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~odi~ sta~~t~ or hydr~~~ hydrate. The r~~~ion is r~vc~ibl~ and p 

s~owiy in air when the ~rnFo~~d~ arc in ~o~~~o~. The ~rnpI~x~s which are non- 
rolytes and mQ~orne~c h rn~~~t~c moment close to that for a 

dS spin-paired configuration n octahedral field. The stereo& f the 
compounds is most probably trots-octahedral, 

The ~rn~~x~s of the ~#~d~den~t~ amine QA 
~1~~~1~~s and have rather-low magnetic moments. 

-d o~bedr~l s~cture. arsine ~rn~~~~ 
re -coordinate in non-i solvents, but they 

undergo some ionization in polar solvents. Dissociations of the type; 

ur 
~ReXTASJ* -f-X- 

2 ReX,TAS e [ReXTASj t- f [ReX~TA~]- 

may account for the ionization. The QAS and “PAS complexes of rhenium(R) 
decompose on oxidation unlike the complexes of diarsinc, a stronger electron donor. 

Compound 

ine),Ct,O 
inc)&lrs 
ine),J, 

Re(QAS)CI, 
Re(QAS)By, 
~~~AS)Ci* 

ptt~k black 

Magnetic 
moment 

(B.M.) 
- 

2.13 
1.99 
1.82 
I.16 
I.15 
I. 
1.67 

1.74 

24* 26 
24 
24 
25 
25 
25 
2 
25 
25 
25 

* v(R~-Cl). 279 mrfq ’ dvc-coordinntc. 

A complex of the dip phine-I ,~-bjs(dip~enylph~sphi~Q~e~an~~ ~~~CI~- 
by a bor~hydr~ e r~u~ti~n~’ of the ~~~~1~~~ 

complex {ReC&(diphos),]CI. 
A rhe~i~m~~~~ntacy~n~-~~uo complex, Na,Re(CN),(II,O), h been 

chemistry studied. It is ext~~ed from ction grouch 
rrhenate with sodium a in the ~re~e~~ 

~jde2’-“. The impound is by pit aad brows in &our, but 
solution in acid soiution. The ligand can be replaced by a 

variety of reagents such as, NQC6H,N(CH3),‘0, C03’, S032‘“‘“32, N0+33*34, NQSS, 
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m of K,[Rc(CN),] - 3 W,O has been recorded and the bands 
-6eld tr~~~iti~n$3’. 

Brief rn~~ti~n 

en poorly cbamct~r- 

obesity that the corn- 
plexes are cya~o~hydr~do~ompl~x~~ cannot be ~xciud~d. The hexacya~d~ com- 
plex of monovalent rhenium, K,Re(CN),, is, on the other hand, well character- 

rised. The r~~t 
de it possible to 

of cartier work. In addition, invcsti 

based on 
(c) trimeric compou~d~, ~~~~d on the R~~~~ 

n; (b) dirn~~c corn- 

Re-Re bond; aad 

ted before the d~eric impounds, but for u~ifor~t~ t 
viewed 1x1 the a 

af rhe~um(I~~ is 
extensive and varied, demons es that it is closely <elated to the metal cluster 
chemistry of molybd~~~, tun 

e Of x-r~y 
ctor in producin 
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0 B Cl 

0 a= 
Fig. 1. Structure of (R&l.)*- ion. 

the (ReCl,#- species. Later the colout turns dark brown and from the solution 
the dinuclcar complex anion can bc isolated with cations such as6’ K+, NH4+, 
R,N+, Ph,PH+, and Ph,As+. It is very likely that the two species (Re,Cl,)‘- 
and (Rc,CI,)~- are in fact the same anion of tervalent rhenium’g, viz.. (Rc,Cl,J*-_ 
It therefore appears unnecessary to formulate the “rhenium(H)” compounds as 
M,H,[Rc,Cl,J. A comparison of the products obtained by the two preparative 
methods is given in Table 3. 

The structure of K,[Re,Cl,] - 2 H,O has since been detcrmined.66 and the 
result is in agrcemcnt with that of the refined structure of @yH)2RezCl, (Fig. 1). 
The eight chlorine atoms lie approximately at the comers of a cube with the two 

*‘rhenium atoms depressed slightly into opposite cube faces. Relevant structural 
data arc as follows: 
Re-Cl, 2.29 A; Re-Re, 2.24; C!&& 87”; C!e, 103.7”; and Cl . . . . Cl non 
bonded, 3.32 A. 
The structure of the bromo-complex, @yH)2Rc2B~g, has also been dctcrmincd6’. 
Two crystalline forms apparently exist and the Re-Re bond lengths are reported 
as 2.207 A and 2.27 A. 

The bonding in the (RetC18)*- anion is particularly interesting in view of 
the very short Re-Re bond and the eclipsed configuration. Qualitatively1g*6* one 
can assume that each rhenium atom uses its dxl+, px, pr and s-orbitals forming 
the Rex, a-bonds, leaving the cl= I and p,-orbitals (dp hybrid) for forming the 

Re-Rc a-bond and two non-bonding a-orbitals (a,) WntrifugaUy dircctcd, one 
from each rhenium atom. Of the remaining orbitals, dyL and d,, have n-symmetry 
and can form two Re-Re x-bonds while hr has &symmetry and can form a 
&bond. The Re-Re bond is therefore quadruple ~*rr~6*a,~, and the eight d clec- 

Coordin. Chem. Rev. I (1966) 459403 
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TABLE 3 

COMPARISON OF (R&lJf- COMPLW MADE BY DIFFERENT METiiODS 
-- 

if, PO, reduction 

Carioon Colour 

H2 reduction _--- -_-_-.- 
Elecfrolyfe Cation Colour 

._.... ._-____- 
Electra- 

n-Bu,N+ 
PYH+ 
C8H,,NH’, 
Ph,As+ 
Ph,McAs+ 

me lyre r_vpe 
-__ _.- -- _-_- 

blue 1:2 NH,+(Z HtO) very dark green 1:2 - 
dark green 1:2 NH,+ dark green I:2 
dark green 1:2 K+(2 I&O) very dark green I:2 
blue I:2 K’ dark green I:2 
blue-green I :2 
_- _ ---. . ---- - _- - 

trons (Rc”‘-&) are adequately accommodated. This scheme satisfactorily accounts 

for the diamagnetism, short Re-Re bond and the eclipsed configuration. The 
&bond (estimated strength from electronic spectra = 3.7 ev), which can only 
form in the eclipsed position, must be sufficiently strong to overcome the steric 
repulsions between halogens of ncighbouring Rex, groups6*. 

The anion (Rc~CI~)~- reacts with 2,5-dithiahcxane6g*70 to give a complex 
Re,Cl,(DTH)2, which can be considcrcd as having the rhenium atoms in oxida- 
tion states II and III. The structure of the compound has been dctcrmined6’ and 
it is found that the entities RcCl, and RcS, are in the staggered configuration, 
suggesting that the b-bond has been broken. The nine d-electrons (Re”-ci’, Ret”-d*) 
arc accommodated &r4&2J.Y1 predicting a paramagnetic compound which is ob- 
served experimentally. A small increase in the Re-Re bond to 2.29 A is reported_ 
The a,-orbitals, which are vacant in (Re,C18)2- arc used in Re2ClS(DTH), for 
the axial attachment of chlorine atoms, one strongly and one weakly_ The use of 
the a,-orbitals for bonding appears dcpcndent on access of thcsc orbitals to co- 
ordinating limnds”. 

Rhenium(M) chloride reacts with carboxylic acids RCOOH (R = CHJ, 
C2H5, n- and iso-C,‘tI,) to give” dimcric compounds [RcCI(OCOR),],. The 
chemical evidence suggested that the compounds have a similar structure to that 
of copper(M) acetate. The compounds are diamagnetic, but a Rc-Re bond was 

not originally invoked to account for this. 
However, more recent evidence has shown that treatment of the compounds 

with hydrochloric acid produces the (Rc,CI~)~- species, and in fact the reaction 
is rcvcrsiblc6s*6*: 

(Rc2ClrJ2- +4 RCOOH G+ [RcCl(OCOR),], +4 I-ICI+2 Cl- 

The reaction proceeding to the right is the best preparative routc46*6s*70 to the 
carboxylate complexes. The complexes probably have the structure depicted in’* 
Fig. 2. 

A wide range of similar compounds have now been prepared46*71 and 
reports of carboxylic-acid dcrivativcs of rhenium(II)“-‘3 have been rcintcrpret- 
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Fig. 2. Structure of Re@#ZR),CI,. 

cd46*7* as d~~ric compounds of rhe~u~(~rI) (Table 4). The com~u~d72 
~~(Ph~P~~ may also be one oft class. 

iI) dimeric compounds are either blur;-green or 

(ReKM2--t which is bfue, has three cfectronic- 
at65*68 14~~ cm-‘, 32,000 cm-“, and 40,ooO cm-’ which have been assigned to 
the tra~~iti~~s 6 -+ Q,, 3 -_, 6* and Cl -+ Re (charge transfer) respectively. The 
orange-b~~wnc~~p~undsdo not possess the 14,800 cm-l band, a fact which can be 
related to the absence of the vacant a,-orbit&s due to tigagds bonding in the axial 
positionsbs- ‘O. 

TABLE 4 



in come 0 

ted with the n~t~e of the 
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Fig. 3. Structure of (Rc,CI,~~ ion. 

atoms: (a) three bridging chlorine atoms, (b) six terminal out-of-plane chlorine 
atoms, and (c) three terminal in-plane chlorine atoms (Fig. 3). Bond lengths and 
rclcvant bond angles are listed in Table 5 together with data on related structures 
since determined. 

The results indicate that the Re-Rc bonds are short, but not as short as in 
(Re,Cls)2-. The Rc-Cl terminal out-of-plane and bridging bonds appear to be 
“normal” while the terminal in-plane Re-Cl bonds arc long relative to the others. 
The latter fact can be readily explained in terms of stcric interactions: the out-of- 
plane terminal halogens are splayed outwards due to steric repulsions, and the 

TABLE 5 

SIXUCYURA,. DATA ON TRIMERIC RHENNM(II1) COMPOUNDS 
-._- .- 

Re-Re Re-X Re-X Re-X x2x Re$Re Re/. 
terminal terminal bridge terminal bridge 
in-plane out-of-plane of-plane 

(R&M’- 2.48 2.52 2.36 2.39 158” 62” 79-81 
(R&Us 2.483, 2.435.2.56 2.30, 2.29. 2.35 158’. 153’. 63’ 82.83 
(RcsBrtt)‘- 2.48 2.75 2.49 253 1 SG” 59O 84 
(R%Br,J’- 2.49, 2.43* 2.72 2.48, 2.38’ 2.54 159”. 134’. 58’ 85, 86 
RMJ, 2.49 (2.66) 2.40, 2.29 2.46 163” 61° 87.88 
NW 2.465 2.45 2.54 155” w 89 
Rc,CI, (Et,PhP), 2.49 2.70’. 2.32, 2.30 2.395, 2.371 159” 63” 90 

l Bond length and bond angles associated with the halogen-dctkient rhenium. l * Rc-P. 

Coordin. C/rem. Rev. 1 (1966) 459-503 
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c-bonding are employed to form Re-Re n-type bonds. The metals tons are 
accommodated as follows; six in the three Re-Re u-bonds and s he three 
Re-Re a-bonds. This also predicts a bond order of two and as in the other cases, 
explains the diama~~tism (Table 6, 3). 

The inequality ofthe rhenium-rhenium bonds in the (ResX, r)*- anions may 

be accounted for by improved overlap in the two short bonds. This may be 
achieved by infracting the ~nt~~~al~y~ir~ted orbital left vacant on the ha- 
logen-deficient rhenium atom ‘$. The Re-Br (out-of-plane) bonds to the deficient 
rhenium are also shorter than the other bonds; this may arise from a release of 
steric pressure at that point in the anion. This can be considered as being assisted 
by the formation of a Br-Re-Br threoceatre bond in which filled d-orbitals of 
the bromine atoms are used. 

The bridging chlorine atoms have heen considered either to 
one thr~~tre bonde4 or two two~~tr~ bonds”eg*. Each bri 
donates two electrons to the three-centre bond and therefore the Re5 

be described as an eighteen-electron structure. The alternative approach suggests 
a runty-four~lc~ro~ structu . An adventure of the three-centre bond is that the 

of 60” is not unusual, want it would be in the of two two~nt~ 
bonds which presumably involve the p-orbitals of the halogens. 

One feature common to all compounds containing the triangular rhenium 
cluster is the presence of two electronic absorption bands in the visible and ncar- 

tra82*88R90~gs-“a’. The posi on of the hi~h~~~r~ band, 17,xK& 
is remarkably constant for I and changes in the terminal positions. 

Some variations in the second band, 12,30&13,300cm-‘, have been related to 
nd differing, e. nitrogen donors shiftg7* *** the band to around 1 l,laOcm- ‘. 
change in the b dging halogens does shift both bands sli tly.The two bands 

also have an intensity ratio of approximaeely 3: 1 (hi energy: low energy, molar 
extinction coefficient 12MLt800:40@600). The posi n and relative intensity of 
the bands can be used q~itati~ly for showing the prcsenee of rhenium trian 
in tervalent-rhenium compounds. No quantitative assignments have so far been 
made for the bands. However, certain chemical facts make it possible to suggest 
a q~li~tiv~ ~ignme~t. Chlorine excha and a controlled t~ocya~~te replace- 
ment of chlorine has d~rnons~ae~ that basic structural unit is Re3X, (X = 
bridging halogens)97. The isolation” of the complex Re,Br,(As0,),(solvent)3 
conErms the lability of all the terminal halogens, Also the major 
S tti bands to lower energy occur when the bidding bogus are c 
chlorine to bromine9’. These faa suggest that the two spectral bands are as- 
sociated with the Re,X, entity and may be assigned to a Xbrldsa + Re(trian&) 
transition. 
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X = Cl, Rc; cations. 
~~~Q$, i%&s+, Ph, 
cations, CW, quinW+ 
cations, P&PH+. Ph,EtP+, quinH+ 
catim. ~~,~e~~ 
cation, Pb,As+ 
cation, 
cation, , ~~~P~~ 
(RcaBr. cations, q~nH*, (C~~~,~~ 
((R~~*~r~)~~ + (ReBra*-); c&on, CS+ 
cation, Cs* 
cation, eS+ 

X C& Br; L == ~o~~d~~tat~, PhlP, py_ Ph&s, Pb,FO, BASE, 
CW,CN, Et,PhP, RSO. aniline. 

0. Pb,PO 
ZWBC 

bipy, diphas. DTW 
bipy, DTH 

s large and Table 7 

in two major ways, 
e yields are never 

at and a~e~tion must increase ~em9~ * 
as e ~~~o~ of rhe- 

nium and bromine in a sealed tube at 400-550”. 
Complexes of the halides are readily obtained by adding the a~~r~pria~e 

d to the halide in an c solvent. The halog~~~~mplex~s are isolated 
the appropriate to an acidic solution of the ~aiide~‘g9s~“‘. 

l-he method for ob iodide is less well u~de~t~. A 
her of p~p~atio~ hav **07-109t but aot alwaur; oor&m- 
**‘. The product obtain m many cases analyses closet to a composition 

line rh~~urn~1~ iodrdc was obtains; prelimi x-ray 
it has the trimeric stru~turc*~. 
of fo~a~on of the chioride end bromide are 

-47.8 and -33.6 k mole- ’ from o~datio~ e and more 
as - 45.4 and - 3 1 k-1 mole- ’ from heat-capaci casurements” ‘. Rhenmm 
chloride starts to dissociate irreversibly above 360” according to the 

2R~l~~2Re~3Cl~ 

Ctxwdfn. Chem. Rev. I (I966) 459-503 



The salts of (Re3CI,2)3- disprQ~o~ionate at 250” toe1 Ret*, Re” and Rey”‘. The 
cl~te~ do not have a hi biiity toward hydrolysis and oxidation. e chloro- 
compounds are less readily o~dised un~i~3, and the oxid- 
ation pr~uc~ are Rerv and Rev de 

~e~~um(II~) chloride has an ight of 885 (talc. for 
trimer 887) in t~~a~ydro~o~he~~ (c~os~~i~)~‘. The o 
of the cam~~~x~s Re,X9L, (L = 

ly due to a rcv~rs~bl~ diss 

Re~~~~~ ._#+ n L. 
It has been scone’ i adent!y that the 
the complexes deviate Beef’s Law, an 

of d~s~o~iatio~ does not occur for th 

riment~~ conditions the ter~na~ in- 
n be completely rem0 

ens removed from the anions can be correlated with the increasing size of the 
e effect is rn~s~ ~ro~oun~d for the bromo-anions* where ~r~~urn- 

eater steriic pressure in the anion 

nosier for te~~~~ halo be ~m~ved. ~~~~~~~ (~~~~I~~)~- is the 
ant ~~cies of the chlo 

y&J- whirl the nu 

red at 375” by th~~al 

e compost are 

contra and a de 



n atom which is not as 
and other Donna Ii 

~~ti~us in the i retati~n of the in 

rbonyl ~m~ound$, 

~~~~(CO)413 Iso. The two former c~rn~Iex~~ arc 
bridges und the fatter compound may or may not 



ature of r~~~iurn(~~ c 
chloride, however, it h 
f the r~et~~n of rheni 

a low magnetic ~~rn~nt, the v~Ine 1.02 BM be obtained after 
ndent ‘paramagnetic camp 

basis of the ma data the compound is postulated as being trimeric [Re&l,, 1” 
with 8 structur ogous to the tewalent-rhenium clusters. Since there are three 
metal d~le~trons kss, per trimcr, than in 

ties that the compwmd avoid h 

sample of rbe~~~rn Claude has reeentl 
m(V) ch~o~de’ 

e compound is di 
anrrlogous to the dimeric rhcnium(III) species73 (Re2C1,)2-. 

The different samples of ReCl, (a-R&I, i9~: Re&I, 2 an~ReCI, = Re,CI,) 
in that the chemistry of rhe~ium(I~ chloride is at&o 



e ter- and 
crture of the anise is simihr to that of 

rise to one ua- 

346” 
313 331.5,319’~* rifle? 3t4,3 

213. 
17 
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be consistent with three crystallographically non-equivalent iodine atoms. Raman 
and infrared measurements”4 are consistent with an octahedral symmetry for the 
chloro- and bromo-compounds. Table 8 lists the reported v(Re-X) stretching fre- 
quencies. 

A number of workers have assigned the ligand-field spectral bands of the 
(Rex,)‘- anions158-161. The general features of the spectra are given in Table 9 
together with calculated positions of the bands for K,ReCl,. Certain of the work 
has demonstrated that the spin-forbidden bands ‘E,(r,) c 4A2, ‘Tr(r6) t 4A2 
and 2T2(l-,) +- 4A2 have considerable vibrational fine structure with an energy 
separation of the order 150-300 cm-‘. Slight blurring of the vibrational structure 
is said to be due to deviations from a regular octahedral symmetry’60. 

TABLE 9 

LIGAND-FIELD BANDS OFTHE (Rex )?- ANIONS'~~~'~~ 6 (in cm”> 

(Racah parameters Ai, Bi, Ci; ligand-field splitting parameter (33,500 cm-3 and spin-orbit coupling para 
meter 5 (2300 cm-l)). 

&Id 
splitting 
parameter 

(ReF& 9,080 10,890= 1 7,670a 18,910 32,800 37,500 32,800 

(ReC132- 7,600 9,4w 14,140~ 15,340 28,010 29,000 

(ReBr#- 7,260 9,170a 13,230 14,860 28,000 

(ReI$+ 7,350 8,470 26,000 

(ReCl#- 7,895 8,798,9,167 14,653 15,723 34,458 38,546 

WC.) 

a,vibrational structure. 

When the salt K2ReC16 is subjected to high pressures all the bands shift to 
lower energy162*163 a new band appearing at 16,100 cm-‘; this was assigned to a 

2T2(r,) c 4A2 transition. An alternative interpretation164 considers that the two 
bands in the region 14,200 and 15,700 cm-‘, as well as the new band, are all 
2T2(r,) t 4A2 transitions. The third band only arises under pressure as a con- 
sequence of a low-symmetry component splitting the ‘T2 state. The absence of the 
16,100 cm- ’ band at atmospheric pressure suggests a regular symmetry since only 
two 2Tz(r,) c 4A2 transitions would be expected in this case. In molten LiCl-KCl, 
the two bands 2T2(rs) + 4A2 and ‘T,(rs) + 4A2 are split suggesting some tetra- 
gonal distortion. This is said to be due to an anion-cation interaction and is only 
observed for strongly-polarising cations 16’. It is clear that the spectroscopic evid- 
ence provides conflicting information about the regularity of the octahedral stereo- 
chemistry. 

The magnetic moments and Weiss constants for a number of M’2ReXs com- 
pounds are listed in Table 10. The main reason suggested for the reduction in the 
magnetic moment below 3.86 BM is an antiferromagnetic interaction. The Curie 
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TABLE 10 

MAGNEFIC DATA FOR M,ReX, COMPW(ES 

---.__-_----.- 

Compound Range of magnetic 0 (“K) Re/. 
moments reported 
B.M. (293-300 “K) 

- . - .._-. --__ ..- _.- --- 
K,ReF.* 

Rb*ReF, 
Cs,RcF, 
BaReF, 
K,RcCI,m 

Cs:RcCI, 
(NHJ,ReCI. 
(Mc,N),RcCI, 

(Et,N)aReCt, 
(pyH),ReCl, 
(quinH),ReCI, 
(tolH),ReCI. 
(bipyH),ReCI, 
K,ReBr,’ 

Cs,ReBr, 

(pyH),RcBr, 
(quinH),ReBr, 
(bipyH*)ReBr, 
K,Rcl; 

Cs,Rel. 

WH,),Rcl, 

2.98-3.32 
3.25, 3.43 (aq. soln.) 

3.17 
3.24, 3.32 
3.41 
3.25-3.33 
3.5 (dil. HCI soln.) 
3.62 (in K,PtCI,) 
3.35 
3.32 
3.66 
3.62 
3.58 
3.48, 3.54 
3.50 
3.66 
3.19, 3.20 
3.6 (dil. HBr soln.) 
3.36 
3.69 
3.76 
3.74 
3.32. 3.57 
3.55 (9N HI soln.) 
3.22 
3.27 

30-40 

-25 
20, 24 

55-88 

50 

-20 
-1 

I4 
I3 

35 

105 

80 

lo0 

I35 

479 

141. 142. 166. 167 

166, 167 

142 
142, 167 
141 
13, 166170 
166. 167 
169 
167 
13 
I71 
171 
167 
13. 167 

149 
13 
166,170 
166. 167 

I67 
13 
13 
13 
166. 167, 170 
167 
167 
13 

-- -. 
a High values of the magnetic moments of these compounds and Kb,Rel, arc reported in ref. 172 

points’6* for K,ReCl, and K,ReBr, arc 12.4 “K and 15.3 “K which correspond 
with heat-capacity transitions at 11.9 “K and 15.2 oK’6*~‘73~‘7J respectively. 
it is possible that a structural change from the K,PtC16-type lattice to one of 
lower symmetry occurs at low temperatures. This is indicated by a spontaneous 
heat evolution at 150 “K when K,ReBr6 is cooled“*. Neutron diffraction studies 
on K,ReCI, indicate a facc-centred cubic lattice at 295 “K and a primitive !attice 
below 70 “K but still retaining an csscntial octahedral symmetry around the metal 
atom. At 4.2 OK the structure is an ordered antiferromagnetic consisting of fcrro- 

magnetic alignment in the 001 plants with adjacent planes aligned antiparallel’75. 
The magnetic moments of the compounds are increased when diluted. Dilu- 

tion has been achieved by dissolving the compounds in an appropriate solvent‘66*‘67 
or in the solid state by placing the compounds in a K,PtC16 latticc’6g*‘76. The 
magnetic moments are also increased in compounds containing large cations, due 
to a similar dilution cffcct13*‘67. 

Coordin. Chem. Rev. 1 (1966) 459-503 



The antiferromagnetism appears to increase in the order F < Cl iz Br < I 
which has been related to an increasing metal--halogen covalent bondmg13*“67. 

In the case of K,Rt%& the exchange is said to occur through h--p, Rc-CI bonding 
and also through p=-p, interaction between nei hbouring chlorine atoms’76. The 
type of inter~~ion appears to be the same for the c~~oro-end brom~m~unds~6s. 
The high clectronegativity of fluorine and the close F-E distance act in opposition 
in their effect on the s -exchnnge’6E ia K2ReF6. 

Independent esti es of the spin+rbit couphn parameter 5; of Kc4+ vary 
~nsiderab~y: 1460 cm-i id8 3,300 cm-’ 16’, 2,300 cm-’ 159 and 2,400 cm-’ i”_ 

complex KJRe,OCl, Of has been known for some time and 
rmediate in tbc reduction of potassium perrhenatex78 to 

K,ReCI,. It is a 4: 1 electrolyte and is weakly paramagnetic indicating spin coupling 
of the rhenium d’-elcctrons. The compound undergoes an unusual reaction with 

en peroxide leading to a blood-red compound which appears to contain a 
nal oxygen atom, which can be lost reversibly’7p-‘84. Spin couplin 

tween the rhenium atoms is removed in the oxygenated complex, the camp 
(quin~)~Re~~~Cl~~ having a ma~~tic moment of 3.5 BPvP~~. 

The structure of KQIRe,OCI,,J has been determined; it consists of two octa- 
hedrons linked through a ~mmon oxygen atomxR3. The Re-0 bond length is 
1.86 A suggesting double bonding at least, and as expected for maximum stability 
the Re-O-Re system is ~l~n~rle4. The apportion of the ending theory used 
to explain the diamagnetism of the ruthenium complex’“5, KJRuOCI,,], is not 
adequate for the rhea&m compound as rt would leave two unpaired electrons per 
dimer’7e*r8a. A different approach allots the rhenium orbit& s, px, pr, & -+ d, 
and dzY for the six a-bonds to each rhenium. The remaining orbitals d,*, p%, 4, can 
combine with the pt and py orbitals of the oxygen to give the molecular orbitals 

E(b), &,, All, Az,, E?) which accammodatc the 10 electrons (3 per Re and 4 
fr\m the 0) in a spin-paired arrangement. (The scheme will also account for the 
diamagnetism of the ruthenium complex)‘“6*‘87. 

A number of dibasie carboxylic-acid complexes of rh~~iurn(I~ aIsa contain 
the Re-0-Re system. The compounds M,[Re,(OH)&O] (I = oxalate, citrate, 
tartrate or gallate), ~~rRc~(O~)~(~~O~)~O] and ~~[Re~(O~)~(EDTA)O] are 
diamagnetic and molecular-weight data confirms their dimeric sfructures’88-*93. 
The cl~~tro~i~s~ral bands of the ~rn~~~x~ have 
transitions, the ground state being designated as a ’ 
this is so as the ~rn~u~d~ &e diam~~ne~c and completely spin-haired through 
Re=O muhiplc bonding. The position of the bands changes with the number of 
coordinated hydrox~-ii~~ds1g4*1p~_ 

An alternative formulation of the compounds could be in terms of terval 
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TABLE 12 

RHENIUM(V) RcOX,L, COMYLEXES 
-_ .- . -- 

Compound 

. ..-.-- _..... -- 
mm-RcOCI,(Ph,P), 
RcOCI,(Ph,P), 
rrans-RcOBra(Ph,P), 
RcOl,(Ph,P), 
RcO(SCN),(Ph,P), 
rrans-RcOC1~(Et,P)r 
cis-RcOCI,(Et,P), 
rru,rs-RcOCl,(n-Pr,P), 
cis-RcOCl,(n-Pr,P), 
mm-ReOCI,(Et,PhP), 
cis-RcOCI,(Et,PhP), 
cis-RcOBr,(Et,PhP), 
cis-RcOl,(Et,PhP), 
RcO(SCN),(Et:PhP): 
RcOCI,[P(CI~f,CI),], 

ReOCl,(diphos) 
cis-RcOCl,(diphos) 
ReOCI,[C,H,(PEt,), J 
RcOCI,(Ph,As), 
RcOBr,(I’h,As& 
ReOCI,(Et,PhAs)t 
cis-ReOCI,(Me,PhAs), 
RcOCl,(diarsinc) 
ReOCI,(TAS) 
RcOBr,(TAS) 
ReOCI,(Ph,Sb), 
RcOBr,(Ph,Sb), 
RcOCl,(~y)z 
RcOBr,(py), 

(reported ZG RcBr,(py),) 
ReO(CNS),(py)*HF - H,O 
RcOCl,(bipy) 
RcOCI,( bipy) 

Colour Melring v( Re-0) Dipole RrJ 
poin f c:omet8f 
I”C) (01 

_.. . . -- . _- .-... - 
ycuow 
green 
yellow 

brown 
green 
blue 
green 
blue 
green 
blue 
green 
brown 
brown 
red 
blue 
green 
blue 

turquoise 
blue 
green 
green 
yellow-preen 

vi&t 

green 

21 l-214 

181-183 

132-136 
l&l74 
12tG129 
130-l 34 
110-115 
166-169 
157-160 
171-175 
171.5-174 
138-142 
l5&161 

257-262 

240-243 

1’0-122 
170-175 

284-285 
275-276 

969 2.5 
981 
981 
952 
958 
973 I.7 
982 
985 1.3 

978 1.7 
977 10.8 

97L 
964 
975 

976 

980 
984 
967 
980, 974 
978 

991.97@ 
g&IO sevcn- 
971 I coordinate 
976 
969, 973 

_ _ _ - ._-__ 

15-17.57.209 
57 
17, 57, ‘09 
57 
16. 17 
16, I7 
16. 17 
16. 17 
200 
16, 17 
16, 17 
200 
17 
16, 17 
17 

17 

50 
16. 17 
15, 57 
57, 209 
16, I7 
200 
58 
25 

57 
57 
210 
211 

212 
203 

-_ ._ ..-- - 

the blue isomer is one of the two cis forms with a dipole moment of 10.8 Dt6*“. 
A violet “isomer” has since been found to be a mixturc2” of violet frunr-RcCl,- 

(Et,PhP), and green frun.~-ReOCI~(Et2PhP)2. The ~fruct~r~ of the rruns-complex, 
RcOCI,(Et,PhP), has been detcrmincd by X-ray diffraction tcchniqucs213. The 
bond lengths arc: Re-Cl, 2.41,2.47,2.43 A; Re-P. 2.45.2.48 A, and Re-0, 1.60 A_ 
The rhenium atom does not lie in the P,P&I,CI, plane (Fig. 5) but protrudes 
slightly towards the oxygen atom. The Re-P bond length is said to bc “normal” 
with no evidence for 4,-t& bonding. On the other hand the Re-0 bond is very 
short suggesting a bond order approaching three. The rhenium atom can bond the 
six ligands with a-bonds using its valence orbitals 5dz2. 5dx~+. 6s. 6p.. 6pI, and 

Coordin. Chem. Rev. 1 (1966) 459-503 



484 

i / 
I .'Y 
I / 

I 
0 4 

/ 

\ / 

C’s 

/ 
_-_--.-p 

1 -- Re 

/ /I 
Pa - ---x- 

\ 

Fig. 5. ~rere~ch~rn~~t~ of the ReOCI,P, entity in ReOCI,(R,P),. 

6a,. IO ~d~~icn the rheni ke part in ~*~~~=~ and 
p,,d,, bonding giving an unused dsy orbital on 
the rhenium ommodate the two d-ele ired complex. 
It is s~~p~s~ the r~e~urn atom can a wjtho~t some 
removal by back n-bondi to the phosFho~ ato ~s~i~ily as the Bled 

ted for such bonding, It is of doubtful v~i~d~ty to 
when comparable data are limited 

as in the case of the Be-P bond, One can say from the above 
tions that Re-P z-bonding: is very likely. 

of the Re-0 bond is also indicated by the position of 
ymetric stitch in the i~f~~~d, which is d to a sharp intense 

band ia. the ran 15--17,29.57,58.214 958_985~m-i* In a on it is known that 
the oxo-&and cannot be protonated whelk proton&on is possible for the IXU~S- 
dioxo-complexes where the Re-0 bond order is iowetJ7 (see below). 

13). The formation of the 

ion of rhcniu 

The redaction of rrhenic acid with ~r~phe~yiph~sp~n~ in e~a~ol in 
tie presence of either bydrobro~c or hy~oiodic acid gives the ~rn~1~~~ 
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TABLE 13 

tummw(v) ReO(OR)X,S COMPLEX~ 

Re~OMc}Cl,(Ph,P)* 200-203 946 16. 17. 57 
ReO(OEt)Cl,(Ph,P), 199-203 946 909 16, 17. 57 
ReO(OEt)Cl,(Ph,P), $rren 953 910 57 
RcQ(OCH.Ph)Cl,@h,P), kT=Y 178-182 943 909 16, 17 
RcO(OMe)Br,(Ph,P), 944,933 57 
R~OEt)Br~Ph~P), y-brown 147-149 940 909 15-17, 57 
R~~~e)l~~~~)~ 944.93 1 47 
R~(OEt)l*(P~,P)* grofn 155-165 946 9119 15-17, 57 
ReO(a-PrO)l,(Ph,P), olive-gnxn 350-360 921 921 17 
RcO(OC,H~OMe)l~(-Pb~P), olive-green 153-159 932 918 (sh) 17 
ReO(OMc)CI,(Et,PbP), violet 132-136 937 17 
Rcla(OEt)C1,(Et,PM’), violet l-75-139 951 916 17 

R O~H*Ph~,(~t*PbP)* violet 168-172 935 906 17 
R ~~c)Br*(Et*PbP)* blxxvn-vi0 132-136 200 
~~~OEt)CJ*(Et~b*P~ porplc 163-167 942 913 17 
ReO(OC,H,OMe)CI,(n-Pr,PhP), IikiC 159-162 958 917 17 
ReO(ONc)CI.[P(CW.CI),], Purple 138-142 943 17 
ezea(OEt)I(Ph,P),~McCdH,NC)]X 215 

1: 1 clectrolylcs Formuhtcd as 
r~~r~h,p),~~-~ &NC)lX ~, -~-” 

ReQ(OEt)X~~h~P)~ (x = Br, I). The corresprmding chloride is obtained when 
hydrazinc hydrochloride is used as the reducing agent in anhydrous condi- 
tians1s-‘7*57. Alternatively, preparation is achieved by boiling the complexes 
RcOX3L2 in the appropriate alcohol “. Certain alkoxo-ligands arc replaceable by 
others, e.g., Z-methoxyethoxidc replaces” n-Pr0‘ and EtQ-. Thz ~rnpo~~~~ are 
di~m~gnctics7, pr~u~bly for the same reason as for the R&X,L, complex 

The complexes [Re(Ph,P)&+MeC6H,NC)I]X (X = I-, Ph,B-, C104-, and 
i,-), which are 1: I eIectro1ytes2”5 arc prepared from “Re(Ph3P),I,” which is in 
fact ReO(OEt) (Ph3P),12. Hence they may bc reformulated as [ReO(OEt) (Ph3P)2- 
~~eC~H~NC)I~X. 

The ster~~~~rni~l position of the ~l~ox~li~nd in the ~rnplex~ is not 
definitely known zts dipole-momcat measurements are p ed by rapid iotcr- 
conversion of the isomers 52. However, infrared data su that the oxo- and 
alkoxo-ligands are tram to each other’s-‘7057*a14. The Re-0 stretch is now found 
at a lower frequency, in the ra 930-958 cm’“” ‘. The 0x04 nd is said to have a 

. 

3 Re~(OEt)~~(P~~P)~ (X = Cl, Br, I) treated with ace- 

ReO(acac)X,(Ph,P),. The di netic compounds 
ble to a v(Re4) stretch an ey are apparently 

seven-coordinate. liiowcver, the compounds have not been obtained pure as they 
et with fu~h~r ~~ty~~ton~ to give te~l~~t-rhenium complexess2_ 
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~~~o~e~o~~~~r~ of r~eni~~~ V) 

~~~s~n~ known, viz, (ReOX~)z- 
assgciated with a al ligand. 

The former have been infrequently studied since the early work on 
i~H)~Re~X~ (X = Br, I) have been pre- 
with ~~i~~~r dio~id~~~6 

xx shown Co be 

rn~~o~ucI~r_ 
More reently”“’ the complex Cs,ReOCl, was isolated from a solution of 

um ~n~chlo~de in hydro oric acid. This compoun reported to have a 

n~ti~ rnorne~~ of 2.85 BN 
our of rhe~~~~~ oxo- of X.3 IS pre- 

dicted far a reeler octahedral rbeni~~ complex; the spin-only value is reduced 
by spin-orbit couplin . Some distortion from octahedral symmetry would increase 

ymmetry would give a c~~n~~ 
~~ommodate~ in a stable b, 

e halogeno-complcx type (ReOX,)- or 
Treatment of Rc~I~(~h~~)~ with h 

tivefy either reduction of 
or aerial ~~~~~0~ 

can hc used”‘s. Some of the kno 
i’abIe 14. The complexes are reacti~rc*‘” and o a variety af reactions which 
are lists in Fig. 6, The ~rnpou~d~ are diama 09* 218 and are 1: I electrolytes 

some further ~l~ctrol~ic iation ~~~~r~ for certain compound~2~*. 
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Ph,As[ReBr,O] “*O -- Ph,AsReO,. RcO*. Ph,AsBr 

Pb.P in Cll,CN 
l RcOBr,(Ph,P), 

Ph.As in CH,CN 
+ RcOBrS(Ph,As)S 

Pvridine in H.0 
refur 

t (Re(py),O,]Br 2 ff,O 

R,SO in CH,CN 
t Ph,AsReO, 

I 
AU. HBr. 

heal t (Ph,As),RcBr, 

na. acc1oac 

Ph&[ReCI,O ] Ph,P in CH.CN 
+ RcOCI,(Ph,P), 

1 

Pyridinc in H,O 

renulr 

[Rc(py),OJCl - 2 Hz0 

R = p-CH,C,H,. C,H, or C,H,CH* 

Fig. 6. Reactions of (RcOX,)- ions”‘. 

The infrared spectra of the compounds are intcrcsting in that the ~(Rc-0) 
stretching mode is at a high energy of 1000 cm-’ (955 cm-’ for Cs(RcOBr,)) 
suggesting a strong Re-0 bond 2090218. The value is higher than assigned for the 
complexes ReOX,L, (958-985 cm-‘) where a simiiar mono-oxo-@and occurs. 
The Re-0 bond length in the complex ReOCl,(Et,PitP), is however, shorter than 
in the (RcOBr*L)- anion (set Table 15) which is rrot coasistcnt with the lower 
stretching frequency. The accumulated infrared data available for both types of 
complexes strongly suggest that the assignments are correct. The situation needs 
investigating further as there may be other reasons for the different Re-0 bond 

:leogths. The low value of the v(Re-0) stretch for CsRcOBr, has been attributed 
to some Cs-0 interaction209*2’8. 

Two salts have been investigated by X-ray diffraction techniques, viz.2’9, 

Ph4As[ReOBr4CH,CN] and ‘Is Et,N[ReOBr,H20]. The ReOX, unit is square 

TABLE 15 

STRUCTURAL DATA ON [RcOBr,Lp 

Ph,As[RcOBr,CH,CN]“’ EI,N(R~OB~, - H,O]“’ 

Re-Br 
RC-O 
RcL 
Br-Re=O 

2.43-2.51 2.51 
1.73 1.71 
2.3 I (CH,CN) 2.32 (H,O) 
92-104° -98” 

Coordin. Chem. Rev. I (1966) 459-503 
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Protonation reactions of the ethyienediaminc and pyridine complexes have 
been widely studied. In the case of the C~y~e~~ia~n~~mpIex anion the reactton 
scheme is reported to be 

fReO,(en),]+ -% [ReO(OH) (en),]‘+ H” - UWW2W213 + 
y&ow red-riokt blue 

s2”* 233. Furth er acidification leads to replacement of an ethy- 
d according to the reactions2i7: 

[Re(en)20(OI-I)]a+ m fRe(en)CI,O 

and 

[Re(en),(CH)2]3’ s [Rc(en)Cl,(OI-I),]+. 

greeo 

Ultimately all the amine can be replaced and products formulated as Cs[RcCl,- 
(OH),] and Ph,As[ReCI,(OH),J have been isolated, A band in the infrared at 
960-1010 cm-’ in evidence for the p nc.e of v(Re-OH) stretch”“‘, in the 
latter compounds is more probably due to a v(Re=O) stretching frequency, and 
the compounds should be reformulated aszo9 Cs[ReCI,0(H20)) and Ph,As- 
[ReC140(H20)]. It is very likely that the dihydroxy-compound ntioned in the 

first and third equations above are a&o mon~x~mpl~x~ [ 20) (en)* I3 + 
and Re[O(H,O)Cl,(en)] *:, respectively2e7. 

The protonation reactions of the ethyleaediamine-complex anion have been 
interpreted on an entirely different basisz4’. The yellow startin materiai is for- 
mulated as [R~(OH),(C~-)~]+ and ~rotonatio~ is said to occur on the en- anion. 

The main line of evidence for this scheme is the presence of a broad band in the 

infrared spectra of the compounds at approximately 3500 cm-” attributed to the 
~~~~) stret~~~g frequency. This evidence is in~onc~~ive and at present there 
seems no reason why this proposal should supersede the first one described above. 
The ultimate product proposed in the latter work is the anion (ReOCI,)21‘. 

Confusion over the nature of the protonation reactions of the pyridine 
complex have existed for some time203*24”~261. However, the reaction appears to 
go in a very similar way to that of the ethylenediamine complex but at a slower 
rate2”‘. It has been su ted recently that similar protonation reactions occur 
when the diox~yanidc campicx is treated with acid24s*24G. 

The other dioxo-complexes listed in Table 16 will not be discussed further as 
in most cases little information is available. 

Pyridine forms further compounds with rhenium(V)24”*247g248, the most 
inter~ting of which is the dimeric oxybridged compound Re20~C~4~y)4~4~. It is 

Coordin. Chem. Rev. 1 (1966) 459-503 
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TABLE 16 

220-229 
see text 
see text 
217,23Q 
231-234 
57, 211, see text 

so 

If4 
224, 235, 236 

dles from the rea~io~ of r~cnium~ chloride and pytidiac 
ter. In Fig. 7 a possible reaction scheme is su sted. It 

from more recent work that “aged’” rI~e~~~ chloride is ~ecessary74. 
mpou~d is diam~gneti~ and a ~on~l~~trol~e. A bipyridyl product, 

2Q,CI,@ipy),, can also be obtained; this mu& ha 
dimeric pyridi~e ~mp~ex has also been obtained by oxidation 

ine (Fig+ 4)73. A band in the infrared 
at 970 cm- ’ has fre~uencyz4~* and a 
band at 710-625 3%~ latter hand is 
probably at low exert bonds being weakened by ..he frans 

oxo-lig~~~73. 

PF’h, 
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(iii) Nitrido and imido complexes 

A complex repotted as” ReCI,(Ph,P)2 was obtained by reducing rhenium- 
(VII) with hydrazinc hydrochloride in the prcscnce of triphcnylphosphine .,and 
water‘7~‘8*2*g. However, the compound contains the nitrido ligand, ?I’- abd is 
therefore a complex of rhenium(V). The nitride-compounds known at present, 

ReNX,L, 0r , (Table 17). are monomeric and in the case when L = Ph,P are 
apparently five-coordinate compounds. The complexes which arc stable and not 
hydrolysed are non-electrolytes and diamagnetic. The v(Re-N) stretching fre- 
quency in the infrared is masked by overlapping phosphinc bands. However, a 
band at 1052-1053 cm- ’ has been assigned to it. There is no N-H resonance in 
the NMR spectra of the compounds ruling out the possibility that they are rhe- 
nium(IV)-imido complexes’8*24g. 

TABLE 17 

RitENIUSt(V)-NITRlDO AND -MID0 COMPLEXES 
-__. -. .--_ _ - -- .-.-- -... - -- - 

Compound C-0 IO W Meling poinr Dip& Ref. 
tdcromp) moment 

__~ _.__ - 
Nirrido-complexes 

ReNCI,(Ph,P)I brick red 219-221 1.6 18, 249 
RcNBr,(Ph,P): xangc-red 213-216 1.5 18, 249 
RcNI,(Ph,P), red-brown 178-180 0.75 18. 249 
RcNCl,(Et,PhP), yellow 151-154 6.4 18,249 
RcNBr,(Et,PhP), yellow 151-155 5.8 18 
RcNI,(EtIPhP), yellow 115-118 6.5 18 
ReNCI,(Et,P), yellow 9&96 6.2 18 
RcNCl,(n-Pr,P), yellow 114-120 6.1 18 
KJRcN(CN),H,O] pink 239 

Arylimido-complexes 
RcCI,(NR) (Et,PhP), 18 

R = Ph Been 20 l-205 5.9 
R = p-C,H,Br green 216-220 5.2 
R = p-C.H,CI Ben 207-210 5.0 
R = p-C.H.F R=n 177-181 4.6 
R = pC,H,Mc green 182-184 6.5 
R - pC.if,OMc green 168-170 7.2 
R = pC.H,COMc dark gsccn 146-148 4.5 
R = p-CeHII. p-C,H&N, p-CIH4NM~. p-C~HINHlr p,p-C,HICIIi,NHz, and a-C,,H;. 

ReCI,(NPh)(Et,P), brown-gnxn 132-133 18 
Rel,(NPh)(EtPhP), golden-yellow 191-193 I8 
RcCI,~Ph)f(Et,P),~H,I pale green 245-280 18 
ReCi,(NPh) (!Ph,P)sGHa I blue green 50 

Alkylimido-complexes 
[Rc(CH.NHA(CH.N)Xl 

X = Cl, OHb blue 230 

’ v(RtN), 997.974 cm-l. b diamagnetic 

Coo&n Chem Rev. 1 (1966) 459-503 



A small number of d~lectrons in. a metal ion atlow for high Goordjnation 
rs snd r~~~urn~~~~a~d~ and -dualize Gornp~~x~ can be formed with a 

coordination number of e t. The compounds are diamaguetica5 or have a small 
~et~srn”~ 208. The st~r~oc~~rn~~~ is ~r~b~biy 

dod~h~dral. 
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The cyanide complex K,Re(CN)s has one v(C3N) stretchin 
the infrared at 2100 cm- ’ in aqueous solutionSS but this is split in 
2140, 2fO0, and 20!5Ocm-’ in the solid pr~um~bly due to crystal-lattice inter- 
actions55*207*2sQ. However, the compound cannot be obtained239 compietcly free 

eU,(CN)*_ This is p bably formed due to hydrol~is during the pre- 
paration which involves treati potassium rhenium(IV) iodide with cyanide * 

met~noi~s~207~23q. Some rea ns of the rheni~(I~ cyanides rue ~~~s~at 
in Fig. 8, these include the formation of the rhenidm(VI)-octacyanide ion5’ 

(R~(C~~)‘-. 
Oxidation of the tervalent-rhenium complexes o -phenylenebisdimethyI- 

arsine with chIorine, bromine, or ceric ions gives the e -coordinate complexes 

[Re(diarsine),X.Ji (X = Cl, Br)208. An oxy-bridged complex anion, (Rc(diar- 
sine),C1,0]4+ ) is obtained if nitric acid is used as the oxidising agent. This appears 
to contain seven-coordinate rhenium(V). The magnetic moment of 2.0 BM per 
rhenium is unexpected. When the complex is treated with hydrochloric acid it 
gives the eight-coordinate product, [Re(diarsine),Cl,]+, described above7*. 

no-anions of rbe~~~ which are free of the oxo-ligand 
are the very reactiv rides ReF,-. These are isolated with alkali-meta cations by 
treating rhenium~~ ff uoride with the alkali-metal iodide in s~phur dioxide250* 251. 
Nitric oxide reacts spontaneously with rhenium hexafiuoride to givezsz the salt 
NO+ReFs-. The ~rn~u~ds arc parama etic with magnetic momcn~ as fol- 
lowsz86 : 

0 PKI prco (1J.M.) 
____.“__~___ 

NaReF, 100 1.57 
KRoF, 58 2.05 
RbRcF. 50 1.56 
CSRttF, 35 1.53 

There is a possibility of some antife?rromagnetic interaction in the solid compounds. 
It is convenient at this point to mention the eight-coordinate fluoro-anion 

(ReF,)2- of rhenium(VI) formed with the cations Na*, K+, Rb+ and Cz+. They 
are prepared by treating rhenium hexa~uoride with the alkali fIuoride253*2~4. The 
pink compounds undergo hydrolysis to the blue oxyfluoridc A4ReOF,253*ZsS and 
they react further with rb~niu~~) ~uoride to give the yellow sahs MReF, 

(M = K, Rb, Cs) 254 The salts M,ReF, have magnetic moments in the range . 
1.6-1.71 RN whi!e the salts MReF7 arc only weakly ~rama~etic, p = OS-- 
0-7 RM2s4. This latter fact must indicate some spin coupling. 

The structure of the ~~~iurn salt KzReFs, is that of a square antiprism 
and the Re-F distance is 1.87-1.93 A256-257. 
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F. RHENIUM-HYDRIDO COMPLEXES 

Rhenium and technetium form a number of hydridocomplcxes, the most 
unusual of which are K,ReHS and K,TcH,. 

Polarographic and zinc-amalgam reduction of the perrhcnate ion gave in- 
dications for the exi?tcnce of a rhenide (Rc-‘) state in solution2s*-260. This oxida- 
tion state of rhenium is, in fact, considered unstable primarily due to the high 
sublimation energy of rhenium metalz6’_ 

In order to isolate a solid rhenide the technique used was to rcducc potassium 
perrhcnate with potassium metal in an ethylcnediamine-water medium262. The 
product obtained, which was invariably contaminated with KOH, KReO, and 
K2C03, was postulated as KRe - 4 H20. 

Almost simultaneously a number of workers263-265 showed from chemical 

and NMR studies that the compounds isolated were metal-hydrido complexes which 
infers the rhenium oxidation state is positive. The first proposals as to the corn- 
position were KReH, - s H,O (_r = 2 to 4)264 and265 K6RcZH14 - 6 H,O. The 
compound was found to have a strong infrared band at 1850 cm-’ probably due 
to the v(Re-H) stretching frequency. An independent study suggested the com- 
position was K2RcHg2660267 and bands in the infrared at 1846 and 735 cm-’ 
were assigned to the vibration modes of the Rc-H bond. However, the compound 
appeared to be diamagnetic which may be possible for a rhcnium(II1) compound 
(KReH4) but not rhenium(W) (K,ReH *), especially as a preliminary X-ray struct- 
ural analysis 26**269 demonstrated that the rhenium atoms were 5.5 A apart ruling 
out possible spin coupling. 

The situation was resolved by a neutron-diffraction study270*271 which in- 
dicated a rhenium(VII) compound K,RcH,. The compound has D,, symmetry 
and consists of a rhenium atom surrounded by six hydrogens at the comers of a 
trigonal prism while the remaining three hydrogen atoms protrude from the centrcs 

of the three prism facts. The hydrogen atoms appear to be equivalent from NMR 

studies2”. The Re-H bond is determined at 1.72 A (3 bonds) and 1.67 A (6 bonds) 

and the HReH bond angle is approximately 90”. 
A molecular-orbital description”’ of the bonding indicates how it is possible 

to accommodate the eighteen bonding electrons, in suitable bonding orbitals, 
(e,~~))4(~~~2)Z(a~l~")z(~~~)4(~r~'~)4(~~,~'~ 2 

) . The single electronic spectral band at 
46,080 cm-’ is assigned to the lowest energy symmetry-allowed transition 
(e”l’) ---, (u’, (1) 

)** 
The existence of the hydride complex without the usual stabilisation nec- 

essary by means of n-bonding ligands is of intcrcst and could mean a reassessment 

of the place of hydrogen as a ligand in transition-metai complexes. 
It has been suggested that the product obtained by treatment of the per- 

rhenatc ion with lithium is the same compoundz6*. Preliminav evidence suggests 



es formed by polar phic or any-amalgam treatment of the per- 
rhenate ion is a hydride of different composition to that discussed above”‘. 
Treatment of rhenium(IV)-h~xahalo~eno anions with potassium in liquid ammonia 
probably gives a hydride complex also2”. 

. i 
I .* 

aeon-hydrido complexes have also been obtained in conjunction with 
phosphine ligands. There is some disagreement over the number of hydrido- 
ligands in some of the complexes. Table 18 lists the compounds reported and 
possible r~inte~retati~~. 

The complexes are obtained in admixture by treating the rhenium(V) com- 
pounds ReOCl,(R,P), and Re~O~~l*(P~~)2 or the rh~~i~(IV) complex, 

RHENIUM-HYDRIM)-PWOSPWINE COMPLEXES 

Compound 

RcHdW’h 
RcH&W’)~ 
ReH,(RJ% 
R~H~(Ph,P~ @‘h&s) 
RcH,(RaP), 

___ ___~_~.^_ 

v(Rc--H) Commerrfs 

(cm-LI 
__ 

zoo0 reinterpreted as [ReN,(PhlP)z& I 

ZOSO 
1875 reinterpreted ReH,(Ph,P), 
1900,197o R, L-G EtPh,. Pha 

1 

I R, i Et,Ph, EtPh,. Ph,; 
I800-2000 (R,), = Ph,PC,H,PPn, 

R> = Et,Ph, n = 2; 
RI =I: Ph,. N unknown. x ..o 4. 

._ _-~.--- _~~--_-_ 

197-199, 
274 

197-199 

274, 275 
274. 275 
274 
274 

274 

ReCI,(R,P),, with either sodium borohydride’97-‘9g*29’ or lithium aluminium 
hydride~‘4. The com~unds are non~lectrol~~ and are diainagnetic. The pre- 
sence of the protons is confirmed by analysis, infrared, and NMR studies. Only 
one N&SK signal is found which must indicate that the hydrogen atoms are equiv- 
alent by rapid exchan it is possible that the dimeric compound [ReH,- 
(PEt,Ph),], contains Re-Re bond”‘. The compounds RcH,(R,P), can be 
considcrcd as derivatives of the (ReH,)2- anion274. 

Certain of the hydride-complexes can be converted to the paramagnetic 
rhenium(IV) complexes ReX,(Ph,P), (X = Cl and Br) under ~~ogen~tin~ eondi- 
tions”9’-‘99. Treatment with hydrogen chloride or bromide is said to ve the 

rhcnium(lV) salt, [Re(Ph~P~~s]-Ph,P~+, which is a 1: 1 elect_rolyte a has a 
magnetic moment of 3.6 BM 276 With nitric acid, a nitrosyl compound is obtained, . 

R~~~O)~(Ph,P)~(~O~)~, which is said to be a non~l~trul~e and parama 
The nitrate can be replaced by the halogens Cl, Br, and 1, and in the latter case 

the compound is reported as diam~gnetic2~‘. 

Coordln. Chem. Rev. I (1966) 459-503 
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G. TRIS( 1,2-DI~IOLATO)RrlENrUM COMPLEXES 

The rhenium complex formed with the ligand cis- 1 ,bdiphcnylethcne-I ,2- 
dithiol is of particular interest in that the stereochemistry around the rhenium is 
trigonal prismatic. The stereochemistry is not unique to rhenium but it is the 
rhenium compound Re(S,C2Ph,),, whose structure has been dctermincd. Com- 
plexes formed by other metal atoms arc isomorphous with the rhenium complex. 

The compound is readily made by reacting rhenium(V) chloride in ethanol 
with benzoin and P,S,e in xylenc27”*279. Other comp!excs, such as 

are obtained by mixing rhenium(V) chloride and the ligand in carbon tctrachlo- 
ridc”s . The compounds arc isolated as green crystals with a paramagnctism in- 
dicating one unpaired clcctron 278A280. The related dithioglyoxal complex Re- 

(C,H,S,), 281 has also been prepared and is presumably similar to those above. 

Fig. 9. Structural unit of tris(l ,7,-dithiolaro)-rhenium complexes. 

The structure of Re(S,C,Ph,), is a near-perfect trigonal prism (Fig. 9) with 

the following structural parameters: Rc-S,, = 2.325 A, SReS = 81.4”. The sides 
of the prism are nearly perfect squares of side length 3.043 A2A2*283. 

From a study of the electronic absorption spectra and ESR mcasuremcnts, in 
solution, of the compounds Re(S,C,Ph,)3 and Re(S2C6HJCH,), it is clear that 
the structure persists in solution. It is concluded that the stereochemistry in the 
solid state is not a consequence of crystal packing2*‘. The ReS, group appears to 
bc the main contributor to the electronic spectra and structure. Variation in the 
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organic part of the ligand does not appear to affect the bonding of the ligand to 
the metal atom2*‘. There is some evidence 2*4 for aromatic c. -*-cter iri the ring 

/s-c 
M W-A 

Two independent molecular-orbital treatments of the bonding, which agree 
in broad outline, have been proposed27g*2*1*284. It is clear that the compounds 
arc predicted to have one unpaired electron. An analysis of the electronic spectra 
has been carried out, and the bands have been assigned on the basis of thk’molec- 
ular-orbital treatment 27g The two main spectral bands occur in the ranges . 
140%.14450 cm-’ and 23450-24930 cm-‘. 

Certain complexes have been polarographically rcduccd from n = f 1 to 
n = -3. The single electron is lost relatively easily2”. 

The v(Re-S) stretching frequency has been assigned to the infrared t;ands 
as listed belowze4: 

373cm- ’ 359cm- ’ 

361 350 
338 333 
361 333 

Ii. CONCLUSION 

The chemistry of rhenium is a good example of how an understanding of 
the chemistry of an element can change rapidly over a few years. The detection of 
mononuclear oxo-, nitrido-, and hydrido-iigands and the discovery of the metal- 
halogen clusters, point the way to future investigations. It is apparent that the 
divalent and quadrivalent oxidation states of rhenium need further attention. With 

the correct ligand and under the right conditions the chemistry of these oxidation 

states could be developed. For example, whereas oxidation of the tervalent com- 
plex anion [Re(diarsine)2C12]+ gave a rhenium(V) complex with no evidence for 
an intermediate quadrivalcnt compound 208 the oxidation of Rc(CO),(diarsinc)Cl 
did give’* a quadrivalent complex Re(diarsine)CI,. Finally rhenium (and techne- 

tium) is somewhat unique in its central position in the transition-metal series. Its 

chemistry is related to the metals on the left in the formation of metal-metal 
bonded halide structures and stable oxo-complexes, and also to the platinum 
metals on the right in the formation of varied arsinc and phosphinc complcxcs. 

The resulting variety in the chemistry of rhenium, by virtue of its central position, 

will ensure a fruitful chemistry for the future. 

Coordin. Chcm. Rev. 1 (1966) 459-503 
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