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Abstract--Starting with [(n-C4Hg)4N]2 [RezCls] the following compounds were synthesized: I(n- 
C4Hg),X]2 [Re2CIs] with X = P, As, Sb; [(n-C,Hg)N]2 [Re2(SeCN)s] and [(n-C4Hd4N]~[Rez(CN)s]. 
Analytical data, spectral properties and magnetic susceptibilities are reported. The properties of the 
compounds [(n-C4Ha)4X]2[Re2CIs] are analogous to those of the starting material, but the seleno- 
cyanato and the cyanato complexes are different. 

I N T R O D U C T I O N  

THE COORDINATIO~q chemistry of rhenium in its lower oxidation states II-V, 
and more particularly in the oxidation state Ill has been the subject of much 
confusion and misinterpretation. Only recently, as a result of careful reinvesti- 
gations[l-8] of older claims[9-13], certain basic facts have become clearly 
established. Generally the Re(Ill) compounds are characterized by the occur- 
rence of the RezX9 and the Re2Xs 2- group, in which X = CI and Br. 

In this paper an investigation is described of the complexes which were 
obtained by reaction of the [Re2CI8 2-] ion with large group V cations. Some 
preliminary experiments concerning the substitution of SeCN- and CN- in the 
Re(III) compounds are also reported. The selenocyanato and cyanato complexes 
were synthesized as a part of a program dealing with special stacking patterns 
of square rhenium complexes in crystalline phases. 

E X P E R I M E N T A L  

Reagents and solvents preparation 

[(n-C4Hg)4N]~[Re2CIa] was prepared as previously described {14]. KSeCN was prepared by 
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reaction of KCN with Se under dry nitrogen[15]. [(C,H.04SbICI was prepared by the reaction of 
Sb(CrH~)3 with AICI3 and CoHsCI under dry nitrogen, but the reaction conditions differ from those 
previously described [ 161. 

P R E P A R A T I O N  

I Re2CIs][(CsH~)4Ash. Stirring 0.60g of [(n-C4H0hNh[RezCI8] with 0.65g of [As(CsHs)4]CI in 
50 ml of methanol (containing ! ml of concentrated aqueous HCI per 100 ml) yielded a blue precipitate 
after 4 hr. The precipitate was filtered off, washed with ethanol (25 ml), and diethylether (150 ml), 
and then dried under vacuum at 80°C for 4 hr; yield 90 per cent. [RezCIs][(CrH.04P]2. Prepared as 
[RrzCIs][(CsH~)4As]z, yield 80 per cent. [Re~CIsJ[(CsHD4Sbh. No reaction occurred with [(CsHs)4Sb]CI 
in acidified methanol. The following method was successful. 

Potassiumperrhenate, 2.0 g, and sodium chloride, 2"0g were heated in 40 ml of 50 per cent aqueous 
hypophosphorus acid for I0 hr at about 90 °. 5 g of tetraphenylstiboniumchloride in 75 ml of 6nHCL, 
was added to the resulting dark solution, and heating was continued for 12 hr. The hot solution was 
filtered, yielding the crude blue product which was washed with 20 ml of 6nHCl and three 20 ml 
portions of diethylether, and finally dried under vacuum at 80 ° for 8 hr; yield 35 percent.  

[R~(SeCN)s}[(C4Hs)4N]z. Formation of this compound was studied in two different solvents. 
Ca) Reaction in alcohol. [Re2CIs}[(n-C4Ha)4N]~ 0" 15 g ,vas dissolved in 10 ml alcohol, 0.29 g KSeCN 

in 50 ml alcohol and the reaction mixture was stirred under dry nitrogen for 24 hr. During this time a 
deep purple compound separated which was filtered off, washed with alcohol, water and diethylether 
and dried under vacuum at 80 ° for 8 hr. 

(b) Reaction in acetonitrile. The reaction was carried out as described above, but no spontaneous 
precipitation occured. The deep purple solution was evaporated till dryness on a steambath; and the 
solid was washed with three 30 ml portions of diethylether and dried under vacuum at 80 ° for 8 hr. 
Analyses of the products obtained under (a) and (b) are quite different. 

Other reactions 

Ca) The reaction of [(n-C4Hg),N]z[R~2CIsl with KCN in acidified methanol gave a product, from 
which the analyses could not be interpreted. 

(b) Hydrogen peroxide ( 1 ml of a 30 per cent solution) was added to an acetonitrile solution (20 ml) 
containing 0-10g [(n-C4Ha),Nh[Rez(SeCN)s]. After stirring for 3 hr the solution became colourless. 
Then the solution was evaporated and a white product separated. The i.r. spectrum of this compound 
showed a strong band at 910 cm -~ assigned to v(Re-O) characteristic of the ReO4- group. 

P H Y S I C A L  M E A S U R E M E N T S  A N D  A N A L Y S E S  

Analyses were carried out by the Micro-Analytical Department of Organisch 
Chemisch Instituut TNO, Croesestraat 79, Utrecht. Infrared spectra were 
recorded in the range 4000-400 cm -~ using the Hitachi EPI-G 81 spectrophoto- 
meter as Nujol mulls sandwiched between potassium bromide plates. Diffuse 
Reflectance spectra of the solid compounds were obtained with Shimadzu MP 
50-L ratio recording spectrophotometer in the 250-2500nm region, using 
magnesium oxide as a reference. Transmittance spectra were recorded on the 
same apparatus in 1 cm cells with equal thickness of the solvents in the reference 
beam of the apparatus. 

Magnetic susceptibility measurements were performed by the Faraday me- 
thod. The measurements were carried out at four different field strength. The 
field was calibrated with CoHg(CNS)4. Diamagnetic corrections were estimated 
from Pascal's constants and the magnetic moments were calculated using the 
expression: 

/t~,ef f = 2.84(X,/°rrT)l/2. 

15. G.  R. Waitkins and R. Shutt, inorg. Syntheses, p. 186. McGraw-Hil l ,  London (1946).  
16. G . G .  Long and L. D.  Friedman, J. Org. Met. Chem. 12,443  (1968).  
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R E S U L T S  A N D  D I S C U S S I O N  

General 
In Table 1 the coordination compounds are listed together with their analy- 

tical results, colour and decomposition points. In all instances products isolated 
were insoluble in nonpolar solvents, but in some instances slightly soluble in 
acetonitrile and acetone. The reaction product with KCN is insoluble in all 
solvents we have tried. 

Table I. Chemical analyses, colours, decomposition points 

% C cA,. H % N CA. CI decomp. 
Compound found calc found calc found calc found calc colour point°C 

[RezCls][(C~Hr,)4As]2 40.35 40.50 2.72 2.81 20.21 19.97 blue 2{10 
[Re2CIs][(C~Hs)4P]~ 42.91 43-18 3.40 3.2{I 21.4(I 21.29 blue 200 
IRe2CIs][(C6H~)4Sb]e 38.12 37.99 2-62 2.64 18.81 18.73 paleblue 2{XI 
IRezCIs][(C4H.~)4Nlz 33.95 33.68 6.48 6.31 2.40 2.45 24-61 24-91 deepblue 200 
[Re.~(SeCN)s][(C4H~,)4NI~* 28.11 28.30 4.29 4.25 8.16 8-25 deeppurple 14{) 
Substitution with CN 13.71 1.27 black 200 

* Reaction in acetonitrile. 

Ligand field spectra 
(a) Treatment of the bonding in the [Re2Cis]'-'- ion. The [Re2Cis] 2 species 

consist of two parallel ReCI4 units connected by a Re to Re bond [Fig. 1]. 
We set aside the d~.,_u~, p.~, P.v and s orbitals of the valence shell of each 

rhenium atom for use in o" bonding to the C! atoms. Taking the Re-Re  line as 
z axis we have the atomic orbitals dz, and pz with o- symmetry,  d~u, d~z with ~- 
symmetry and d~.,, with 8 symmetry.  The atomic orbitals used for the Re-Re  
bonding are the a'.~ - p~ hybride orbitals which can form a pair of o- bonds. A pair 
of rr bonds can be formed by overlap of  the two sets of 7r atomic orbitals. Finally, 
a 6 bond can be formed by overlap of the 6 atomic orbitals. The 8 component 
restricts rotation in just such a way as to favor the eclipsed configuration; the 8 

o ~  

o¢[ 
q~ 
t'q 
(M 

Fig. I. Structure of the [Re.2CI~] 2 -ion. 
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overlap is maximal for this configuration and goes to zero for the staggered con- 
figuration [ 18, see Fig. 2]. 

In addition to the bonding (or, ¢?, 3) and antibonding (o-*, ¢r .2, 3*) orbitals, 
there are two approximately nonbonding orbitals of cr type, o-, (1) and o-,(2). 

Cl I 

Cb) ~ ' / ]  "Ct Cl 
(a) 

iC L 

[ 
I I 

ct I 
! 

Ct 

Fig. 2. A sketch showing how 8 overlap depends on rotational angle: (a) eclypsed con- 
figuration with maximum overlap. (b) staggered configuration having zero overlap. 

A simple energy level diagram for the [Re2Cls] z- ion based on the extended 
Huckel theory is given in Fig. 3119] as a help in discussing the spectra of the 
[Re2CIs] 2- species. 

(b) Interpretation of the spectra. Band maxima, assignments and calculated 
values of the oscillator strengths are given in Table 2. 

The oscillator strength is calculated with the formula 

f =  4.6 × 10 -9 ~maxA~[20] 

~m~x = the decadic molar extinction coefficient at the band maximum. 
A J, = the halfbandwidth, is the width of the band in cm -1 where E = (~max/2) .  

For the higher energy peaks, Au is estimated by resolution of the observed 
envelope into Gaussian peaks. 

The low energy, electric-dipole-forbidden transition at 14.500 cm -1 has been 
previously assigned as the IBzu---> ~A.2,, (8 ~ or,(1)) transition. This assignment 
was based on very qualitative theoretical considerations [ 17]. 

The difference between the observed and calculated transition energy, - 4000 
cm -~, is probably due in part to the neglect of penetration effects on the Re 
atomic orbitals, and in part to the neglect of interelectronic repulsion energies 
(calculation pertain only to one-electron orbitals). Both of these factors would 
tend to make the calculated energy higher, as is observed. 

17. F.A.  Cotton, lnorg. Chem. 4, 334 (1965). 
18. F. A. Cotton, Acc. chem. Res. 2, (8), 240 (1964). 
19. F. A. Cotton and C. B. Harris, lnorg. Chem. 6, 924 (1967). 
20. A. B. P. Lever, Inorg. ElectronieSpeetroscopy, p. 124. Elsevier, London (1968). 
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Fig. 3. A partial M O  diagram for the [RezCI,] z- ion. 

Table  2. 

Compounds State Band maxima (cm-'), assignments, oscillator strengths 

'B~ --, ~Btu 'Eu ~ 'Az. ~Bz,, ~ 'As. Other maxima 

{Re~CI~I[(n-C,H~LNI~ in CH:,OH 39-000 32.5(10 14.700 
f =  0.17-+0.05 f =  0-15-'-0.05 f <  0.1 

solid~" 34.480 (sh) 30.300 (m) 15"5(10 (v.st.) 
in CH:,OH 37.900 32.500 14.8(10 

[Re~CLI[(C~H,,),Ph f =  0.26_+0-05 f =  0.17_+0.05 f <  0-I 
solid 35-000 (sh) 30.0110 (m) 14.700 (v.st.) 

in CHaOH 38.200 32-500 14-700 
IRezCIKI[(C6Hs),Aslz f =  0.34_+0-05 f =  0 .19:0 .05  f <  0.1 

solid 36"300 (sh) 29'800 (m) 14"701) (v.st.) 
in CH~OH 38.000 32.500 14.801) 

[Re~CI, II(C6H~),SbIz f =  0.12+_0.05 f <  0.1 f <  0.1 
solid 37.000 14-800 (v.st.) 

21.000 (w); 17.500 (sh) 

21.100 (w): 17.501) (sh) 

2 I. 100 (m); 17.200 (sh) 

21.270 (w)- 17.500 (sh) 

* absorpt ion spectra  in acidified methanol .  
tdiffuse reflectance using magnes ium oxide as a reference. 
sh = shoulder;  m = medium;  w = weak and v.st. = very strong. 

Inspection of Table 2 shows, that the ~Bz.~ - *  1Azu transition is much more 
intense in the solid state spectrum than in the solution spectrum. This pheno- 
menon shows the main disadvantage of the diffuse reflectance spectra, that it 
is difficult to obtain any information about the intensity of absorption. One cannot 
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necessarily assume that because one band appears stronger than another it has 
a higher oscillator strength. 

Apparent band intensities vary appreciably according to the state of subdi- 
vision of the sample and whether or not it is mixed with an inert diluent. 

The two transitions at 32.500 and 38.000cm -1 have oscillator strengths 
> 0.1, which is characteristic for electric-dipole-allowed transitions. An excep- 
tion is the IBza ~ 'Blu transition in the spectrum of [RezCIs][(C6Hs)4Sb]2. The 
32.500cm -1 band is assigned to a lBz~ ~ IBtu (8 ~ 8*)  transition. Both the 
~Bzy -o ~Ea and the 1E~ ~ IB~ assignments can be ruled out. Such assignments 
would require an inversion of the B2u and E~ (8 and ~-) molecular orbitals. This 
means that the interaction of the Re8 orbitals would be greater than that of the 
Re¢r orbitals. Clearly this is unreasonable. Also the assignment 1E~ --* 1A2~ would 
require an inversion of the E o and Bz, orbitals. A measurement of the polarization 
of the band could certainly distinguish between the ~Bza ~ 'B,~ and 1E~ ---, ',42~ 
assignments, since the former is z polarized while the latter is x, y polarized. 

Assigning this transition a s  ',41 o "'> ',42u is also highly unlikely because this 
means that the energy difference between the or and nonbonding tr orbitals would 
be less than the difference between the 8 and 8* orbitals. The transition appear- 
ing at 38"000 cm-i is in all likelihood a ~E~ --* ',42u (Tr ---' o',,(1)) transition. 

Further inspection of Table 2 shows, that there is a marked shift especially 
for the transitions tB~ ~ ~B1~ and tEu ~ 1,42u to lower wave numbers going 
from the solution spectrum to the solid state spectrum. A possible explanation 
for this phenomenon is, that the [RezCls] z- ion in CHaOH solution will be solvated 
with CH3OH molecules. The CH3OH molecule acts as a stronger ligand than the 
other cations ([(n-C4Hu)4N] +, etc.) which causes a shift of the energy-levels in 
the diagram. Figure 4 shows the complete solution-spectrum recorded in acidi- 
fied methanol for the [Re.~(SeCN)s] z- ion. This spectrum is rather different from 
the solution-spectrum of the [Re2CIs] z- ion also given in Fig. 4. This does not 
provide positive evidence, that the structure of [Re2(SeCN)s] ~- is different from 
the [Re2Cls] 2- structure. To elucidate the exact structure of this complex X-ray 
analysis is necessary. For this purpose we are trying to make the complex crys- 
talline. 

Magnetic measurements 

From Pascal's constants [21 ] for the cations and chlorine atoms, we estimated 
the diamagnetic part of the susceptibility. We observed that, while there was a 
small residual paramagnetism after correction, the [RezCis]"- ion was essentially 
not paramagnetic. This means that the [Re2CIs] 2- ion has no unpaired electrons. 
This is in agreement with the stated ground state configuration o f ~ 8  z. 

I.R. spectra 

I.R. spectra were recorded in the range 4000-400 cm-' .  The i.r. spectrum of 
[Re2(SeCN)s][(n-C4Hg)4N]~. is given in Fig. 5. The selenocyanate C - N  stretching 
frequency was observed as a very strong band at 2050 cm-'.  A distinction be- 
tween selenocyanato and isoselenocyanato complexes cannot be made with the 

21. P. W. Selwood, Magnetochemistry, 2nd Edn. p. 93. New York (1956), 
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Fig. 4. Absorption spectra of the [Re~(SeCN),] ~- and [Re._,CI,] ~ ion in acidified 
methanol. 
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Fig. 5. I.R. spectrum of [Re~(SeCN),]I(n-C~H,)~N I..,. 

aid of only the position and nature of ~CN), It is possible to distinguish the two 
forms by the combined evidence of ~(C-Se) and 6(SeCN), although the former is 
very weak in M-NCSe complexes, z,(C-Se) lies in the range 672-606cm-' .  
In our spectrum the C-Se stretching vibration was not observed and this could 
be an indication that the selenocyanato groups were N bonded [22]. 

The other recorded spectra were used as a control on the purity of the pre- 

22. D. M. Adams, Metal-ligand and Related Vibrations, p. 319 (I 967). 
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pared compounds.  Specific bands for the cations are" 

[(n-C4Hg)4N] + 
[(C6Hs)4P] + 
[(C6Hs)4As] + 
[(C6Hs)4Sb] + 

N - C  (stretching) at 1030 cm -t  
P - C  (stretching) at 530 cm -I 
A s - C  (stretching) at 460 cm- '  
Sb -C  (stretching) at 430 cm -~. 
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