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ficient, were calculated from the expression'2 1) = 

RTXo/zF, in which R is the gas constant, T i s  the Kelvin 
temperature, z is the charge on the ion before reduction, 
F is  the Faraday, and Xo is the equivalent conductance (in 
acetonitrile) a t  infinite dilution of the ion being reduced. 
Values of 63 and 59 were used for Xo for Re2Cls2- and 
Re,(NCS)s2-, re~pective1y.l~ It can be seen that  the 
calculated values, with the possible exception of that  for 
step 2 in the reduction of RezC182-, are satisfactorily 
close to 1.0. 

The appearance of the polarographic waves suggests 
that  the reductions are reversible. To  test this more 
rigorously, the E,,, - Ell4 values were measured. For 
reversibility, these should be about 60 mv.I4 For all 
but step 2 in the Re2Clg2- reduction the agreement is 
good. It thus appears that  while the Re2C1g3- + e + 

RezCIg4- reduction may not be a simple, reversible 
process, the others are reversible redox processes 
represented by the general equation 

Re2XBn- + e = R C ~ X ~ ( ~ ~ + ' ) -  

Conclusions 
The results obtained are in agreement ni th  the quali- 

tative predictions made from the bonding scheme, inso- 
far as one-electron reductions of RezXg2- species to 
give Re2Xg3- and Re2Xs4- species evidently occur. It 
remains to be seen whether these reduced species will 
have the expected structural characteristics and whether 
the Re2X84- 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 Re2Xa3-l4- 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 change in bonding or structure by 
referring to the Tc2ClB3- ion. Although a t  the time 
this was first prepared8 and structurally character- 
izedg its charge of -3  in contrast to that  of - 2  for 
Re&!&- was puzzling, i t  now seems clear that  i t  is 
simply the analog of Re2CIg3- whose existence we have 
demonstrated in the present study. Probably the 
Tc2ClB3- ion is relatively more stable, in keeping with 
the general tendency for lower oxidation states t o  be 
more stable with the lighter transition metals in a given 
group. 

Conversely, the fact that  Tc~C18~- 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. 

(12) Cf. G. W. C. Milner, "The Principles and Applications of Polarog- 
raphy," Longmans, Green and Co.,  S e w  York, N. Y . ,  1957, p 40. 

(13) These values were calculated using t h e  Ao values from t h e  previously 
reported7 conductance measurements and taking X o  = 62 for [(?z-C~Hs)aSl+. 
See A.  Davison, D. V. Howe, and E. T. Shawl, I 7 2 O V g .  Cheriz., 6 ,  458 (1967). 

(14) P. Zuman, Piogv. Poleiog. ,  2, 583 (1962). 
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Descriptions have been given of complex formation 
in the copper(1) chloride-triethylamine-triethylam- 
monium chloride system? and the copper (I) chloride- 
diethylamine-diethylammonium chloride system. h 
study of the copper(1) 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(I1) chloride. 

Elsey6 noted the interaction of copper(1) chloride and 
ethylamine, but  did not establish the product. PetersG 
reported a series of complexes of methylamine with the 
copper (I) halides, and Wilkins and Burkin7 prepared a 
number of such complexes with long-chain primary 
amines. Methylammonium chlorocuprate(1) complexes 
have been described by Remy and Laves8 

Experimental Section 
Materials and Procedure.-These have been described prc- 

v i o u ~ l y . ~ ~ 3 ~ 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(1) Chloride.-Copper(1) 
chloride was not appreciably soluble in au 11.4 molar excess of 
ethylamine a t  its boiling point. The 0" pressure-composition 
phase diagram of the system is shown in Figure 1. Ethylamixie 
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. Calcd for CuCl,C2HjXHe: mole ratio, 1.00; 
Cu, 44.1; C1, 24.6; CsH&Hz, 31.3. Found: mole ratio, 1.00; 
Cu, 43.i; Cl, 24.3; CsHhNH2, 31.3. The complex was not 
soluble in carbon tetrachloride, dimethylformamide, tetrahydro- 
furan, or glyme and was very slightly soluble in dimethyl sulfoxide 
or nitrobenzene. The 2 :  1 complex, CuC1.2C2HjNH2, was iso- 
lated by removing the excess of ethylamine (after a long period of 
equilibration with copper(1) 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 i t  in the drybox. 

Reaction of Ethylammonium Chloride with Copper(1) Chloride. 
-Ethylammonium chloride was prepared by saturating a solu- 
tion of ethylamine in benzene with anhydrous hydrogen chloride. 
The mixture was boiled for 30 mill and gave white crystals on 
cooling to room temperature The product was very deliqucs- 
cent. It was dried in ZJUCUO over phosphorus pentoxide at 100" 
for 1 day and then pumped on in the nigh vacuum system a t  100' 
for 6 hr; mp (sealed tube) log", lit. 109-110". Twenty-millimole 
quantities of ethylammonium chloride arid of copper(1) chloride 

(1) (a) Abstracted from the  Ph .D.  Dissertation of J. R. C., Oregon State 

(2) J. T. Yoke, J. F. Weiss, and G. Tollin, l n o i g .  C k e m . ,  2, 1210 (1963). 
(3) J. R.  Clifton and J. T. Yoke, i b i d . ,  5 ,  1630 (1966). 
(4) J. K. Clifton and J. T. Yoke, to  be published. 
( 5 )  13. 11. Elsey, J .  A m .  Cizem. Soc., 42, 2080, 2454 (1920). 
( 6 )  W. Peters, 2. Amig .  Allgem. Cizem.,  89, 191 (1914). 
(7)  R. G. Wilkins and 4. I<. Burkin, J .  Che?iz. Soc., 127 (lY.50i. 
(8) H. Kemy and G. Laves, Bel,., 66, 571 (1g33) .  
(9) W. E. Hatfield and J. T. Yoke, 1 r m r g .  Chein., 1, 4 G 3  (l'J02;. 

University, 196i;  (b) Weyerhaeuser Fellow, 1966-1967. 
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were mixed in a reaction tube in the drybox. The tube was then 
attached to the vacuum system, and 15 ml of deoxygenated abso- 
lute alcohol and 4 mmoles of anhydrous hydrogen chloride were 
added. The solids dissolved when the tube was warmed to 40". 
The tube was cooled in an ice bath, and white needles were de- 
posited. These were removed by filtration, washed with abso- 
lute ethanol, then petroleum ether, and dried in vacuo, to give 
ethylammonium dichlorocuprate(1). Anal. Calcd for C2Hsn"~- 
CuCI2: Cu, 35.2; C1,39.3. Found: Cu,35.0; C1, 39.2. 

The System Ethylamine-Ethylammonium Dichlorocuprate(1). 
-The 0" pressure-composition phase diagram of this system is 
shown in Figure 1. Ethylammonium diehlorocuprate(1) was 
very soluble in an excess of ethylanline a t  0'. A solid phase was 
present only when the mole ratio of ethykdmine to ethylam- 
monium dichlorocuprate(1) was lower than 1.44. The equilib- 
rium pressure dropped sharply to a negligible value a t  mole ratio 
1 .O, to give a white solid reaction product. 
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Figure 1.-0.0" isotherms: 0 ,  C~H~NH~-CUCI  system; 0, 
C~H6NH2-C21-15rU"&hCl~ system. 

The System Ethylamine-Ethylammonium Chloride.-Ethyl- 
ammonium chloride has been reported to be soluble in ethyl- 
amine a t  -33.5O.6 The 0" pressure-composition phase diagram 
obtained in the present work indicated no compound formation 
in this system; the solubility at 0' was found to be approxi- 
mately 0.9 mole of solute per mole of amine. 

Results and Discussion 
For the process CuCl.3CZHbNHz + CuCl.2C2H5- 

NH2 + CzH5NHz, the dissociation pressures were 18.0 
torr a t  -22.9", 88.5 torr a t  0.0', and 432 torr a t  26.8". 
By application of the Clausius-Clapeyron relation, 
the following thermodynamic functions a t  0.0" were 
calculated for this process: AH' = 2.49 kcal/mole; 
AFo = 0.773 kcal/mole; AS" = 6.3 eu. In this calcu- 
lation, AH,,, of ethylamine was taken as 7.06 kcal/ 
mole on the basis of its vapor pressure-temperature 
relation, determined using both new and previously 
citedg experimental data. Because of its instability, 
the 3:  1 complex was not further studied. Similar dis- 
sociation pressure studies for the process CuC1.2C2H6- 
NH2 -+ CuC1.CzH5NHz + CzHBNHz gave the values 
15.0 torr at O.Oo, 125 torr a t  25.5", and 248 torr at 
34.0 '. For this process, the thermodynamic functions 
a t  0.0' were: AHo = 6.65 kcal/mole; AFO = 1.74 

kcal/mole; ASo  = 18.0 eu. The 1:l complex had a 
negligible dissociation pressure a t  room temperature. 

The symmetric N-H stretching frequency was low- 
ered from 3289 cm-' in the free amine to 3150 cm-l 
in the 2: 1 complex and to 3120 cm-' in the 1 : 1 com- 
plex, The asymmetric stretch was lowered from 3367 
cm-' in the free amine to 3200 cm-l in the 1 : l  com- 
plex; a doublet, a t  3260 and 3240 cm-l, was apparent 
in the spectrum of the 2 : l  complex. The spectra 
indicated the absence of aminolysis. 

No suitable solvent for molecular weight determina- 
tions was found. Wilkins and Burkin,' working with 
primary amines whose long chain lengths conferred 
enhanced solubility in hydrocarbon solvents, found 
CuC1.2RNHz complexes to be dimeric and CuCl.RNH2 
complexes to be tetrameric. The ethylamine com- 
plexes are presumed to be similar. The third amine 
molecule, in the CuC1.3CzH6NH2 complex, is held very 
loosely in the lattice and presumably is not specifically 
coordinated. 

Ethylammonium dichlorocuprate(1) binds one, two, 
or three moles of ethylamine a t  0". The material of 
composition C ~ H ~ N H ~ C U C ~ ~ ~ C ~ H ~ N H ~ ,  a colorless 
liquid, may be formulated as the five-coordinate 
anionic complex. I ts  alternative formulation, as an 
equimolar mixture of ethylammonium chloride and 
CuC1.3CzHbNHz, can be ruled out since the 3 : 1 neutral 
complex is an insoluble solid. Similarly, C2H6NH3Cu- 
C12.2CzHjNHz is a liquid a t  0" and can be formulated 
as a four-coordinate anionic complex. I t  cannot be a 
mixture of ethylammonium chloride and CuC1.2C2Hb- 
NH2 since the latter is an insoluble solid; however, i t  
can be prepared from these reactants. Surprisingly, 
the material of composition CzHbNH3CuClz.C2H6NH2, a 
solid with a negligible dissociation pressure, was found 
to be an equimolar mixture of ethylammonium chlo- 
ride and of the neutral 1 : 1 complex. All of the lines 
in its X-ray powder pattern were found to correspond 
to lines of CzHbNH3C1 or of CuCl.C2HjNH2, and all of 
the medium and strong lines of each of the latter sub- 
stances were observed in the reaction product. This is 
in sharp contrast to the results in the diethylamine 
system. 

A number of the dichlorocuprate(1) complexes re- 
ported in this and p r e v i o ~ s ~ , ~  studies, though formu- 
lated as salts, have melting points below room tem- 
perature. Presumably, the lattice energies are low for 
steric reasons. This is similar to the case reported 
by Harris, lo who observed that  alkylammonium tetra- 
fluoroborates absorbed boron trifluoride to give salts 
of the BzF7- anion, with greatly depressed melting 
points. 

The results of this work are in accord with the pre- 
viously discussed trend3 that the major steric influence 
of the degree of alkyl substitution on nitrogen in ali- 
phatic amine ligands is on the maximum coordination 
number, rather than on the stability of comparable 
complexes of lower coordination number. 

(10) J. J. Harris, Inoug. Chem., 6, 1627 (1966). 
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Previous work in this laboratory' purported to 
demonstrate the effect on the C=C stretching fre- 
quency of substituents 2 of the pyridine N-oxide ligand 
in trans-dichloro-(4-Z-pyridine S-oxide)-ethyleneplati- 
num(I1) complexes (2, R = H).  A new series of 

orbital for metal d electrons. Reexamination of the 
spectra of the corresponding ethyleneplatinum(I1)- 
pyridine N-oxide complexes shows that our previous 
report showing a correlation between the electronic 
character of 2 and the ethylene stretching frequency 
may be in error because some bands assigned to ethylene 
are more appropriately assigned to the stretching fre- 
quencies of the IV-oxide. 

1 1 1  

n 

Experimental Section 
New Compounds.-Most of the complexes were prepared 

either by the displacement of ethylene (method 1) from the 
corresponding ethylene-pyridine complexes (or ethylene-pyr- 
idine N-oxide complexes) or by splitting (method 2) the cis-2- 
butene platinous chloride dimer .z In  the displacemerlt reaction, 

TABLE I 
PROPERTIES OF (c&C?Hs)Pt(L)C12 COMPLEXES 

I _ _ ~  Anal, 70-------. 
y--Calcd-- ----Fouuda--- .---- "c-c,  cm-l ---- -- ~. 

z Mp, oc C H C H U P  Mull  Pellet DCC13 

4-2-Pyridine Complexes (1 ) 
Hb 122 26.94 3.27 26.95 3.17 0 1522 1528 
C H B ~  108 28.92 3.64 28.80 3.52 -0.17c 1522 1528 
COCH? 125 29.82 3.41 29.64 3.14 +0.52. 1522 1528 

CHzOHd 101 27.85 3 .51  28.02 3.30 . . .  1523 1529 
CNb 180 dec 28.18 2.84 28.21 3 .06  +0.63c 1521 1521 1527 

CHsdle 135 32.51 4.32 32.63 4.12 . . .  1523 1325 

4-2-Pyridine S-Oxide Complexes (2,  R = CH3) 
HI 130 dec 25.90 3.14 25.84 3.11 0 1503 1502 
Clb 156 dec 23.93 2.68 23.91 2.61 +o.  22c 1506 1503 
COOCH3' 126 dec 27.80 3.18 27.91 3.00 +o. 319 1503 1504 
CH3f 122 dec 27.85 3.51 27.81 3.35 -0.17' 1506 1502 
C i P  143 dec 27.16 2.73 26.98 2.66 +0.63c 1504 1502 

a Galbraith Laboratories, Knoxville, Tenn. Prepared by method 1. c H. H.  Jaffi., Chenz. Rev . ,  53,191 (1953). Prepared by method 
2. e This is2,4,6-trimethylpyridine. f Prepared bymethod3. D. H. McDaniel and  H. C. Brown, J .  Ovg. Chew., 23, 425 (1958). 

cis-2-butene-platinum(II)-pyridine complexes, (cis- 
C4H8)Pt(4-2-C5H4N)CI2 (l),  has now been prepared, 
where 2 is H, CH,, COCH3, CN, CHLOH, and CH3 (2,4,- 
&trimethyl), in order to study the effect of 2 on the 
olefin stretching frequency. This stretching frequency 
was found to be essentially independent of the nature 
of 2. Part  of the corresponding series of cis-2-butene- 
pyridine N-oxide complexes was also prepared and 
again the stretching frequencies were independent of 2. 
However, the pyridine ligands, even though more basic, 
resulted in higher olefin stretching frequencies than the 
pyridine N-oxides, suggesting that T* orbitals of co- 
ordinated pyridine may compete mith the olefin r* 

liquid cis-2-butene was poured directly onto the solid ethylene 
complex in a reaction flask maintained a t  0". The flask was 
brought to room temperature with vigorous stirring. Repeti- 
tion of this process was necessary for quantitative displacement 
of the ethylene. In the splitting synthesis, aqueous KC1 was 
used to cleave the dimer. The appropriate substituted pyridine 
or pyridine N-oxide mas then added to the water-soluble cis-2- 
butene salt and chloride displacement gave the insoluble yellow 
complex. A third synthesis (method 3 )  consisted of dissolving 
Zeise's salt, K[C2HaPtC13], in acetone and adding liquid cis-2- 
butene to the solution. After the excess olefin and acetone were 
evaporated, the cis-2-butene salt was dissolved in water and 
allowed to react with the pyridine or pyridine N-oxide in the 
manner described above. The substituted pyridines are com- 
mercially available; the substituted pyridine S-oxides werc pre- 

( 2 )  H. €5. Jonassen and W. € 3  Kirsch, ib id . .  79, 1279 (1957) 


