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ligands containing phosphorus, and it thus appears
probable that “mixed” ligands containing both phos-
phorus and sulfur would yield much the same results
as have been reported above,
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Relatively few studies of the redox reactions of metal
atom cluster compounds have been published.2® In
those reported, the results (for MgX;, species) have been
remarkably consistent with the molecular orbital de-
scription of the bonding given by Cotton and Haas*
for such systems. A comparable sort of MO analysis
of the bonding®® has been carried out for the Re;X42~
species (X = Cl, Br, and most recently,” NCS) which
have Dy, symmetry. This treatment, which should
also be applicable in its general features to any analo-
gous technetium complexes, leads to the conclusion that
there are two relatively low-lying, nonbonding ¢ or-
bitals which are directed outward along the fourfold
axis of the molecule.

It would seem reasonable to suppose that at least one
and perhaps two electrons could be added to these
orbitals, thus forming Re,Xg*~ and Re;X3!~ species,
without interfering with any of the compoments, o,
7, or §, of the Re-Re bond. Hence, the extremely short
metal-metal distance and the eclipsed configuration
should be maintained in the reduced species, Whether
the Re;Xs*~ species should have zero or two unpaired
electrons will depend on how nearly degenerate the
two nonbonding ¢ orbitals are; this is difficult to
predict with confidence.

The investigations described here were undertaken
to test the foregoing ideas. The results are also rele-
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Figure 1.—Polarograms for the tetra-m-butylammonium

salts of Re;Clg?™ (-=---- ), Rea(INCS )2~ (
in acetonitrile at 25°.

), and ReyBrg?—(—+—.— )

vant to the question of why the only known T, X"~
species®? is TcoClg?—.

Experimental Section

The compounds [{7-CsH,)sN]2[Re:Xs], X = Cl, Br, NCS, were
prepared as described elsewhere.”® Approximately 1073 M
solutions in acetonitrile containing 0.5 M tetra-z-butylammonium
perchlorate as supporting electrolyte were used to record the
polarograms. The results are displayed in Figure 1 and numeri-
cal results pertaining to the Re;Cls2~ and Re{NCS):2~ ions are
summarized in Table I.

TaBLE 1

POLAROGRAPHIC DATA FOR Re;Clg2™
AND Rey(INCS)s?~ IN ACETONITRILE® AT 25°

Step Eyd n ig° Iq? E3/, — Ei/, mv

1.083 mM [ (C4Hg)4N] 2Re;Cls

1 —0.82 1.1 6.54 2.80 65 %+ 3
—1.44 ~1.3 7.42 93 = 3

0.800 mM [<C4Hg)4N]2R82(NCS>B
1 —0.04 1.1 5.5 2.7 65 £ 3
2 —-0.71 1.1 4.6 = 2.6 59+ 4

20.5 M [(n-CiHy)uNICIO; added as supporting electrolyte.
® With respect to the standard calomel electrode, in volts.
¢ Average limiting current in microamps. ¢y = id/CMZ/Stl/‘*,
where C = concentration, M = mercury flow rate, and { = time
between drops.

Discussion

Both the Re,Clg?2~ and the Re,(NCS)s2~ salts gave
conventional two-wave reduction polarograms. There
are no simple reduction waves in the polarogram of
Re;Brg?~ although reduction obviously occurs. This
polarogram will not be discussed further.

The number, 7, of electrons involved in the reductions
of the ReyClz?~ and Rey(NCS)s?— ions was estimated
using the Ilkovic equation,'! and these are recorded in
Table I. The required values of D, the diffusion coef-
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ficient, were calculated from the expression!? D =
RT\/zF, in which R is the gas constant, T is the Kelvin
temperature, 2z is the charge on the ion before reduction,
Fis the Faraday, and )y is the equivalent conductance (in
acetonitrile) at infinite dilution of the ion being reduced.
Values of 63 and 59 were used for Ay for Re,Clg?2— and
Rey(NCS)s2—, respectively.!® It can be seen that the
calculated values, with the possible exception of that for
step 2 in the reduction of ReyClg*~, are satisfactorily
close to 1.0.

The appearance of the polarographic waves suggests
that the reductions are reversible. To test this more
rigorously, the Ei), — E.,, values were measured. For
reversibility, these should be about 60 mv.'* For all
but step 2 in the Re;Cls®~ reduction the agreement is

good. Tt thus appears that while the Re,Cls*~ 4 e —
Re;Clgi~ reduction may not be a simple, reversible
process, the others are reversible redox processes

represented by the general equation
Re Xy~ + e = RoaXnth—

Conclusions

The results obtained are in agreement with the quali-
tative predictions made from the bonding scheme, inso-
far as one-electron reductions of Re;Xs?~ species to
give Re; X8~ and RexXs*~ species evidently occur. It
remains to be seen whether these reduced species will
have the expected structural characteristics and whether
the Re,X3*~ species will have two unpaired electrons or
none. These results may not be easy to obtain be-
cause the very negative potentials required to produce
the reduced species imply that isolation of salts may be
very challenging. Moreover, because of the large
quadrupole moments of the rhenium, chlorine, and
nitrogen atoms in the reduced Re;Xg? ™4~ species, the
detection of esr signals might also be expected to be
difficult. Preliminary efforts have failed.

It is, however, possible to obtain some further sup-
port for the view that the reductions involve adding
electrons to the nonbonding ¢ orbitals and therefore
cause no important changz in bonding or structure by
referring to the Tc,Clg®~ ion. Although at the time
this was first prepared® and structurally character-
ized® its charge of —3 in contrast to that of —2 for
ReyClg?~ was puzzling, it now seems clear that it is
simply the analog of Re,Cls*~ whose existence we have
demonstrated in the present study. Probably the
Te,Clg®~ ion is relatively more stable, in keeping with
the general tendency for lower oxidation states to be
more stable with the lighter transition metals in a given
group.

Conversely, the fact that Tc,Clg?~ possesses an
eclipsed structure with a very short metal-metal bond
is in agreement with our views as to the nature of the
reduction process.
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raphy,” Longmans, Green and Co,, New York, N. Y., 1857, p 40.

(13) These values were calculated using the A¢ values from the previously
reported? conductance measurements and taking Ao = 62 for [(#-CsHo)sN]*.
See A. Davison, D. V. Howe, and E. T. Shawl, Jnorg. Chem., 6, 458 (1067).

(14) P. Zuman, Progr. Polarog., 2, 583 (1962).

Inorganic Chemistry

CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY,
OREGON STATE UNIVERSITY, CoRvALLIS, OREGON 97331

Neutral and Anionic Complexes of
Copper(1) Chloride with Ethylamine's

Bv James R. Crirron® axp Joun T. Yoke 111
Recetved January 30, 1967

Descriptions have been given of complex formation
in the copper(I) chloride-triethylamine-triethylam-
monium chloride system? and the copper(I) chloride-
diethylamine-diethylammonium chloride system.®? A
study of the copper(I) chloride-ethylamine-ethylam-
monium chloride system is now reported. These re-
sults are important in elucidating the products of the
oxidation-reduction reactions between the amines and
copper(II) chloride.*

Elsey® noted the interaction of copper(I) chloride and
ethylamine, but did not establish the product. Peters®
reported a series of complexes of methylamine with the
copper(I) halides, and Wilkins and Burkin’ prepared a
number of such complexes with long-chain primary
amines. Methylammonium chlorocuprate(I) complexes
have been described by Remy and Laves.®

Experimental Section

Materials and Procedure.—These have been described pre-
viously.»%9 The compounds prepared in this work were sensi-
tive to moisture and rapidly discolored by traces of oxygen. The
materials were handled in a high vacuum apparatus or under an
inert atmosphere in a drybox.

The System Ethylamine-—Copper(I) Chloride.—Copper(l)
chloride was not appreciably soluble in an 11.4 molar excess of
ethylamine at its boiling point. The (° pressure—composition
phase diagram of the system is shown in Figure 1. Ethylamine
was removed by distillation in the vacuum system until constant
weight was achieved, to give the white 1:1 complex, mp (sealed
tube) 69°. Anal. Caled for CuCl-C;H;NH,: mole ratio, 1.00;
Cu, 44.1; Cl, 24.6; C,H:NH,, 31.3. Found: mole ratio, 1.00;
Cu, 43.7; Cl, 24.3; C.H;NH,, 31.3. The complex was not
soluble in carbon tetrachloride, dimethylformamide, tetrahydro-
furan, or glyme and was very slightly soluble in dimethy! sulfoxide
or nitrobenzene., The 2:1 complex, CuCl-2C,H;NH,, was iso-
lated by removing the excess of ethylamine (after a long period of
equilibration with copper(I) chloride) until the point corre-
sponding to mole ratio 2.00 in Figure 1 was attained. It was simi-
larly insoluble in various solvents. The 3:1 complex had too
high a dissociation pressure to permit handling it in the drybox.

Reaction of Ethylammonium Chloride with Copper(I) Chloride.
—Ethylammonium chloride was prepared by saturating a solu-
tion of ethylamine in benzene with anhydrous hydrogen chloride.
The mixture was boiled for 30 min and gave white crystals on
cooling to room temperature. The product was very deliques-
cent. It was dried 4z vecuo over phosphorus pentoxide at 100°
for 1 day and then pumped on in the high vacuum system at 100°
for 6 hr; mp (sealed tube) 109°, lit, 109-110°. Twenty-millimole
quantities of ethylammonium chloride and of copper(I) chloride
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