants could 

be isolated. Ultraviolet light was shone on the refluxing mixture in 

an attempt to induce chlorination by chlorine radicals, but the course 

·or the reaction was unaffected. 

It was noted that the melting-point of ReOCR. 4 was lowered 
.. 

slightly unless the first five or ten per cent of ·~he distilled pr6

duct was discarded. This led us to believe that there must be a volatile 

impurity. By sublimation from traps at varying temperatures,. it was 

found possible to isolate a trace of this compound. At -Il0°C (maintained 
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by a chlorobenzene slush) a trace of yellow compound distilled over. 

This compound turned bright blue when allowed to warm up to above 0°C. 

The blue compound was non-volatile. 

Only trace amounts could be isolated, makJng identification dif

ficult. However, neutron activation analysis of both the blue and 

yellow varieties gave a rhenium:chlorine ratio of 'k 1:3 and a ReVI I :Re IV 

ratio of~ .1 :2. Therefore both yellow and blue compounds appear to have, 

the formula ReOC.9. 3 . Many derivatives of this oxychloride are known (28) 

but the oxychloride itself has not been isolated previously. However, 

as mentioned in Section I (d) , G 1 ukhor (68) suspected a "vo 1ati1 e b 1 ue 

oxychloride, probably rhenium oxytrichloride". It is possible that the 

change in colour and volatility is a polymerisation effect. 

In general, interpretation of magnetic and electronic spectral 

data of third row transition metals is complicated, because energy 

splitting caused by coupling of spin and orbital angular momenta are 

of the same order as the splittings caused by ligand field effects (111). 

Strong spin-orbit coupling in ad' system can cause large reductions in 

the paramagnetism. Somewhat weaker spin-orbit coupling could be treated 

as a perturbation of the lig~nd-field effect thereby reducing the para

magnetism (62). 

_ However, the effective magnetic moment found for ReOC.9. 4 is very 

close to the spin-only value of .1.73 B.M. This shows that spin-orbit 

coupling is negligible in this compound. Multiple bonding between the 

central metal and oxygen in d~ complexes of the type L2 ReOX 3 (where L is 

a neutral ligand and X is a halogen) has been used to explain diamagnetism 
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In these compounds (105). The du -prr rhenium to oxygen bonding shortens 

the Re-0 bond length and reduces the symmetry from Oh to _c 4v to produce 

11a non-bondi_ng b2 orbital of low energy to be fi I led by two electrons" 

(112) •. The splitting of energy levels on lowering the symmetry is shown 

In Fig. 18 {page 74). 

The very high energy vRe-O absorption and the lack of any absorp

tions at lower energy indicate that P.olymerisation via oxygen bridges is 

unlikely {in solution and in the vapour phase). Unless such polymerisa

tion of ReOCi 4 is assumed, this compound is five co-ordinate and two 

structures are possible. It may be a square pyramid (C 4v) or a trigonal 

bipyramid (D3h). If C4v the ligand field splittings will b~ the same as 

those discussed above, and shown in Fig. 18. The ground-state of a c3Y 

molecule containing one d electron has been calculated to be 2E11 
• There

fore· ifC v, ReOCi4 would have an orbitally degenerate ground-state and3

would be expected to have some {negative) orbital centribution to mag

netic moment, but if C4v would be expected to be very close to the spin

only value. 

The theory proposing multiple M = 0 bonding via dK - PIT inter
.. 

actions (105, 112) states that this bonding we~kens the bond td the ligand 

"trans" to the oxygen. Work in this laboratory has shown that: the rhenium-

chlorine bond length is increased (76) and the "trans" halide ion may be 

r_eplaced by alkoxide easily (114). Compounds of the type L2ReOX 3 which 

have labJ le "trans" halide ions have Re = 0 infrared stretching frequencies 

between 958 cm-l and 991 cm-l · (2·8). A series of compounds [Revox4 L]

(where X =C2 or Br and l is a neutral ligandf in which a short Re·= 0 

-·· 




Fig. 18. 

f'he splitting: of energy levels on lowering symmetry fror.i Oh to .Q4v. 
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bond and a very long Re ••• L bond have been proven (115, 116, 117) have 

Re = 0 Infrared absorptions at about toio cm-l (11). The.. gas phase 

-1Infrared spectrum of Re0Ci4 has an Re = 0 absorption at 1040 c~ , al~ 

th~ugh this is somewhat lower in solution. 

Thi~ very high energy Re = 0 bond indicates that there is no 
.. 

ligand "trans" to the oxygen in the. gas phase, alth~ugh in solution a 

solvent molecule may be weakly co-ordin~ted in this position. We con

sider that this infrared and magnetic data indicate that ReOCi4 has the 

square pyram i da 1 geome~_ry: 

. . 
(b) Rhenium Pentachloride ~ 

A~ discussed in the introdtiction to this thesis (Section I (c)~ 

rhenium pentachloride is well-known and has been studied extensively . 
.•. 

The solid state structure has been determined by x-ray diffraction of a 

single crystal .. The melting point was quoted as 260°C by Lebedev in 

1960 (55). However, the very recent paper (52), in which the crystal 

S;tructure is presented, quotes a melti_ng point of 220°C. This low value 

is also quoted in Colton (53). The melting-point observed by us was 

26l°C which supports the eadiervalue. We must conclude that the ma

terial prepared by the tater authors was very impure. 
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The authors of the structural p~per were supplied with penta

chloride which "was prepared by the thermal decomposition of ReCR.6 in a 

dry nitro~en atmosphere".· The original discoverer of "ReCR.6 
11 noted that 

the compound did not decompose on heating but distilled unchanged (61). 

We have shown (see above) that the compound claimed to be rhenium hexa

chloride was actually rhenium oxytetrachloride, and can confirm that 

this compound does not decompose on heating. 

The above preparation of pentachlori de is therefore confusing, 

but a simple explanation does offer itself. As mentioned above, it is 

almost impossible to prepare rhenium pentachlori·de, free from oxytetra

chloride, by direct chlorinatton of rhenium.metal. Other methods of 

preparation (see experimental Section IV) 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 oxytetrachloride no pentachloride can be 

observed. When the oxytet_rachloride was distilled off "by heating in a 

dry nitrogen atmosphere" to leave a residue of-pentachloride, it would 

appear that the "hexachloride" had decomposed to pentachloride. 

We have reexamined the magneti.c properties of rhenium penta

~hloiide which have been studied previously (31, 32, 48). The results, 

which are listed in Table 6, give a Weiss constant of 265° and an ef

fecfive magnetic moment of 2.31 B.M. These results are in agreement 

wlth the published data. 

(c) 	 Rhenium Tetrachloride 

This compound was discussed in Section I (c). The preparation 
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Table 6. 

The obser~ed_ll}§_.;;netic suscentibility of rhenium pentachloride. 

·. 

Temp. (oK) 

102 


128 


144 


168 


192 


218 


250 


264 


291 


....  -· 

'6 
Xrh ( xlO c • g. s • ) 

1812 


1689 


1639 


15L~lf 

1473 


1414 


1345 


1309 


1261 
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of a-ReCt4 described by Brown and Colton (47) has been repeated, but no 

compound of this stoichiometry was isolated. The productsof several 

reactions were examined by infrared spectroscopy and neutron activation 

analysis. The 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 broad diffuse peaks in the r_egion 

-1800 - 1000 cm 'which lead us to believe that the compound contains 

oxygen. 

Many properties of S-ReCi4 have been described (SO) but no re

liable preparative method- is known. When rhenium powder was reacted 

with a large excess of phosphorus; pentach1oride and chlorine_ in a sealed 

glass tube, a compound of ReCt5 and PCi5 was isolated which existed in 

the solid state as PCt4+ ReCt6- (see Section VI (b)). The ion PCt4+ is 

well known and characterised (118). On the other hand SbCR.1/ is not 

nearly as well known but the anion SbCt6- is extremely stable and easily 

formed (118). It was considered that under the same conditions as the 

phosphorus pentachloride reaction, antimony pentachloride might attack 

+ rhenium powder to form ReCt4- SbCt6 • The latter compound could be a 

good starting material fo~ the preparation of rhenium tetrachl9ride. 

Rhenium was sealed in a pyrex tube with antimony pentachloride 

and chlorine gas (mole ratio 1 Re: 5 SbCt5). The tube was slowly heated 

to 450°c. At ab9ut 400°C, red-brown-vapours of rhenium pentacnloride 

could be observed, and a thin film of brown solid deposited on the walls 

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

·tube. After 5everal days heating at 450 - 500°C all the metal reacted, 



79 

and the tube contained an antimony pentachloride we~ brown solid, and 

-
red vapours of rhenium pentachloride. Preferential cooli.ng of different 

areas of the tube did not separate the product from excess antimony 

chlorides as easily as excess· phosphorus chlorides were separated in 

the corresponding phosphorus pentachloride reaction. The antimony 

pentachloride wet solJd 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 analyses ~howed that. the volatile product had a 

rhenium:chlorine ratio of l :5.2. This and a few simple chemical tests 

indicated that this product w~s probably rhenium pentachloride contami

nated with antimony trichloride. 

The involatile product was analysed by neutron activation and a 

rhenium to chlorine ratio of 1:4.0l was found.· The infrared spec;trum of 

a nujol mull of this residue -showed that no.absorption occurred in the 

-1range 4,000 - 400 cm Rhenium tetrachloride would not be expected to 

ab~orb in this region. 

None of the reactions of S-ReCt4 which Cotton et al. (SO) had 

reported appeared to be very characteristic. The best "spot-test" for 
' 

ReC.e.4 seemed to .be the reaction with tetra"n"butylammonium bromide to 

give the blue Re(l 11) compound t(buthN)iRe2 C:.e.s. Following Cotton's 
~ 

method, the reaction was performed with our compound and a blue product 

obtained. Analysis of the blue product for carbon, hydrogen and chlorine 

by a commercial analyit.and a comparison of the ultra-violet/visible 

spectrum with that of [(but) 4~] 2 Re2 C1 8 prepared by a standard method (103) 

http:cooli.ng
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confirmed the formulation. The black crystalline product was therefore 

considered to be $-rhenium tetrachloride and further examination of the 

product from later reactions provided confirmation. Table 7 compares 

the properties of rhenium tetrachloride prepared in this manner with the 

properties of Cotton's "accidental" rhenium tetrachloride. 

Subsequent reactions in which the t~mperature and mole ratio of 

rhenium to antimony pentachloride were varied showed that only a very 

small. excess of SbC15 {mole ratio Re:SbC15 = 1:2.5), no excess chlorine 

and temperatures of about 600°C were the optimum conditions for ReC14 

formation. Under these conditions, using "vycor" tubing, half a gram 

of rhenium powder can be chlorinated in 48 hours. 

It was considered that the probable mechanism of formation of 

ReCii+ was via: 

1Re + 2 2 C12 -+- ReCR.5 

followed by reduction of ReC11++ {as monomer or polymer) to (ReC1'*)n' 

possibly by SbC1 3 • Rhenium pentachloride-was sealed in vycor tubes 

with SbCR.5 and SbC1 3 • No reactlon- occurred between ReC15 and SbC15 even 

after heating at 600°C for a week. However, reaction occurred between 

ReCt5 and SbC1 3 to give ReC1'+ at 300°C. No intermediates have been 

lsolat~d and therefore the formation of ReCR.1+ appears to be simple re

duction of ReC15 by SbC13. 
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Table 	7. 

Test. Cotton et al ( 50). Our 	observation •. 	 ,• --
·i. 	Moist air. • Sticky black mess obtained • Sticky black ~ess obtained.· 

In.soluble.~. Acetonitrile. insoluble. After a day a 
little dissolves to give 
a green solution. 

. .3. T.H.F. Insoluble. As for CH CN •
3

Insoluble in non-polar4. Benzene. Insoluble. 
solvents. ' 

5. Carbon tetra. Insoluole in non-polar Insoluble. 

-chloride 
 solvents. 

6. Methanol. Soluble with decomposition. Slowly soluble -;,.purple/ 
red-~ green solution 
with black ppi. 

?. Absolute Soluble with decomposition. Slowly soluble ->green, 
ethanol. 12 hrs. ~red~ 

8. Acetone. Soluble with decomposition. Slowly soluble ---j, blue 
l? brr;. )red/purple. 

' ~ 

'9. D.M.S.O. Soluble with decomposition. Slowly soluble -+ purple.• 12 hrs.;;_ red •. 

10. 	Hydrochloric Soluble with decomposition. Soluble -~blue. 
acid. 

11. 	Heat to 300° Probably deco~poses to Decomposes to Rec1
in N • Rec1; & Rec1

5
. and Rec1

5
. 3 

2 

- The only reported reaction which we repeated was the reaction to form 

Et-butyl) 4NJ (Re c18) mentioned in the text. · 
2 	 2

• In a personnl con:munication Prof. Cotton informed us that this 

is the most characteristic reaction of ~-Rec14 . 
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This postulate is substantiated by the very low yields of ReCR.4 

if.chlorine is added to the Re+ SbCR.5 reaction mixture. It has been 

stated that rhenium is not attacked by chlorine when sealed in a static 

system (119). This statement is not true as we have chlorinated rhenium 

in this manner (see rhenium pentachloride in experimental Section IV (h}) 

and chlorination of the metal in our reactions with PCR.5 and SbCR.5 is 

probably by molecular chlorine produced by the vapour phase equilibria: 

If .more chlorine is added to the Re + SbCR.5 system than is 

necessary to chlorinate all the metal, the dissociation of SbCR.5 to 

SbCt3 and CR.2 will be hindered and SbCR.3 reduction of ReCR. 5 drastically 

curtailed. 

If ReCR.4 is produced by reduction of ·ReCR. 5 by SbCR.3 as postulated 

above, exc~ss SbCR. 5 should not affect the yield. However, it was found 

that a large excess of SbCR.5 did c'ut the yield considerably. If the Re+ 

SbCt5 reaction product was very wet with SbCt5 , the distillate on the 

vacuum line was not colourless SbCt5 , but an intense green colour.· This 

colouration must have been cause·d by a rhenium compound but separation 

of it from SbCt5 has not been possible • .. 
The published crystal structure (52) (see Fig. 2, page 11) shows 

that each rhenium atom is situated· in a pseudo-octahedral field. Rheni~m 
/ 

(IV)- is a d3 system and in this environment should exhibit paramagnetism 

equivalent to three unpaired electrons, whether the ligand field splitting 



is la.rge or smal 1. 

The magn~tic properties of several hexachlororhenate(IV) salts . ,.·•.:-'"' 

have been.examined (120, 121, 122) and all show similar properties. They 

· --··--have-an··-effective magnetic 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

ferro~agnetic interaction has been demonstrated (122). In general, 8

ReC24 would be expected to show magnetic behaviour similar to these 

hexachlororhenate (IV) sa 1ts. 
·., 

The magnet!c susceptibility of 8-ReC24 was measured over the 

temperature range 100 - 293°K. Table 8 shows that the susceptibility 

is independent of temperature. Strong temperature independent para

magnetism is present however, giving a magnetic moment which varies 

from 0.90 B.M. at 100°K to 1.55 B.M. at room temperature. 

Temperature independent param.agnetism arises from the second 

(high-frequency) term of the Van Vleck equation. This term, also known 

as the second order Zeema~ effect, is the result of mixing-in of para

magnetic higher energy states. Therefore, the magnetic data indicates 

--that e-ReC24-contains no unpaired electrons. Cotton et al. (52) cite a 
0 

minimum Re-Re interatomic.distance of 2.73A and consider this to be short 

·eno~gh to indicate some metal-metal interaction. This metal-metal 

interaction is confirmed by our observations.· The singly occupied t2

orbitals on a pair of tri-chlorine bridged rhenium atoms must interact 

to form molecular orbitals in which the electrons are paired, forming 
0 . 

metal-metal bonds. The bond-le.ngth 2.73A is longer than other observed 

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

9 



.84 

Tr.tble 8.--. 


The nap;netic susceptibility of 13-ReCli; 


r---
Terilp. -f°K) JJ.T (B M).XrL (x106) 

100 
 1010 
 .90 ' . 

1010 
 l.01125 


' 1010
150 
 1.10 

1010
175 
 1.19 

200 
 1010 
 1.28 

1010
225 
 1.35 

1010
250 
 l.43 

1010
275 
 . l.50 

1010
293 
 1.55 
' 

.. .. 
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that only relatively weak bonds are formed. 

The far infrared spectrum of a nujol mull was recorded between 

polythene plates. The absorption peaks absorbed were: 

-1369 cm strong 

294 II weak 

II-244 weak 

158 II medium 

166 II weak shoulder 

However, the polythene plates were attacked. It was not possible 

in this case (as it was for rhenium oxytetrachloride vapour) to measure 

the spectrum before attack of the polythene took place. Therefore, it 

cannot be stated, with certainty, which of the above ab~orptions can be 

attributed to S-rhenium tetrachoride, and which are caused by decompo

-1sition products. The strong absorption at 369 cm is in the range 

associated with metal-chlorihe vibrations but is much higher than the 

-1318 cm of ~Re-Ci in the hexachlorrhenates (71), and observed for several 

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

occurs at the frequency found for vRe-Ct in rhenium oxytetrachloride. 

-At this stage, it cannot be determined whether this absorption is a 

rhenium tetrachloride vibration, or a vibration of rhenium oxytetra
. 

chloride or some other decomposition product. 

The x-ray diffraction pattern of powdered S-ReCt4 has been 

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 !3-ReC14 

d {a) 
 d (a) Cal d (c)( hkl) (c)Inlb\ Cal d (c, (hkl~cInt~b. ##' hkl hklhklqkl 

I 


(131)·6.282 (010) 11 
 1.95723.6.288 1.9571. 7 

(215)1.894·(002) i.89224.6.012 6.073 ""92. 43 

(224)(011) 6 
 1.8341.831. 100 
 25•5.5805.5283. 
(l33)(110) 20
18 
 - 4.468 26. 1.791 1.7974.4784. 
(224)12
(lll) 1.768 1.7674.247 27.4.225 31
5. 
(206)28., 
 14
(013) 1.7513.403 1-752 

(}14) 


<.36. 3.386 
(020) 1.71729. 1.7193.141 7
"'103.1517. 

(026)(004) 10 
 1.702 
...,5 

·'110 30. 1.7038. 3.0373.036 
(017)1.673(113) 1.6712. 91~4 31."'102.9399. 
(126)(022) 1.6251.6252.800 .32.16 
 -510. 2.774 
(323)(121) 1.585 
(}24) 

2.728 1.585 -533.11. 2.721 32 

-4(104) 1.55234. 1.5502.6832.67412. "'9 

(141)1.5101.510<212)2.6202.606 ·--11 35. ""'913. 
(330)1.489(114) 1.48736."'11 2.558 ""514. 2.559 
(043)1.4641.463<213)<3 37. "'52.3792.36715. 

1.440 <235)l'Y5(213) 1.4392.271 38 •.2.27016. ""9 
(413)1.414 1.415(220)2.234 39.2.227 "'717. "'5 

.....,5 (325) 
(4-04) 

40.(l15) 1.393~3 1.3932.161 2.17018. 
41. tv5(030) 1.37716 
 2.094 1.3762.09419. 

(422)i.36642.(031) -112.064 1.36520. 2.067 17 

11 I 
 <415)I 
 <3 1.334I
43.<302) 1.3312.03£ '21. 2.034 

-
(223)20 
 1.98922. 1.991 

(a) Valure calculated from our photographs. · 

(b) Values estimated from our photographs. 

(c) 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 - Re03f!. 

It has been reported that · perrhenyl chloride decomposes tn sun

light to turn purple (26). Wolf, Clifford and Johnson (69) consider 

that compound will remain colourless for several weeks if sealed in a 

greaseless system. They expressed the opinion that the pu~ple colour

ation was caused by dissolved rhenium trioxide. ·By our observation, 

freshly prepared, undistilled perrhenyl chloride slowly discolours to a 

blue/purple, but a product which has been vacuum-efistilled several times 

has remained colourless for several months. 

Distillation of Re0 3C1, freshly prepared by chlorination of Re0 3 , 

left a white, nonvolatile at room temperature, crystalline residue. Neu

tron activation analysis of this residue revealed that it contained only 

a trace of chlorine and 75.6 per cent of rhenium. The infrared spectrum 

-1showed only a very broad band at ~ 922 cm The theoretical percentage 

of rhenium in rhenium heptoxide is 77.5 per cent and.the infrared spec

1trum shows· only a broad bond at~ 922 cm- , similar to that for the white 

residue above. This resi.due dissolved in water to form a colourless 

perrhenic acid solution. In spite of the white appearance, instead of 

the normal yellow colour, it was concluded that a little rhenium hept

oxide ts formed by the action of chlorine on rhenium trioxide. 

When an aqueous solution is evaporated to dryness, perrhenic 

acid cannot be isolated (35) and deep green and purple colours develop. 

These colours are also observed if Re207 is exposed to moist air and 

are probably!ivdrates of a rhenium oxide. No work on the formulation of 
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these compounds has been published. 

The purple colour to which Re0 3C£. 11 decomposes" is very similar 

to ~he abqve. Exposure to even the faintest trace of moist air by slow 

---1eakag·e-on--CITffusion- is sufficient t0 cause-Re2o7-to turn-blue and we 

consider that the blue colour to which Re0 3C£. "decomposes11 is caused by 

the contaminant which we have isolated, i.e. rhenium h.eptoxide • 

.. 
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Since this work has been completed, a paper has appeared in the 

literature (123) which contains some physical measurements made on 

rhenium oxytetrachloride. The room temperature magnetic moment and spec

tra of rhenium oxytetrach1orfde solutions were measured. Electronic 

reflectance spectra and the infrared spectrum of a nujol mull were also 

recorded. In_ general, the pub] ished data is in agreement with that in 

the text. These authors also consider that the data indicate that 

rhenium oxytetrachloride has C4 v symmetry . 

.. . 



VI PHOSPHORUS HALIDE COMPLEXES 

(a) Oxotetrachloro(oxotrichlorophosphorus rhenium(VI) Re0Ct4-0PC9..3 

Whilst still under the impression that the product of direct 

chlor.ination of a metal 1 ic film was rhenium hexachloride, attempts were 

made to prepare rhenium oxytetrach1oride by other methods. It was found 

that the reported preparation, by reaction of rhenium heptoxide with 

thionyl chloride (70), gave an impure product. An examination of the 

vapour-phase ultra-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. These must be separated to prepare pure rhenium oxytetra

chloride. It has been stated that if rhenium chloride is sealed with 

carefully dried o~ygen at l80°C (124), rhenium oxytet~achloride is the 

sole product. Our work confirms this statement. Under these conditions 

rhenium pentachloride was converted quantitatively to ~henium oxytetra

chloride, and this was found to be the best method of preparation. 

Preparation of oxytetrachloride was attempted,· by chlorination 

with phosphorus pentachloride. 

Rhenium heptoxide was mixed with ·pho?phorus pentachloride in a 

dry~box. It was unnecessary to seal the two solids in a tube and he~t, 

as they reacted exothermally at room temperature to give a red-:brown 

semi-liquid mass. Rhenium trioxid~ and PCt5 reacted in a similar manner 

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

90 
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vacuum distillation gave phosphor~ chloride, unreacted phosphorus 

pentachloride and a dark red-black compound, which sublimed slowly at 

room temperature. After three or four sublimations this compound was 

pure. It crystallised in fine needles which melted sharply at 90.5°C. 

Analysis for - phosphorus and chlorine by a commercial analyst gave a 

P:C1 ratio of 1:8. However several neutron activation analyses gave a 

Re:C1 ratio of 1:7, and the infrared spectr.um of a mull of the compound 

indicated a formula ReOC14-0PC13: Therefore a sample was sent to another 

analyst who found a P:C1 ratio of 1:7, thus supporting the above formu

lation. Further confirmation was obtained by synthesising the compound 

from Re0C14 and POC13. 

As discussed in Section IV (a), Cotton et al. (115, 116, 117) 

have described a series of rhenium (V) compounds [ReOX 4 ••• L]-, where 

X =bromide or chloride and L =a neutral ligand such as H20 or CH 3CN. 

They postulated that the rhenium-neutral lfgand bond was long, and the 

ligand, which was "trans" to the oxygen atom was very weakly bound. This 

eostulate was proven by a single cystal x-ray structural determination 

(115). We consider that ,the infrared data presented in Table 10 (page92) 

indicates that ReOC1 4 - OPC1 3 has a sim~lar type of structure. 

is lowered by "'-40 the-bond is weakened by donation of electron 

The infrared data shows that the POC1 3 is bonded in the normal 

fashion 
' 

(125) 
-

i.e. through the oxygen.. 
- -1 

The phosphorus oxygen frequency 

cm , as 

density from the oxygen atom to the rhenium atom. The energy of the 

phosphorus -chlorine bond is increased slightly, as electron density is 

shifted from anti-bonding regions into the phosphorus -chlorine bonding 

http:spectr.um
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·Table 10. 

·• 
Infra - red soectra of Re0Cll • OPC1 . 

1 3

~ 

cc11f. 

Soln 

Nujol 

Null 
- ' 

TiC14 
Soln 

Vapour FOCl. (128) Re0Cl4 jAssign:nent3 . vapour 
(This work) 

1300 1290 1290 

1248 1239 1258 ~ ii'(P - OJ 

1210 

1021 

1202 

1020 

1214 

1021 1040 

. .. 
1040 

~ 
· VRe =O 

1028 

·612 610 
' 

605 584 581 vp  ci 
. 

584 

484 486 
. 

t 

·. 

( 
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region, in order to maintain electrostatic neutrality of the l_igand. 

The infrared data also shows clearly that the compound exists 

as ReOCR.4-·oPC£ 3 in the solid state and in·titanium tetrachloride solu

tion. In the gas phase, it exists as discrete Re0C£4 and POC£3 molecules, 

whereas in carbon tetrachloride an equilibrium is evide.nt between ReOCR.4, 

POC13 and the complex. This indicates that the POC13 i~ loosely bound. 

"Re-O in the compounds [ReOX4 .•• L]-, in which strong PIT - drr 

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

-1bond has been proven, was found to be at ~ 1020 cm 

OPCR. 3 is at the same frequency and indicates the similarity in structure 

between [ReOX4 •.• L]- and ReOCl4 ••. OPCR. 3• 

The magnetic suceptibility of ReOCR.4 OPCR.3 has been studied 

over a wide temperature range, and show that the compound obeys the 

Curie-Weiss law with e = 23° and µeff = 1.71 B.M. The results are pre

sented in Table 11 (page 94) and plotted as a function of temperature 

in Fig. 19 (page 95). For purposes of comparison, the variation of sus

ceptibility of ReOCR. 4 is also plotted: The close similarity in magnetic 

behaviour can be seen. Thus the addition of POCR. 3 to ReOC£4 in the sixth · 
.. 

co-ordination position has not affected the magnetic properties·•. Spin-

orbit coupling effects are agaln absent and no higher symme~ry .than the 

C4v postulated for Re0C14 is appa~ent. 

The infrared and magnetic evideMce presented above lead us to 
. 

believe that ReOC2 4 •.. OP.CR. 3 is a rhenium(IV) dnalogue of the rhenium 

(V) compounds [ReOX4 ... L]- prepared by Cotton's group .. Therefore, it 

is considered that ReOC2 4 ••• OPC23 has a pseudo-C4v molecular symmetry 

with a trans 0 = Re OPC.2 3 system: 

http:evide.nt
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Table 11...!

Magnetic S!!E~ibili ty ·of Reoc14-Q.!:9.1 •
3


{Mean of rc.sults for two indep. preps.) 

80 


100 


120 


140 


160 


180 


200 


220 


240 


270 


293 


-==n..~;....~ 

358lt 


3086 


2689 


2320 


2087 


1880 


1771 


1620 


1516 


1315 


1212 


~~c 
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Fig. 19. Co~parison of magnetic oroperties of Reoc14 and Re0c14-~13 • 
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(b) Tetrachlorophosphohium(V) Salts of Chloro Anions 

A method used in an attempt to prepare rhenium hexachloride was 

direct chlorination of rhenium metal with chlorine and phosphoru.s. penta

chloride under pressure. By heati_ng powdered rhenium with a large ex

cess (Re:PC9.:s=l :5- of phospho~us' pent-achloride and chlorine gas in a 

sealed tube, .a brown solid product was isolated. This solid was easily 

separated from phosphorus chlorides, and could be purified by vacuum 

sublimation at 165°c..The sublimed product formed a thin red film on ·the 

·coole~ gl~ss walls. Neutron activation analysis showed that this com

pound was not rhenium hexachloride, as the Re:C! ratio was 1:10. The 

Infrared spectrum of a nujol mull o( the compound showed only one absorp
-1 

tion in the range 400-4000 cm This absorption pea~ was very strong 

and centred at 649 cm-l 

. This peak is at much higher energy t~an can be expe_cted for a 

"' heavy metal-chlorine vibrational mode (108). It is too intense and too 

low tn energy to be the result of a metal' oxygen vibration.result!ng 

·- ·"from o~ygen cont am i nation of the product. Neither phosphorus penta

ch lori de (l 18), . phosphorus trichloride (127} ·nor phosphorus oxytri

chloride (128) absorb in this region.but an absorption at. 649 cm-l is 
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characteristic of the PC14
+ . ion (118). 

. + + 
As the compound contains PCR.4 , it must be PCR.4 ReCt6 • The 

phosphorous content was confirmed by a commercial analysis (but formu

lation as ReC!5.PC15 will also fit this analysis). It was not possible 

to confirm the formal oxidation state of rhenium by examini_ng the hydro

lysis products. When water was added a deep red solution formed which 

rapidly faded thr~ugh ora_nge and yellow to become colourless in three or 

four minutes. Any formal oxidation state of less than seven would be 

expected to precipitate rhenium dioxide (see Section II). The colour of 

this compound seemed to be rather intense for a rhenium(Vll) (d 0 
) com

pound, and the observed paramagnetism (see later) showed that unpaired 

electrons were certainly present. Therefore the reaction with water 

probably involves disproportionation to rhenium(VI 11) and rhenium(JV) 

but the Re(IV) i.s oxidised to rhenium(Vi.I) (as soluble, colourless per

rhenate ion) by the phosphorus compounds present. 

The compound was readily oxidized by air to perrhenate ion. 

This was shown by infrared spectroscopy. After recording the infrared 

spectrum, the cell was opened and the _mull expos~d to air. The odour 

of phosphoryl chloride wa; noticed and after ten minutes, the mull had 

changed from a very dark brown colour to white. The infrared spectrum 

was recorded again, and the only absor~tion p~ak was a broad band centred 
.. -1 

at 918 -cm • This peak is typical of perrhenates. The expected absorp

tion peaks of phosphoryl chloride were not observed, presumably because 

all the phosphorvl chloride had volatilised. 

~he magnetic susceptibility of RePC110 was recorded over a wide 
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temperature ra.nge and found to obey the Curie-Weiss law with 0 = 56 and 

µeff = 2.67 B.M. The data is presented in Table 12 and as a function of 

temperature in Fig. 20. For purposes of comparison, the magnetic pro... 

---- - --- ----pirtles--of rhenium penfa ch foi-i de-;-ano_a _rii_e_an--·or-·four· hexafTuor~nhenate (V) 

salts (129) are also plotted. The available magnetic data of the hexa

fluororhenateion shows that the Weiss constants were in the range 35° - 100°. 

and the effective magnetic moments between 1.62 and 2.24 .* Some anti-

ferromagnetic interaction was suspected but 
' 

no Nlel points were reported. 

The hexachlorotun9state(lV) ion is isolectronic with the hexa

~hlororhenate ion. Kennedy and Peacock (130) have studied the magnetic 

properties of several salts of this ion. In this case more marked anti-

ferromagnetic interactions are present. Weiss constants of 122° to 400°, 

and magnetic moments of 0.89 to 1.76,*''have been observed. Although the 

magnetic properties of RePC9.10 resemble the properties of (ReF6)-, more 

than those of ReC9.5 , a comparison of the magnetic properties of RePCt10 

with those of l"exafloorortenate'(V) or ·hexachlorotungstate(IV) does not offer 

strong support for the (PCt4 ) + (ReCt6) - formulation. However, the PC~q+

* Because of the antiferromagnetic interactions, Peacock and Hargreaves 
(129) calculate their effective magnetic moments of 1.53-2.05 B.M. at 
300°K from the relation µ~ = 2.8~(x~ r. As the Curie-Weiss law was 
obeyed at higher temperatures, the values in this text were recalcu

---------l-ated-for-	 purposes-of comparison,. from the more common relationship 
. used in .this work µeff = 2.84/x~ (T+e),. 

** In this case the antiferromagnetic interactions appear to be too 
strong to justify recalculation of the effective magnetic moment from 

__J.leff =_ 2. 84/x~- (T + e)., 

http:1.53-2.05
http:RePC9.10
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Table 12. 

·• 


The mar:netic susceptibility of RePC!_10 • 

~...,......,.Pt'!aett.,.,,......,..~~
-~·l:'-4"°'!"'~ 

Temp (°K) XI~ (xlO'(, c.g.s.) 


92 5972 


103 5591. 


124 1.904 


136 4590 


152 '•276 


166 4005 


183 ;706 


197 3501 


211 3324 


226 3143 

,,.-.. 

2l•2 	 2982 


2829
258 


2·729
274 


2601
290 
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Fig-. 20. 

10 
 The magnetic properties of (a) RePC1 (this work)
10 

(b)_Rec1 (this work) and (c) (ReF6)- A mean of.


5 

the results recorded -for four salts of this ion.(129) 
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ion is much larger than the metal cations of the (ReF6)- and (WC16 ) 2

compounds studied. It is possible that magnetic dilution by this large 

anion rem~ves the antJferromagnetism present in the latter compounds. 

Magnetic studies of an alkali metal salt of (ReC16)- or of (ReF6)- and 

(WC16 )2- associated with a large catidn must be made before this point 

can be ve r i fi e d . 

It is well known that phosphorus pentachloride exists in the 

solid state as an ion pair PCR. 4+, PCR.~ (131). Beattie and Webster (118) 

have shown, by conductivity and infrared spectroscopy, that this same 

ion pair occurs in acetonitrile solution. Conductance measurements of 

RePC110 in acetonitrile solution were attempted. The compound dissolves 

in acetonitrile to give a blood-red solution, which quickly fades to a 

pale yellow. Rapid transfer was made to a conductivity·cell and an at

tempt made to make a measurement before the colour faded. A molar con

-1 -1ductance of only 0. 14 ohm cm was recorded~ This value was the same 

for the faded yellow solution. Therefore it was not possible to dis

solve a sample and measure the conductan~e rapidly enough, for this 

technique to give any indication of the molecular structure. 

rt was hoped that far infrared and possibly Raman speciroscopy 

would provide some confirmation of the hexachlororhenate(V) ion in 

RePC110, by comparison with the spectra of the hexachlororhenat.e(IV) ion.. . 

Woodward an9 Ware (71) studied the infrared and Raman spectra of the 

latter ion and the hexachlorosmate(l\0 ion~ and compared them with 

rhenium and osmium hexafluoride ·spectra. In the latter ·two compounds, 

which contain one and two d electrons respectively, anomalies in the v2 
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vibration have been attributed to a dynamic Jahn-Teller effect*. 


These anomalies in the v2 vibration were a very weak Raman line, 


and a broadened and weakened (v2 + v3 ) ~ombination band in the infrared. 


Hexachlororhenate(IV) hexachlorosmate(IV) ions contain t2s~ 


and t 2 '+electrons. The t 2.3 system possesses only spin degeneracy and 

,9 g 


Woodward and Ware say that very little Jahn-Teller effect is expected. 


Hexachlorosmate(IV) with at 4 system should show no Jahn-Teller effect.2g ,. 
However, in both of these compounds the v2 vibration was so weak that it. 


could not be observed in the Raman spectrum, and the (v2 + v3) combination 


bond was broadened and weakened to the same extent as rhenium hexafluor

ide (t2 
1) and osmium hexafluoride (t2 2). No reason for this departure
g . g . 

from theory was forwarded. 

It was anticipated that the hexachlororhenate(~ would have far 

Infrared and Raman spectra similar to hexachlororhenate~~ but the. Jahn-

Teller effects would be more marked. However, it has not been possible 

to observe a Raman spectrum. RePCt1o is a very dark brown solid and 


decomposes at the point of impact of the laser beam. This is presumably 

0 

because th.e compound is highly absorbing at 6328A, the wavelength of 


the He/Ne laser exciting Jine. The compound was ground into phosphorous
. . 

pentachloride in an effort t~ lower the absorption. It was hoped that 

-
+ . - . the Raman spectra of PC24 , PC26 and ReC26 would be. observed, but de

composition in the laser beam still occurred, even when the RePC210 

concentration was only one per cent. 

Theoretically, for Ob molecules, the Jahn-Teller effect can affect the 
v2C,~g) and v5 (t 2 ) vibrations and electronic degeneracy permits Jahn

1 2 3 4 5Teller distortio~s for tz , tz , tz but not t2 °, tz , tz and . 
t 2 6 (132). No Jahn-Tellgr eff~cts h~ve been obse~ved fgr the9vs vibration. 

g 
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The far infrared spectrum was recorded arid the absorption peaks 

observed are listed with those of ceasium hexachlororhenate(IV) in Table 

13. As in the case of S-rhenium tetrachloride (see Section V (c)), the 

observed spectra were poor because of attack on the polyethylene windows 

and little argument can be presented on the basis of this spectrum. In 

spite of the attack tne (v2 + v3) peak at 582 cm-l was sharper than that 

which was observed at 584 cm-l for hexachlorprhenate(IV) and the (v2 + v5) 

peak was extremely broad and ext~emely weak in both cases. 

It was desirable that a more stable and lighter coloured hexa

chlororhenate(V) salt be made in order to study the spectral -properties 

more fully. Rhenium pentachloride was sealed_ in pyrex glass tubes with 

chlorides of large cations. Ceasium chloride gave a hexach1ororhenate(IV) 

salt as reported previously (14). Chlorides of the large organic groups 

tetraethylammonium, tetraphenylarsonium, benzyl-triethyl and tetra-n

butylammonium, all producedncharred masses from which no stoichiometric 

compounds could be isolated. Consequently the only spectrum obtained of 

the hexachlororhenate(V) ion was the poor far infrared spectrum of RePC1 10 , 

from which it is difficult to draw firm conclusions. 

The only strorgevidence for the formulation Pc1 + is the strong4
- . -1

infrared absorption at 649 cm , although a little support is given by 

the magnetic and far infrared data. 

Experiments are in progress to compare the x-ray powder diffrac

tion p~tterns of RePC1 1o with that of PC1 4+ PC16-. Also a single crystal 

x~ray structural determination is to be made if suitable crystals can 

be mounted. 



lo4 

Table 13. 

The far infraren spectra of RePC1 and Cs Rcc1 •
10 2 6

Assign (71) Cs2ReC16( 71) Cs2ReC16 
(this work) 

RePC1 10 

(1)2+1]3) 584 mw 584 w 582 w 

<v3+v5) 473 w 468 vw 490 vw 

v3 313 vs 311 vs 318 vs 

v4 172 s 170 s 161 s 
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A paper has since appeared in the literature which described a 
. 

reaction of rhenium metal with phosphorus pentachloride in a sealed 

. tube (lOZ). The product of this reaction analysed as RePCR.8 , and was 
. 

.claimed to be the first known phosphorus trichloride complex of rhenium, 

ReCt5.PCt3 •. The reaction co~ditions described for the preparation of 

this compound were somewhat different to the conditions used in the above 

preparation of RePCtio· In this case, t.he reaction temperature was 600°C 

(in a 11 vycor" tube), whilst the temperature. used in our preparation was 

500°C. A smaller excess of phosphorus pentachloride (Re:PCR.5 = 1:3.5 

against 1:5 in our reaction), and no excess chlorine, were sealed in 

the tube. 

The reaction was repeated using these published conditions, and 

a product which looked very similar to RePCt10 was isolated. The product 

was transferred to a vacuum line and it was found that this product was 

involatile up to 180°C. This contrasts with ·the product of our original 

reaction which sublimed in Vacuum at l50°C.· Numerous other chemical 

differences which are listed in Table 14 were found. These show that 

the reaction of rhenium with phosphorus pentachloride in a sealed tube 

gives different products ~hen the reaction conditions are changed. 

The infrared spectrum of RePCt8 was recorded as a nujol mull in 

the ·ra.nge !iOO - liOOO cm-l Again a very strong absorption band was 

61·9 - l b h. • h k 710 l was 


also observed. The peak at 649 cm-l .again appears to be caused by the 


PCt,/ ion. The re fore the formu 1 a of this compound appears to be 


PCR.4+ ReCR.4 - Now, as has been discussed ear'l'ier, the ReCR.4 ion is 


observed at ~ cm , ut t rs trme a sma 11 s arp pea at cm 
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Table · 14 •. 

Comnarison of the nronertics of RePc1 and RePc18.
10 

·. 

~~~---r----·-·-·-·--;-e-~;--~~ 

Heat in vacuum Sublimes at l50°c Involatile at 180°c 

Water Red solution which Blue soltition. After 
. rapidly fades to ... 2 minutes turns purple 
yellow, to colourless. then colourless with 

black precipitate. 

· Acetoni trile Red solution which Blue solution which 
rapidly fades to turns green after 
pale yellow. 24 ho£lrs. 

Prepared by reaction 
of RcC15 + Pc15 . 

Preparation Prepared by reaction 
of Rec1 + Pc1

5 3 

Infrared 
 One larfe absorption 

at 649 cm. · 
One l«Erc absorption 

at 649 cm Elus small 
peak at 710 cm. 
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known in trimeric form (see Fig. 1; P.age 8) and dimeric form {see Fig. 4 

page 18). The blue colour of an aqueous solution (before hydrolysis 

takes plac~) and in acetonitrile solution is fairly characteristic of 

the dimeric species (137). Usi.ng the method which Cotton et al. (50) 

used with $-rhenium tetrachloride the RePCt8 was converted to the well

known (to us) tetra-n-butylammonium octachlorodirhenate(ll I). The 

composition of the latter compound was confirmed by a commercial ~nalysis 

for c~rbon, hydrogen and chlorine and by the ultra-violet and visible 

spectra which were identical to that of the tetra-n-butylammonium com

pound prepared by a standard method (103). Therefore the compound was 

considered to be (PC1 4 }i+ (Re2Cta) 2- rather than ReCt 5 .Pct 3 as postul

lated by Machmer. The small peak at 710 cm~l canno~ be explained by 

this formulation and it is suspected that this absorption is an overtone 

or combination band. 

However, Machner published magnetic data which showed that the 

compound was param.agnetic, with an effective magnetic moment of 2.3i's.M. 

and obeyed the Curie-Weiss law (Wei?s constant= 24°). ReCt 5 .PCt3 would 

·-be expected to show paramagnetism, but {PC14) 2Re2c18 should be diamagnetic 

with the electrons paired ~n the rhenium-rhenium bonds. Diamagnetism 

(x = -530 x 10-6 at room temperature) has been observed for the tetra-nm 

butylammoniurn salt of this anion (103). The magnetic susceptibility of 

this'"compound and RePC18 has been measured over a wide temperature range 

and the results are presented in Table 15. tt can be seen that RePCta, 

and to a very much smaller extent, [(nbuthN}i(Re2C18 ) show paramagnetism 

which decreases as temperature decr~ases. This type of magnetic b~haviour 

is caused by a diamagnetic ground-state with another 
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Table 15. 

The variation of the magnetic susceptibilities of RePc18 ~ 

tetra 1n1 butyl ammonium octachlorodirhenate III. 

Temp (°K) 

RePc18 
xJi (xlo0 ) ,JJT 

(n but) 4N 2 (Re
2
c18) 

Temp (°K) ;<Ji cxio6) xdi (x106) 

100 

114 

614.2 

654.o 

0.69 

0.77 

93 
' 

-1191 -591 

135 712.7 o.88 134 -811.4 -211.4 

157 763.4 0.99 

173 839.7 1.08 172 -719.0 -119.0 

2o6 898.4 l.22 203 -684.8 -84.8 

233 953.1 l.34 235 -658.3 -58.3 

269 996.1 1.47 269 -568.5 +31.5 

293 1024 1.60 290 -555.2 +44.8 

.. 
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energy level lyi~g at slightly higher en~rgy. As the temperature is 

increased, thermal energy is sufficient to allow some population of t,he 

h_igher" level. No detailed description of the ene_rgy states involved 

ts possib1e without more experimental work and much calculation, but the 

assumption of a diamagnetic ground-state appears to be reasonable. · 

The magnetic data reported here contradicts the data recorded 

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

' +described above for PC.Q. 4 Reci6 (Table _12, page 99). We have found that 

for these two reactions, great care must be taken to reproduce experi

mental conditions exactly, in order to obtain the desired product. Pre

paration of pure RePCi10 and RePCig· is easier by direct synthesis from 

ReC.Q,5 +-PC.Q,5 and ReC.Q.5 + PC.Q. 3 , then by the reactions of rhenium metal 

with phosphorus pentachloride. It is considered that Machmer measured 

the magnetic susceptibility of RePCi 10 , or probably a mixture of RePCi1o 

and RePC.Q,8 , not pure RePCi8 • As the preparation he employed 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 magnetic susceptibility of. 

((ri but) 4 N) 2 (Re2 Cia). The observed room temperature diamagnetism was 

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

" reported by Cotton et al. {103). 'As -Cotton pointed out, the diamagnetic 

6correction for the l_igands is about -600 x l0- c.g.s. This leaves a 

corrected paramagnetic susceptibility of the compound of x' 45 ~ lo-6 
. m. 

c.g.s. This is a v~ry small paramagnetism, but it was hoped that this 



110 

value would become even smaller on cooli.ng, and thus show a similar 

behaviour to RePCts and support our proposed formulation as (PCR.4)z+ 

(Re2Cta) 2-. 

·Table 15 shows that the susceptibility of (nbut4N}zRe2Cta was 

reduced on cooli.ng. Dia~agnetism is independent of temperature and 

theoretically the lowest susceptibility which this compound can possess 
. -6 

is the diamagnetism of the 1.igands i.e. xm = -600 x 10 c.g.s. or x~ = O. 

-6It can be seen that at 93°K the compound ha~ x' = -591 x 10 c.g.s.
m 

This value is much lower than can be accounted for by inaccuracies in 

the diamagnetic corrections applied, and we can offer no explanation of 

this observation. 

"The x-ray diffraction pattern of a powdered sample has been 

recorded. This data, and the x-ray data of RePCR.10 are presented in 

Table 16 (page 111). The powder data has not been indexed but clearly 

shows that the compounds have different structures. X-ray powder 

phot_ographs also showed th.at it was possible to prepare mixtures of the 

two compounds, unless care was taken to reproduce the conditions of 

the preparations exactly • 

• 

http:RePCR.10
http:cooli.ng
http:cooli.ng
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Table 16. 

d~l 


8.035 
7.430 
6.677 
6.298 
5.981 
4.980 
4.742 

4.493 
4.121 

3.958 
3.848 
3.661 

3.588 

3.393 
3.325 
3.236 
3.180 
3.042 

2.997 
2.875 
2.843' 

2.771 
2.682 

2.643 

2.563 
~ 

2.511 
2.458 

2.407 
2.382 

. ··a;" 

Comparison of X-ray powder diffraction patterns.-

RePCl10 RePClB 

Int. Int. Int.-dhkl Int.dhkl dhkl 
....20
2.261 10.282 .15 
 vw s2.417 

<3. 2.224 ""15 m9.165 2 .371 . 
 vw 
' 2 .193 
 3
39 
 8.080 vw w2.309 
2.160 3
39 
 7.284 vw vw2.273 
2.117 29
56 
 6.607 vs 'W2.238 
2.082 <376 
 w 2.212 vw5.717 
2.04851· 13 
 m5.200 2.181 w 

28
2.01252 
 s vw5.025 2.159 
1.954 15 
 w7 
 vw4.552 2.132 
1.916 29 
 w m7 
 4.353 2.099 

24
1.864<3 2.240 w 2.o80 vw 
18
1.827 vw9 
 4.143 vw2.034 
10
8 
 1.798 4.013 w m2.006 

1.766 12
<3 vw vw3.858 1.973 
1.760<3 <3 w m1.9413.655 

41
1.721<3 vw m3.576 1.905 
10
1.692<3 vw 1.864 vw3.4~3 

1.665<.3 3 
 w 'W3.278 1.845 
1.640 32
<3 w3.220 1.828 vw 
1.611<3 5 
 vw3.100 w1.806 

100 
 1.572 <3 vww2.993 1.779 
1.544. 6 
 1.749 .<3 w m2.• 931 


26 
 1.519 ll: w vw2.858 1.734 . 
48 
 1.495 9 
 w2.784 1.714 vw . 

1.478 . vw30 
 9 
 w2.747 1.695 
1.460-10 13 
 <2 .679 
 w w1.667 

3·19 
 1.439 2.611 vw w1.560 
1.422 29
23 
 vw w2.578 1.. 501 


4 
 w 1.429 vw2.543 
2 
 vw2.522 1.365 
vw 1.271 m2.475' . . ' 



VII AMINE COMPLEXES PREPARED FROM OXYCHLORIDES 

(a) Rhenium(V) Complexes 

When oxotetr~chloro(ph0s~horyl chloride)rhenium(VI) ReOC14 _ 

OPCi3) was isolated, it was considered that. a series of compounds ReOCi4

L might be prepared by exchanging phosphoryl chlori-de with some other 

neutral ·l_igand L.. Ugands such as triphenylphosphine and alky or aryl 

phosphites reacted to give a black tar, from which it has been impossible 

to isolate pure products. It seemed that the rhenium compound oxidized 

and/or chlorinated the 1igands. It is possible that if. further experi

ments are carried out to determine the correct solvents and conditions, 

reasonable products may be isolated. 

Two ligands, pyridine and 2,2 1 - dipyridyl, which are more resfs

tant to oxidation than the ligands mentioned above, did give clean 

reactions to form easily isolated, stoichiometric compounds. 

Dissolution of ReOC1 4-0PC1 3 in dry pyridine gave a red solution 

from which a green compound precipitated after standing for half an hour. 

As the green precipitate formed, the colour of the solution faded to a 

pale yellow. later work showed that the reaction proceeded in exactly 

the same-manner if ReOC14 , instead of ReOC14-0PC13 was used as a starting 

mat~rial. After purification, the green compound was analysea by neutron 

activation and fqund to pave a rh~nium: chlorine ratio of 1:3. Carbon, 

hydrpgen, nitr_ogen and chlorine determinations _agreed with the formula

·tion of the green com.pound as oxotrichlorobis(pyridine)rhenium(V). 

112 
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(ReOC1 3 py2 ), rather than the expected oxotetrachloropyridine;-henium(VI). 

The infrared spectrum of a nujol mull showed absorptions nor

mally found for pyridine complexes (134), and a strong sharp absorption 

peak at 966 cm-l. This peak was assigned to a rhenium-oxygen stretching 

mode by comparison with the reported spectra (28} of the well-known 

series of compounds ~eOX 3 L2 and ReOX 3M1:, which have rhenium-oxygen stretching 

f requenc · 1es · 1n t he range 94.6 cm-l .to 991 cm-l The compound was found to 

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

Re0C1 3 py2 has been prepared b~fore by another method, but no magnetic 

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

preparation was repeatedand the product was found to have the same 

properties, melting point and infrared spectrum as the product of our 

reaction. 

The yellow solution, left after filtration of the ReOC14-0PC13 

plus pyridine reaction mixture,was evaporated to low bulk, and large red 

crystals deposited. An infrared spectrum of a nujol mull of these crys

tats was identical with that of the well-known ( 105) dioxotetrapyri~ine

rhenium(V) chloride, [Re02py4 ]C1. It was found that Re0C13py2 reacted 

with excess pyridine to form [Re02py4]C1 quantitatively. At room tempera

-ture, the time for complete reaction was se~eral days, but the reaction 

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

of ·these two compounds is extremely easy: 


· · boil with pyridine [ ]

ReOC13PY2 b 'l 'th HCQ. (lo4f7 ReOzpy4 Ci 

~ 0.1 w1 . cone. . . . . 

* Where x =halogen, L =a neutral ligand and M = bidentate neutral ligand. 
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When solutions of ReOCi4-0PCt 3 (or Re0Ct4) and 2,2'dipyridyl in 

dry carbon tetrachloride were mixed, a yellowy green solid precipitated. 

Neutron activation analysis· of the dried product gave a rhenium to chlorine 

ration of 1:3. Carbon, hydrogen, nitr.ogen and chlorine were· determined 

by a commercial analyst and these results corresponded to a formula ReOCi3 

dipy. The infrared spectrum of this diamagnetic compound was similar to 

··the spectrum of co-ordinated 2,2 1 -dipyridyl observed in other compounds 

-1(135), and also showed a strong sharp absorption at 975 cm 


dipy has been prepared by two other methods (50,106). Chakravorti (106) 


did not report any infrar~d data for the compound which he prepared. 


This preparation was repeated. The product had an infrared spectrum 


identical to that of the compound prepared by our method and to that 


reported by Cotton et al. (50). 


Both ReOCi3py2 and Re0Ct3·dipy were refluxed with absolute alcohol. 

The pyridine compound reacted rapidly to giye a.blue solution. Gradual 

-evaporation of the solutio"n .caused. large blue crystals to deposit. _The 

2,2'-dipyridyl compound reacted much more slowly, but after three or four 

days, the solution turned pale orange in colour and a dark green crystal

line material was precipitated. The ~olid products of both reactions were 

ana4ysed. for carbon, hydrogen, nitrogen and chlorine by a commercial 

analyst. 

The analyses showed that both products were compounds which· had 


been prepared previously by other methods (57). The blue pyridi~e 


compound was oxoethoxodichlorobfs(pyridine)rhenium(V). (ReO (0 Et), 


Ct2 py2 ), an·d the green 2,2'-dipyridyl compound was µ-oxo-bis{oxodichloro
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2,2'-dipyridyl rhenium(V) •. (ReO.CR.2di.py - 0 - ReOCR.2dipy). The solu

.bil ities, melti.ng points and infrared spect·ra of the compounds prepared 

by this method were identical with those of the compounds prepared by 

the original methods. 

Johnson et al. (57) prepared the oxygen-bridge~ 2,2'-dipyridyl 

compound by reaction of 2,2'-dipyddyl with an acetone solution of 

rhenrum pentachloride. These workers prepared µ-oxo-bis(oxodichloro

bispyridinerhenium{V} by an analagous method. They noted that the 

oxygen bridge of the py~idine compound was cleaved b~ ethanol. The re

actions· observed by Johnson et al. and by us are combined in Fig. 21 

(page 116). The reaction scheme in Fig. 21 shows that the oxygen bridged 

dimer of the 2,2'-dipyridyl series was formed in boiling ethanol. In 

contrast, the oxygen bridge of the pyridine series is easily broken by 

boiling ethanol. 

Johnson et al. found that ReOCR.2PY2 - 0 - ReOCt2PY2 could be 

prepared from phosphine comp l"exes, in which it had been shown that the 

attack site, a chlorine atom, was 11 trans 11 ·to an oxygen atom. On this 

basis, they assumed a "trans" configuration for the oxygen atoms in the 

pyridine compounds, and proposed the reaction scheme reproduced in 

Fig. 22 (page 117) . 

.. We prepared the blue ethoxo-compound Reo(OEt}C.t2py2 from R~.OC.t4-

0PCR.3 via ReOC13PY2• The structure of the starting material (see 

Section VI (a)) has been shown to be A of Fig. 23 (page 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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PY . ReOCl2PYttOH 
ReCI 5 ---~ 6 > Re0·0EtCl 2 PY2I . 

Re0Cl2JJY2 

dipy . ·· "( PY 

·.· EtOH ~.· 

ReOCl 2 dipy 

J ' . Re0Cl3py2~[Re02PY~CI 


. PY9 ' 
; Re0Cl2dipy 

PYIEt OH . 

. 

ReOCl dipy '< dipy. · ReOCl ·0PCl3 4 3 
or 

ReOCl4 

FIGURE 2 l. Reactions of Rhenium Penta
Chloride and· Oxotetrachloro(phosphoryl . 
chloride)rhenium(VI) with Aromatic Amines. 

·• .. ' 
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J 0' _;/PYRe Re.,...... 

PY' fl/PYP~f 'c1 ,py/jj'cr. ~ 0 j ·Re·OH 
0C"'11 /PPh3/ pf Jr'py 

. Re I .oNot Isolated 
Ph3p/I ' · Cl a Wet 

·•' 

pyridine .. 
OEt 
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' b Ethanol· 
I •• ' 

FIGURE 22· Reactions of phosphine and pyridine complexes of 
rhenium; scheme proposed by Johnson, Taha a Wilkinson ( 57) 
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0 

c"'- 11 /c1 Cl,J
0 

,,..,.Cl
Re Re · ·/1'\.


a· I Cl cr"',....'j'\y

I 
OPCl 3 PY
A B 

0 
; ;0 

Eto,1f/tl · c1,Jj_....c1 
/eCl 

/ReI '-py . EtO . /)y 
-PY PY c 

o: D 
+, 

~ 

·0 
Cl, II /Cl . PY, 11./PY

-Re Re · 

Cl/ f 'N 
 · PY/ll'P.Y

N/ 
0 

E F .. ..0 
Cl'\.fl ,...PY 'c1, ft vPY . Re · · Re

c1/f "-py PY/ f 'c,
Cl Cl 
G 

' 

0 

.. 

. '"'·· ... 0 
Cl II _......-PY 'Cl If 

. 

PY .

Re "R/
8 Cl/ IPY py7° J 'c1 
OEt OEt-J K , FIGURE 23· Possible Geometries of Some Pyridine
Complexes of Rhenium. 
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. pyddine. Unless rearra_ngement takes place duri.ng the reaction ReOCR.3py2. 

must have the cis con~iguration B (~ig. 23 - page 118). 

When one chlorine atom of this compound is replaced by ethoxlde 

(_again, unless rearra_ng.ement takes place) there are two possible. geo

metrical arr~ngements of the product. These are shown as C and D 

(~ig. 23;p.age 11a). 

Neither of these structures are the same as the one proposed by , 

Johnson, Taha and Wilkinson. If either C or Dis the cor:rect structure, 

the assumption of a trans configuration for the reaction scheme proposed 

by these workers must be questioned. 

As Johnson et al. pointed out, in the 2,2 1 dipyridyl compound, 

"the.ligand nitrogen atoms must necessarily be cis rather than trans." 

They did not however propose any cis configuration. ff the same argu

ments are applied to the 2,2 1 dipyridyl reactions as were applied to 

the pyridine case, the geometrical arrangement of Re0Ct 3dipy is E 

(Fig. 23, ·page 118). 

If the structures Band E are correct, little difference would 

be expected in their reac~ivity with alcohol. We have shown, however, 

that one chlorine of the pyridine compound. is replaced very easily to 

give an ethoxy species, but several days of refluxing are necessary to 

replace one chlorine of the 2,2'-dipyridyl compound by an oxygen bridge. 

The reaction of ReOci 3pv2 with excess pyridine to give {Re02py4 ]CQ. 

does not support structure B as the trans structure of [Re02py4]ci has 

proven by single crystal x-ray dtffraction (136). Rearrangement would .be 

necessary during the formation of this compound in order to remove the 

PY = Re - 0 trans system if ReOCQ.3PY2 had the ci's structure B. 
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The multiple bondi.ng between transition metals and oxygen, and 

the labile nature of halide ions "trans" to the multiply bonded oxygen 

was discussed in Section V (a). The ease of replacement of one chlorine 

Hgand of ReOC1 3py2 by ethoxide ion, lead us to believe that this chlorine 

ion is "trans" to the oxygen atom. rn this case rearra.ngement must take 

. place dufing"the reaction of ReOC14 -0PCt 3 ~with pyridine. There are then 

two arrangements, G _and H (~ig. 23, page 11~), possible for ReOC1aPY2-, 

which are feconcilable ~ith the ease of replacement of chloride ion by 

ethoxide ion, and .the formation of "trans" [Re02py4]CL 

We have no evidenee which suggests that H.and K are the correct 


structures, rather than G and J, but Johnson et al. suggest that Hand 


Kar~ the correct geometries. 


No rearra.ngement to a "trans" form analogous to H is possible 

for Re0Ct3dipy but rearrangement to a ·els form analogous to G is. This 

compound, however, does not possess a chlodde ligand·which is easily 

replaced by ethoxide and no ·compound analogous to [Re02PY4]C1 has been 

observed when the c~mpound was reacted with excess 2,2'=dipyridy1. These 

observations support the retention of configuration E. The structures 

which we consfder to be correct are summ~rised in Figs. 24a and 24b 

(pages 121 and 122). 

All three structures for Re0C12dipy -· 0 - Re0Ci2dipy are possible 

and we have no evidence to indicate which one is correct.· 

The structure proposed for the dimeric compounds by Johnson et 

al. and above show that the pyridine compound has two ~xygen atoms trans 

to the bddging o~ygen. On the other hand the 2,.2 1 -dipyridyl compound 

http:bondi.ng
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has either chloride, or one of the nitr.ogen atoms· of the organie: group, 
. . 

trans to the oxygen bddge. The difference in the stabtlities of the 

oxygen bri.dges towards ethanol may be used as an argument in favour of 

the proposed structure~. The oxygen bri.dge of the pyridine compound 

was broken by refluxi.ng in ethanol for three days (57). The o~ygen 


bri.dge of the 2,2 1 -dipyridyl compound was formed in this medium under 


these conditions and no evidence for any cleavage has been observed. 

Multiply bonded oxygen atoms trans to the µ-oxo-linkage should weaken 

. the oxygen· bridge in the same way that a trans halide ion is made more 

labile. 

Cotton et al. (SO) have pointed out this 11relative weakeni.ng of 

the br.i.dging Re-0 bonds11 and presented infrared data to support it. 

They observed a "very strong broad band" at 710 - 675 cm-l in the infra

red spectrum of the oxygen-bridged pyridine compound. They compared the 

frequency of this absorption peak to that assigned to ttie assymmetric 

stretching mode in hal..o complexes·, such as (Ru20C~0 ) 4-, which occur 

between 90·0 and 800 cm- 1• W were bl e • k out ab •e una to pie an sorpt1on 

peak in the infrared spec!rum of Re0Ct2dipy-O-Re0C22dipy which could be 

assigned to the bridging Re-0-Re bonds .• Mitchell (137) has prepared 

the molybdenum analogue of this compound MoOC22dipy-O-MoOC22dipy, but he 

also W<;IS unable to ass.ign an infrared absorption to the bridging Mo.,..0-Mo 

group •. He proposed a structure for the molybdenum compound: 

0 

0 j~/N)("' ff/Mo 
N I 

Cl
I "N 

.Cl 

http:weakeni.ng
http:refluxi.ng
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which s.ugges.ts that he considers the o~ygen bridge to be trans to a 

nft~~gen atom of the 2,2-dipyridyl. However, alth~ugh this supports 

our postulate, Mitchell offers no evidence for this structure. 

It is realized. that although the structures proposed above for 

the· rhenium compounds fit the experimental observations, more work, 

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

(b) Rhenium(VI I) Compounds 

Re(VI I) is a common, stable, formal oxidation state of rhenium, 

shown in the perrhenate ion (Re04-) and perrhenyl chloride (Re03Ci). 

However, only one co-ordination compound, µ-sulphuryl chloride bis(tri

oxochlororhenium(VI I)) [(Re03Ci) 2so2ci2 J, containing Re(Vll) has been 

claimed (70). As pyridine and 2,2'-dipyridyl gave clean reactions with 

rhenium oxytetrachloride, it was considered possible that these ligands 

might react with perrhenyl chloride to give Re(Vll) containing complexes. 

Trioxochlorobispyr:idinerhenium(VI I) (Re03Ctpy2 ) and trioxo

ch loro 2,2' -di pyri dyl rh'en i um (VI I) were obtained from the di re ct re.;ict ion 

of perrhenyl chloride and the corresponding ligand in carbon tetrachloride 

solution. The cornp9unds were almost white and decomposed slowly in air. 

_The 	 compounds are interesting in that ·the central rhenium atom must 

have a co-ordiantion number of six. Rhen ium(Vll) normally has a co
. 

ordination number of four, but it has been shown that in solid Re2-0 7 

mixed six an·d fo'ur- co-ordination is observed (13-8). 

In addition to analytical results, evidence for the formulation 

as a Re(Vll) compound was afforded by its reaction with water. The 

compo.und dissolved slowly at room temperature, but much more rapidly on 

http:s.ugges.ts
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boili~g t~ give a clear colourless solution. A white precipitate was 

formed on addition of tetraphenyl arsonium chloride solution. This showed 

the presence of perrhenate ion and proved that hydrolysis accompanied 

dissolution. Rhenium in formal oxidation states lower than (VI I) shows 

disproportionation on hydrolysis and-deposits black hydrated rhenium 

dioxide (see Section II). 

The infrared spectrum of Re0 3Ctdipy showed the absorptions 

assocTated with co-ordinated 2,2'-dipyridy1 (135) and several absorption 

peaks in the re~ron 800 - lOOOcm- 1• The absorptions are not character

istic of co-ordinated 2,2'-dipyridyl (135) and may be assigned to rhenium 

oxygen vibrations. The spectrum for this region is shown in Fig. 25, 

(page llf ) . 

Re03CR.py2 decomposed more rapidly in air than did Re0 3CR.dipy, and 

was a pale yellow colour. Re03CR.dipy was involatile at 100°C, but the 

pyridine compound was sub) imed at this temperature. A residue left on 

sublimation was shown by analysis and infrared spectroscopy to be pyri

dinium perrhenate. 

In addition to analytical results, evidence for the formulation 
. . 

as a Re (Vf I) compound was again afforded by its reaction with water. 

Re03CR.py2 dissolved in cold water to give a· perrhen~te solutiori, and no 

rhenium dioxide was precipitated. The infrared spectrum of the solid 

showec! absorptions normally associated with co-ordinated pyridine (134) 

1and several absorptions in the range· 800 - 1000 cm.. , which may be 

assigned to rhenium-o~ygen vibrations. The s~ectrum is ~resented in 

Fig. 25. (p.age 126). 
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Fig. 25. The i'nfrared snectrum of (a) Reo c1 dipy ant! 
3 

(b) Re0 Cl....Ey in the ran~e 800 - 1100 cm-1. 
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The difference between the spectra of Re03CR.py2 and Re03CR.dipy 

f n the 800 - 1000 cm-l r.eg ion may or may not indicate a difference in 

the geometries of the two compounds. More experimental work must be 

performed before any prediction of th.eir: geometries can be made. 

T_r i pheny 1 phosphine is the on 1 y other 1.1 gand which has been re

acted wifh perrhenyl -chloride. The method described in Section IV for 

pyridine and 2,2'-dipyridyl was used and a purple precipitate was formed. 

The product turned brown when vacuum was applied to remove excess solvent. 

Consistent anal~tical and spectral results have not been obtained, and the 

composition of this compound (or mixture of compo~nds) remains unknown. 

To our knowledge, this is the first time rhenium oxychlorides 

have been used as starting materials for the preparation of co-ordination 

compounds. The number of 1 igands used, and the work performed on thes·e 

reactions was necessarily limited, as this work was almost out of the 

or:tginal scope of this research. However, ·it has been shown that the 

preparation of co-ordination compounds from rhenium oxychlorides is 

possible and further invest.igations should prove a fruitful and interes

ting field of study. 



·v1 II GENERAL CONCLUSIONS 

In addition to increasing our knowle_dge of rhenium-chlorine 

chemistry, this research has provided techniques which should be useful 

in future investigations of sensitive compounds. The neutron activation 

method used for the determination of rhenium-chlorine ratios is poten

tially a rapid. and accurate method for fi·nding the stoichiometries 

of many systems where easily activated nuclei are present. The dif

ficulty in obtaining vapour-phase infrared spectra, because of the lack 

of a suitable cel 1, was successful Ty overcome. The cel 1 which was 

developed was extremely simple to construct, robust, and relatively 

cheap. This cell will find many applications 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

paration of rhenium tetrachloride, have been ~olved, but many new questions 

have been raised. The compound thought to be rhenium hexachloride was 

shown.to be rhenium oxytetrachloride. This leaves the anomaly of a 

second row metal, technet·ium~ having a higher chloride than th~ third 

row metal, rhenium. The· same workers ·that isolated "rhenium hexachloride" 

also isolated technetium hexachloride by a similar method. The chlori

•nation product of a technetium mirror was to be re-investigated, but it· 

has not yet been possible to obtain the metal . 

. The h.ighest chloride formed for the group VI second rm·1 metal, 

molybdenum, is a pentachloride and by the group V1 II metal, ruthenium, 
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Is a trtchloride. The ne.ighbouri.ng third row metals, tu.ngsten (group VI) 

and osmium (group VI 11) form a hexachloride and a tetrachloride respec

tively. We failed to find a method of preparation of rhenium hexachloride. 

It may be possible to prepare hexachlorides'of all these metals if a 

suitable method can be developed, but at the moment a re-examination of 

technetium hexachloride appears to be desirable. 

It was not possible to identify with certainty the very volatile 

rhen\um oxytetrachloride impurity (page 72) as rhenium oxytrichlQride, 

but neutron activation an~lysis strongly indicated this formulation. A 

method of preparation of this compound in higher yieldi i; required. 

Reactions which may produce rryenium oxytrichloride are the reactions of 

. the known rhenium chlorides with rhenium oxides. Reaction of rhenium 

metals or rhenium oxides ~ealed in tubes with sulphur chlorides or phos

-phorus chlorides may also prove fruitful. 

As stated in Chapter V (c) (page 80), the preparation of rhenium 

tetrachloride is considered to be a reduction of rhenium pentachloride 

by antimony trichloride. It is possible that the reduction may be per

formed by other reagents. If so, the "accidental" preparation by the 

Shattuck Chemical Company may have resulted from reduction by impurities 

Jn their reaction vessel rather than the "thermal decomposition of 

rheoium pentachloride". 

Only a few complexes were prepared using rhenium oxychlorides as 

starti~g materials. Reactions of these oxychlorides with other ligands 

will probably produce other new compounds, and these reactions are to be 

invest.igated in the near future. 

http:ne.ighbouri.ng
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This work has produced some new techniques, which are of wide 

applJcation, some new rhenium compounds,and has introduced a little more 

order to the rhenium-chlorine system. 

.. 

.. 
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