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A 
Figure 10. Molecular structure of the (Ph4P)KCu4(S-r-Bu2DED)3 
cluster. The K+ ion is located exactly above Cul on a crystallographic 
3-fold axis perpendicular to the paper. The K+ ion is octahedrally 
coordinated by the three acetone molecules of solvation and the ligand 
carbonyl oxygens 04, 04', and 04". The t-Bu groups have been 
omitted for clarity. 

Summary 
The 1,l -dicarbo-tert-butoxyethylene-2,2-dithiolate ligands 

(t-Bu,DED) in the [ C U ~ ( ~ - B U ~ D E D ) ~ ] ~  cubane clusters un- 
dergo a sulfur addition reaction that results in the formation 
of the new "sulfur-rich" CU~(S-~-BU~DED)~ '+  cluster. 

Solution 13C NMR spectra of this compound indicate that, 
when noninteracting counterions are present, the cluster 
maintains an octameric structure as evidenced by the presence 
of most of the structural isomers expected for a [Cu&61e cubic 
cluster with six asymmetric ligands (Figure 3). 

When Na+ or K+ ions are present, the basic [Cu&61e unit 
dissociates into two [Cu4L312- units that appear to be stabilized 

by Lewis acid-Lewis base interactions between the alkali-metal 
counterions and the carbonyl groups of the ligands. A simple 
I3C NMR spectrum similar to the spectrum of [Cu4L312- 
(Figure 5) would be expected for either of the centrosymmetric 
isomers (Figure 3; 1,2) of a [Cu&le cluster. The possibility 
that the potassium ion interactions result in the conversion of 
all isomers for the [Cu&]'+ to a centrosymmetric one is not 
very likely. This contention finds support in the fact that the 
13C NMR spectra of preisolated [Cu4L3I2- (Figure 10) and 
"potassium-treated" [Cu&6le are virtually identical. 

As indicated previously,2b*" the small S-S intraligand dis- 
tances in the 1,l-dithiolate ligands preclude the formation of 
the [Cu4L,]" tetranuclear clusters and instead favor formation 
of the [Cu&,]" "cubanes" with the Cu& core. With 
monodentate ligands (such as C6H5S-) and in the absence of 
ligand constraints, the [Cu4(SR),12- cluster forms2 and con- 
tains the adamantane type Cu& core. Our present studies 
indicate that as the S-S intraligand distances become larger 
in the 1,l-dithiolate ligands, a situation can arise where the 
thermodynamic stabilities of the [Cu4L3]'- and [Cu&le 
clusters are of comparable magnitude. In such a situation, 
the transformation of one type of cluster to the other is affected 
by relatively weak perturbations. 
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It has been shown that the only products that are formed by the reaction of solid copper(1) trifluoroacetate (CUT) with 
gaseous ethene or benzene are CuTCzH4 and Cu2TzC6H6. Vapor pressure osmometry, in vacuo, was used to determine 
the species present in solutions of copper(1) trifluoroacetate in benzene and cyclohexane. It was found that an equilibrium 
mixture of monomeric and tetrameric species is formed at room temperature. A gas chromatographic technique was used 
to show that the monomers had the composition CUT(C~H,)~ and CUT(C~H,,)~ and the tetramers C U ~ T ~ ( C ~ H ~ ) ~  and 
C U ~ T ~ ( C ~ H ~ ~ ) ~ .  The enthalpy and entropy changes that accompanied the tetramer formation from the monomer were 
77.2 kJ-mol-l and 87.0 J.mol-'.K-', respectively, in benzene and were 32.9 W-mol-' and 66.9 J-mol-I-K-', respectively, in 
cyclohexene. 

Some copper( I) complexes of the simplest alkene, ethene, 
have been isolated and characterized.2" These have been 
found to have markedly different properties. CuCl.C2H4 is 
so unstable2q3 that the dissociation pressure of ethene in 
equilibrium with the complex is 2 atm at 0 OC; CuBr.C2H4, 
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(2) Gilliland, E. R.; Seebold, J. E.; FitzHugh, J. R.; Morgan, P. S. J .  Am. 

Chem. Soc. 1939, 61, 1960. Gilliland, E. R.; Bliss, H. L.; Kip, C. E. 
Ibid. 1941, 63, 2088. 

(3) Tropsch, H.; Mattox, W. J. J .  Am. Chem. Soc. 1935, 57, 1102. 
(4) Ogura, T. Inorg. Chem. 1976, 15, 2301. 
(5) Hurtado J., R.; Casillas V., R.; Ogura, T. Transition Mer. Chem. 1977, 

2, 91. 
(6) Dines, M. B. Imrg. Chem. 1972, 11, 2949. 

however, is much more unstablea2 The coordinated C2H4 can 
be liberated from CuC104(H20),.C2H4 by removing the gas 
phase that is in equilibrium with the complex, but the copper(1) 
salt that is left behind undergoes disproportionation. CuC- 
F3S03-CH3CN absorbs ethene and forms the complexes 
CuCF3S03.CH3CN.C2H4 and ( C U C F ~ S O ~ . C H ~ C N ) ~ C ~ H ~ ,  
liquids at room temperature, from which the coordinated 
ethene can be freed rever~ibly.~ 

Of all of the copper(1)-benzene complexes that have been 
the copper(1) trifluoroacetate complex has been 

(7) Turner, R. W.; Amma, E. L. J .  Am. Chem. SOC. 1963, 85, 4046. 
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0020-1669/82/1321-0475$01.25/0 0 1982 American Chemical Society 



476 Inorganic Chemistry, Vol. 21, No. 2, 1982 

best charac te r i~ed .~J~  Rodesiler and Ammag have shown by 
a crystallographic study that the complex is tetrameric, (Cu- 
CF3C02)4(C6H6),. These authors have also reported that the 
tetramer dissolved in benzene undergoes partial dissociation 
to a dimeric species.'O Similar complexes with *-donor ligands 
such as carbon monoxide" and alkenes6,'* have been syn- 
thesized. It has also been demonstrated that the molecular 
weights of these complexes are concentration and solvent 
dependent. * 

Copper(1) trifluoroacetate (CUT) has been synthesized by 
the use of various reactions such as CuO + CF3C02H + 
(CF3C0)206 and Cu + C U ( C F ~ C O O ) ~ . ' ~  Copper(1) tri- 
fluoroacetate is also formed when the carbonyl'l or benzenelo 
complexes are heated in vacuo. CUT has a relatively high 
vapor pressure, 0.3 mmHg (100 OC).I3 The compound has 
been shown to exist as a dimeric species13J4 in the gas phase. 
A structure similar to a carboxylic acid dimer has been pro- 
p0sedl3 for CUT in the vapor phase on the basis of its infrared 
spectrum and the resemblance of its structure to the moleculalr 
structure of copper(1) acetate.15J6 

In this work we have elucidated the composition of the 
molecular species that are formed in the solid phase or liquid 
phase when copper(1) trifluoroacetate is brought into contact 
with alkenes or benzene. The experimental techniques that 
have been employed consist mainly of ( 1) manometric vapor 
pressure for the determination of the equilibrium vapor 
pressures of the ligands benzene, ethylene, and cyclohexene 
over solid copper(1) trifluoroacetate, (2) a recently developed 
method, vacuum vapor pressure osmometry," for molecular 
weight determinations, and (3) a gas chromatographic method 
for the determination of the vapor phase composition with the 
aid of an internal standard. 

Experimental Section 

CU(C'F,CO~)(OH)(H~O~)~ and Cu(CF3C02). Trifluoroacetic acid 
(30 g, 0.26 mol) was added to copper(I1) hydroxide (10 g, 0.10 mol) 
suspended in 50 mL of water at room temperature, while the suspension 
was stirred continuously with a magnetic stirrer. The reaction mixture 
was filtered, and the filtrate was kept under vacuum in a desiccator 
that contained calcium sulfate as the desiccant. The crystals that 
were obtained were dissolved in 100 mL of tetrahydrofuran, and the 
solution was poured into 1 L of water at room temperature. The 
precipitate that was formed was extracted with ether. The solid that 
was obtained from the ether extract was analyzed as follows: The 
percentage of copper in the solid was determined by an EDTA titration. 
Sulfuric acid was added to an aqueous solution of the complex, and 
the resulting solution was distilled. The trifluoroacetic acid in the 
distillate was determined by titration with a standard solution of 
NaOH. Anal. Calcd for CuC2F306H7: Cu, 25.67; CF$02-, 45.66. 
Found: Cu, 25.51; CF,C02-, 47.02. When the complex was heated 
at 130 OC for 15 h, two molecules of water were lost. This was 
confirmed by obtaining the infrared spectrum of the condensed vapor 
phase. Weight loss: calcd, 14.54%; found, 14.65%. 

The identical complex was obtained when crystalline copper(I1) 
trifluoroacetate that was obtained from the aqueous solution, as 
described above, was dried at 100 "C for 5 h. The complex is sparingly 
soluble in water but has a considerable solubility in oxygenated organic 
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Figure 1. Equilibrium ligand pressures over solid CUT: (A) ethene 
at 50.0 "C; (B) benzene at 30.0 OC. 

solvents such as ethers, esters, and alcohols. The complex is also readily 
soluble in trifluoroacetic anhydride; anhydrous copper(I1) trifluoro- 
acetate remained as a residue upon evaporation of the solvent. Anal. 
Calcd for CuC4F604: Cu, 21.94. Found: Cu, 21.47. The copper(I1) 
basic trifluoroacetate, CU(CF~CO,)(OH)(H~O)~, was employed as 
the starting material for the synthesis of copper(1) trifluoroacetate 
complexes. 

CuCF3C02. An ampule containing 1.0 mmol of Cu(CF,CO,)(O- 
H)(H20), and copper metal in excess, together with a magnetic stirring 
bar, was placed in a vacuum system and evacuated. Five milliliters 
of tfluoroacetic anhydride was introduced into the ampule by vacuum 
distillation, and the mixture was stirred for 1 h before the solvent was 
removed by vacuum distillation. A mixture of benzene (5 mL), 
trifluoroacetic acid (0.5 mL), and trifluoroacetic anhydride (0.5 mL) 
was transferred into the same ampule. A colorless solution resulted 
within 1 h. This solution was filtered through a sintered-glass filter, 
and upon removal of the solvent, Cu(CF3C02), Le., CUT, was formed 
and was dried at 80 OC for 1 h in vacuo. 

Ligaml Vapor F"wCompasiti0n Measurements. An apparatus 
similar to that previously describedls was employed for these mea- 
surements. It consisted of a mercury manometer, a buret or a gas 
reservoir, and a reaction vessel. An adequate amount of CUT was 
synthesized in the reaction vessel, and aliquots of ligand (benzene, 
ethene, or cyclohexene) were introduced successively into the vessel 
containing the CUT at a constant temperature. The resultant 
equilibrium pressure was measured with the aid of the mercury 
manometer. 

Molecular Weight Determination. Molecular weights were de- 
termined by the use of a vacuum vapor pressure osmometer as de- 
scribed previou~ly.'~ CuCF3C02 was synthesized in the apparatus 
for molecular weight determination, and benzene and cyclohexene 
were introduced into the apparatus by vacuum distillation. 

Gas Chromatography. A Perkin-Elmer 990 gas chromatograph 
equipped with a thermal conductivity detector was employed for the 
determination of vapor-phase composition. A mixture of carbon 
tetrachloride and benzene was separated and quantitated with the 
aid of helium as a carrier gas, in a 6-ft column of silylated Celite coated 
with diethylene glycol succinate and maintained at 80 OC. A mixture 
of chloroform and cyclohexene was separated and quantitated by the 
use of helium as the carrier gas and a silylated Celite column coated 
with Apiezon H and maintained at 80 OC. 

Results 
Equilibrium Ligand Pressure vs. Complex Composition Di- 

agram. Figure 1 shows the equilibrium pressures of ethene 

(18) Sampedro, J. A.; Ogura, T .  Transition Me!. Chem. 1976, 1, 127. 
Ogura, T. Ibid. 1976, I ,  179. 



Reactions of Copper(1) Trifluoroacetate 

and benzene in the reversible reaction (1) as a function of the 
CuT.L,(s) + nL(g) + CuT(s) (1) 

mole ratio ethene/CuT or benzene/CuT. The presence of a 
single plateau at a mole ratio 0 < ethene/CuT < 1 in Figure 
1A proves the existence of a single equilibrium in which n = 
1, at  50.0 "C. Studies at lower (0 "C) and higher (60 "C) 
temperatures support the existence of the same equilibrium. 
The successive addition of ethene in small increments resulted 
in a linear increase of the C2H4 pressure up to 600 mmHg at 
temperatures of 50 "C as well as at 0 "C. This indicated that 
there was no further absorption of C2H4 under these conditions. 
No evidence was obtained for the formation of cyclohexene 
complexes in which n was greater than 1. 

The temperature dependence of the ethene pressure is 
represented by eq 2 in the temperature range 30-60 "C. The 

In [P (atm)] = 6.704 X 103 /T+  16.08 f 8.6 X (2) 

uncertainty term is the standard deviation. Thus, the enthalpy 
and entropy changes for the decomposition of the complex into 
gaseous ethene are AH = -55.7 kJ.mol-' and AS = 134 J. 
mol-'.K-', respectively. These changes for the liquid alkenelg 
are A H  = -78.4 kJ.mo1-' and AS = 191 J.mol-'.K-'. Equi- 
librium benzene pressures at various mol ratios at 30.0 "C that 
are plotted in Figure 1B show the formation of a complex in 
which n = 1/2. It is clear that other complexes, e.g., where 
n = 1, are not formed in the reaction system. 

The equilibrium pressure-temperature relationship of 
(CuT),C6H6 is expressed as In [P (atm)] = 6.1 10 x 103/T + 15.03 f 3.7 X 1V2. Thus, the enthalpy and entropy changes 
for the decomposition of the complex into gaseous or liquid 
benzeneIg are AH(g) = -50.8 kJ-mol-', AS(g) = 125 J. 
mol-'-K-', AH(1) = -24.5 kl-mol-', and AS(1) = 62 J.mol-'.K-'. 

The cyclohexene complex decomposed on heating to tem- 
perature above 50 "C. At temperatures less than 50 "C, 
reliable values for the equilibrium vapor pressures could not 
be obtained because they were too low to measure. 

Molecular Weight Determination of CUT in Benzene and 
Cyclohexene. A plot of the bridge potential difference, AE, 
which is proportional to the temperature difference between 
a pure solvent and a solution, vs. yarious concentrations of 
1,4-bis(trichloromethyl)benzene, C8H4C16, is shown in curve 
1 of Figure 2. . Surprisingly, a linear relationship persists up 
to 1 M. A least-squares treatment shows that AE (mV) = 
20.49[C8H&16] f 2.0 x lo4. On the other hand, a plot of 
AE vs.fi the analytical concentration of CUT (mol of CuT/kg 
of benzene), is not linear (curve 2, Figure 2) and lies below 
curve 1. This indicates the formation of a species that has a 
higher molecular weight than CUT. The data obtained by 
Rodesiler and Ammalo that are also plotted on the same curve 
(curve 2 in Figure 2) agree well with the values obtained in 
this work. 

Curves 3 and 4 in Figure 2 are similar plots for C8H4C16 
and CUT in cyclohexene. Again, the plot of A E  vs. C8H4C16 
concentration is linear up to a concentration as high as 1 M 
and is expressed as AE (mV) = 25.76[C8H4C&] f 2.8 X lo4. 
A plot of the AE values for CUT vs. fi the concentration of 
CUT in cyclohexene, shows the same behavior that was ob- 
served in benzene solution; the data obtained by Rodesiler and 
Amma" are also shown. 

Determination of the Number of Molecules of Benzene or 
Cyclohexene Coordinated at Relatively High Concentrations 
of CUT. Consider a liquid phase that contains mso moles of 
solvent, S ,  and a small amount, mAo moles, of an inert com- 
pound A; the gas phase in equilibrium with the liquid phase 
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t (mole /kg-so lvent )  

F i i  2. Plots of AE vs.fat 29.0 OC: (1) 1,4-(CC13)2C6H4 in benzene; 
(2) CUT in benzene; (3) 1,4-(CCl3),C6H4 in cyclohexene; (4) CUT 
in cyclohexene. The points marked X have been calculated from data 
published in ref 10. 

0 1 

consists of their vapor with partial pressures of PS" and PAo 
at a constant temperature. If m, moles of CUT is dissolved 
in this liquid phase, it results in a change in the vapor-phase 
composition and a change in the partial pressures to Ps and 
PA, respectively, at  the same temperature. If the copper(1) 
compound is coordinated to N moles and if the relation 
(PAo/mAo)/(PSo/mSo) = (PA/mA0)/(Ps/ms)" holds in both 
systems, the number of coordinated solvent molecules, N, can 
be determined from N = [ l  - (PA0/P~")(P~/PA)I(m~"/m,). 

Thus, for the determination of PA"/Pso and PA/Ps, various 
mixtures of CCll and C6H6 were analyzed gas chromato- 
graphically. It was found that the peak height ratio of CC14 
to C6H6, R,, is proportional to the mole ratio, R,, when R, 
is less than 2 X The relation between Re and R, is 
represented by R, = 1.690R, f 2.0 X An ampule 
containing 9.023 g of C6H6 and 0.1859 g of C C 4  was kept 
at  29.0 "C in a vacuum system, and 3 pL of the vaporized 
liquid was condensed from the resultant vapor phase ( 5  mL) 
into a capillary vessel and sealed. The R, values of the con- 
densate were 2.079 X and 2.073 X (average 2.076 

An 1 1.69-mmol amount of CUT was dissolved in the same 
mixture, and the condensed vapor (3 pL) was analyzed. The 
Re values were 2.215 X and 2.194 X (average 2.205 
X 

The peak height ratios of chloroform to cyclohexene, R 
were also proportional to their mol ratios R, (I?, I 4 X 10-2p: 
and the linear relationship between R, and R, could be ex- 
pressed as R, = 1.6I4Rm f 4.8 X 

An ampule containing 9.085 g of C6HI0 and 0.0950 g of 
CHCl, was kept in a constant-temperature bath maintained 
at 29.0 "C. A small portion (3 pL) was condensed fromt the 
vapor phase ( 5  mL). The R values of the condensate were 
2.035 X lo-, and 1.968 X (average 2.002 X Then, 
11.53 mmol of CUT was dissolved in the same mixture and 
a small portion of the condensed vapor phase was analyzed 
gas chromatographically: Re = 2.298 X 
(average 2.299 X lo-,). Hence, the value of N was found to 
be 1.24. 

x 10-2). 

Hence, N was found to be 0.566. 

and 2.300 X 

~ ~ 

(19) Dean, J. A., Ed. "Lang's Handbook of Chemistry", 12 ed.; McGraw- 
Hill: New York, 1979. 

~ ~ ~~ 

(20) This relation is obtained if the solution obeys Raoult's law; PA and Ps 
represent the vapor pressures of pure A and S, respectively. 
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Table I. Calculated N Values for Various Sets of m and f Values 
in (CuT),Lt for the Cyclohexene Complexes 

m 1 2 3 4 2 3 4  
1 4 4 4 4 6 6 6  
Ncdcd 1.00 1-21 1.42 1.63 1.61 1.82 2.03 

3 

n 
2 

1 

0 1 

+corr, I mole /kg-so lvent )  

Figure 3. Average association number, n, vs.fm for CUT at 29.0 OC: 
(I) in benzene; (11) in cyclohexene. 

Discussion 
From the experimental data in Figure 2, a quantity c can 

be defined by the expression c = (AE values of CuT)/(slope 
of &!3 vs. concentration of C8H4C&); hence, c = (AE of CUT 
in mV)/(20.49 for benzene) and c = (AE of CUT in mV)/ 
(25.76 for cyclohexene). Here c = [CUT] + [(CUT),] + ... 
+ [(CUT),]; c = CnlIn[(CuT),]. On the other hand, the 
analytical concentration,f,, of CUT is given byf, = [CUT] 
+ ~[(CUT),] + ... + n[(CuT),];fca = Cnllnn[(CuT),]. Thus, 
the ratio f,/c corresponds to the average association number 
n. Plots of n vs. f,, with the values in Figure 2 give curve I 
shown in Figure 3. 

Two features are apparent in Figure 3: whenfa approaches 
zero, n approaches 1 ,  from which it may be deduced that 
monomeric CUT is the predominant species at extremely low 
concentrations; when the value off, increases, the value of 
n exceeds 3, which indicates that the pedominant molecular 
species under these conditions is the trimer or tetramer. The 
values of the abscissa in Figure 2 have been expressed as (mol 
of CuT)/(kg of solvent). When solid CUT is dissolved in 
benzene or cyclohexene, a series of solvent-coordinated species 
(CuT),,Ll is formed and exists in equilibrium with the solvent. 
Hence, the weight of the free solvent decreases and causes an 
increase in the real concentrations of the complexes. 

The gas chromatographic study showed that the average 
number of benzene molecules coordinated is 0.57 at f = 1.296 
mol/kg of solvent. On the other hand, Figure 2(1) shows that 
c = 8.55/20.5 = 0.417 mol/kg of solvent at the same con- 
centration, and threfore, n' = f / c  = 3.14. These values are 
consistent with the assumption that there are two molecular 

The corrected analytical concentration of CUT in benzene, 
f,, [(number of moles of CuT)/(number of moles of free 
solvent)], is assumed to be givenz1 by f ,  =f ( l  + 0.156~) and 
the average number of coordinated benzene molecules, n, by 
n = f,,/c. In Figure 3(I) these values of n have been plotted 

Species, CUT(C&), and (CUT)q(C&)2, in Solution. 

~ ~~ 

(21) Iffmol of CUT was dissolved in 1 kg of benzene and resulted in the 
formation of two molecular species C U T ( C ~ H ~ ) ~  and (CuT)&H6)2, 
c = [CUT(C&,)~]  + [(CUT),(C~&)~]. If the remaining free benzene 
weighs Wkg, the following relation must hold: lOOO/M, = lOOOW/M, 

Since f, = f/ W, f, = f (1 + 2cM,/ 1OOO) where M, represents the 
molecular weight of benzene. 

+ 2[cUT(c&.)2]W + Z[(CUT)d(C&)2]W = lmW/y/Mr 2CW. 

against the corresponding values off,,. 
The best fit for curve I in Figure 3 was obtained on the 

assumption that the equilibrium constants are defined by K, 
= [(CuT),]/[CuTI2, K3 = [(CuT),]/[CuTI3, and K4 = 
[ (CUT)~] / [CUT]~  and that the contribution of dimer and 
trimer to the equilibrium is minimal since the sum [(CUT),] 
+ [(CUT),] does not exceed 10% of c. 22 Therefore, taking 
into account only the last equilibrium, we applied a least- 
squares treatment to the set of c vs. f,, data in order to 
minimize C(cobsd - cdd),. The K4 value was found to be 4.03 
X lo' with a standard deviation 0.049.23 Curve 2 in Figure 
2 has been calculated on the basis of the K4 value, and curve 
I in Figure 3 was obtained in the same manner except that 
values of f a / (  1 + 0.156~) were used instead of the f ,  values. 
The standard deviation off,, was estimated to be 0.14 mV 
from [(hEaId - hEow)2/(n - 2)11/,. 

The values c = 0.416, f,, = 1.380, and n = 3.32 have been 
obtained from the gas chromatographic data. On the as- 
sumption that the molecular species in the solution are CuT- 

0.57. The value oft, however, must be equal to or greater than 
2, because (CUT)4(C&)2 is formed in the reaction between 
solid CUT and gaseous benzene, as shown above. Moreover, 
the monomer species is formed as a result of Cu-Cu bond 
rupture and the number of molecules of benzene that are 
coordinated to each copper atom in the monomer should not 
be less than that in the tetramer; Le., m L ( t /4 ) .  The Nvalues 
obtained for various combinations of m and t are as follows: 
N = 0.534 for m = 1 and t = 2; N = 0.603 for m = 2 and 
t = 2; N = 0.673 for m = 3 and t = 2; N > 1 for t = 4. Thus, 
the observed value N = 0.57 shows conclusively that the 
composition of the tetrameric species is (CUT)~(C~H~) , .  On 
the other hand, the monomeric species may be represented by 

cannot be discounted. Since the tetrameric species in benzene 
solution retains that stoichiometry of the complex in the 
crystalline state, it is conceivable that the molecular structure 
of the tetramer may be the same as that in the crystalline 
stateUg 

The average association number, n = f,,/c, vs. analytical 
concentration of CUT, fcor (vide infra), in cy~ lohexene~~  is 
plotted in curve I1 of Figure 3. As before, n approaches 1 as 
f ,  approaches 0; however, n does not exceed a value of 3 even 
at f,, = 2. Again, the best fit for the curve was obtained on 
the assumption that the only important equilibrium was that 
between the monomer and tetramer and that the contribution 
from a dimer or trimer was negligible. A least-squares 
treatments gave K4 = 33.8, with a standard deviation of 0.055. 
The solid curves in Figure 3(II) and Figure 2(4) have been 
calculated with aid of this K4 value; the values of abscissa in 
Figure 2 have been expressed as fJ(1 + 4cMr/30O0 + 

(C,H,),,, and (CUT)g(CgH6),, the observed Of  N Was 

CUT(C&6)2, although the exiStence Of the species CUT(C,jH,j) 

It has been assumed that f = [CUT] + 2K,[CuTI2 + 3K3[CuT]' + 
4K4[CuT]' and c = [CUT] + K2[CuTI2 + K3[CuTJ3 + K4CuTJ4. Then, 
if an initial set of K2, K3, and K4 values are employed, fand c values 
can be calculated for each of the specific [CUT] values. Thus, x ( c a  
- cW), values for correspondingfvalues were obtained upon changing 
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following restrictions apply to the integers m and t: (1) (t/4) 
2 1 since solid CUT absorbs one cyclohexene molecule to form 
a solid complex; (2) m 1 (t/4) because the cyclohexene 
molecules in the monomer occupy, at least partially, the Cu- 
Cu bonding sites in the tetramer. Table I shows Nvalues that 
correspond to some possible values of m and t .  

The observed value of N agrees well with the calculated 
value for m = 2 and t = 4, which is also the basis on which 
f, was evaluated. The maximum error in the experimentally 
determined value of N is about 10%. 

Figure 4(A) shows the temperature dependence of K4, the 
tetramer formation constant of the benzene complex. The 
linear relation is expressed as In K4 = 9.2887 X 103/T- 22.50 
f 0.14. Therefore, the calculated enthalpy and entropy 
changes for tetramer formation are A H  = 77.2 kJ-mol-I and 
AS = 187 J.mol-'.K-', respectively. Tetramer formation is 
accompanied by an increase in the number of molecules, which 
explains the positive entropy change: 4CuT(C6H6), - Cu4- 

A plot of In K4 (for cyclohexene) vs. 1 /T  is nonlinear, and 
the deviations from linearity are more evident at higher tem- 
peratures as shown in Figure 4(B). This indicates that, at high 
temperatures, species other than the monomer and tetramer 
play an important role. The dimeric species is probably formed 
at the higher temperatures. If the first four points at low 
temperature can be attributed to the formation of a tetramer 
from the monomer and if In K4 vs. 1 / T is linear in this region, 
a least-squares treatment gives In K4 = 3.9525 X 103/T- 8.051 
f 0.099. The enthalpy and entropy changes that accompanied 
tetramer formation are AH = 32.9 kJ.mol-' and AS = 66.9 
J-mo1-l.K-l. The increase of entropy in tetramer formation 
is reasonable if the number of coordinating ligands is taken 
into account in the reaction 4CuT(C6HlO), - C U ~ T ~ ( C ~ H ~ ~ ) ~  
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T4(C6H6)2 + 6C6H6* 

+ 4C6Hio. 

Registry NO. CUT, 25535-55-1; C&, 71-43-2; C2H4, 74-85-1; 
CbHlo, 110-83-8; Cu(CF,COZ)(OH)(H20)2,79898-44-5; Cu(CF3C- 
02)2, 167 12-25-7. 
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Figure 4. Plots of In K4 vs. 1/T: (A) in benzene (f= 0.3273); (B) 
in cyclohexene (f = 0.4480). 

2f&r/3000),25 with an estimated standard deviation of 0.32 
mV. 

The number of coordinated cyclohexene molecules, N,  de- 
termined by the gas chromatographic technique was 1.24 at 
f = 1.264. The values c = 0.589 and& = 1.446 were cal- 
culated on the basis that K4 = 33.8, and the value of n that 
was obtained was 2.46. The value of N was calculated on the 
assumption that the molecular species that were formed were 
CuTL, and (CuT),L,, where L represents cyclohexene.26 The 

Iffmol of CUT is dissolved in 1 kg of cyclohexene and yields [CuTLJ 
and [(CuT),L,], leaving behind W kg of free cyclohexene, where L 
represents the cyclohexene molecule, the following mass balance equa- 
tion for cyclohexene can be written: 1000/Mr = 1000W/Mr + 2W. 
[CuTL2] + 41Y[(CuT),L4]. On the other hand, c = [CuTL2] + 
[(CuT),L,] andf, = [CuTL2] + 4[(CuT),L4); therefore, 1/ W = 1 + 
(2f, + 4c)M,/3000 = 1 + (2f,/W+ 4c)Mr/3000. Since!, = f / W ,  
f, =A1 + 4cMr/3000)/(1 - 2JM,/3000) orf=f,/(l + 4cMJ3000 
+ Xdff /3000) .  
Since c = [CuTL,] + [ ( C U T ) ~ L , ] , ~ ~  = [CuTL,] + 4[(CuT),LJ,f 
= f l l  + 0.1095c)/(l - O.O548fl, and [(CuT),L,] = 33.8[CuTLmZ 
[CuTL,,,] = 0.3032 and [(CuT),L,] = 0.2856 are obtained by a trial and 
error method. Hence, c = 0.589,fcn = 1.446, and N = (0.303m + 
0.286f)/ 1.446. 


