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For a particular RX, the rates uniformly follow the order C1 
< Br < I. We have attempted to rationalize it in Figure 3 where 
the experimental hardnesses of C1, Br, and I (Table 111) are plotted 
against the respective values of log ko. Though it has been pointed 
out very recently that in the neutral ground-state electronegativity 
of an atom is proportional to its hardness,26 we have chosen to 
use the hardness parameter to obtain an understandable physical 
picture: the less hard or more polarizable a group is, the lower 
the activation energy or the better the leaving group ability. 

Similar trends are observed for vitamin B12s also (Tables I11 
and IV; Figures 3 and 4). The p values obtained from Figure 
4 for C1 and Br are comparable -20.22 and 16.49 respectively. 
In Figure 3 the slopes of the lines in the two cases are almost same 
(3.83 f 0.04). These results only corroborate the earlier notion4 
that the kinetics of alkylation of the model complex and the 
vitamin B12s are similar in a semiquantitative manner. We find 
the pav value obtained from Figure 1 (14.61) is slightly less than 
that obtained in Figure 4 (18.35). This may be correlated with 
the difference in the nucleophilicities of the two systems4-vitamin 
Blzs being a stronger nucleophile than the model system.27 

In conclusion, we feel that the various features revealed here 
should be the general features of any oxidative-addition reaction. 
However, detailed theoretical calculations on model oxidative- 
addition reactions can help explore the real meaning of the present 
correlations. 
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Certain organometallic complexes can exist in two different 
forms, either because of a configurational change (e.g. cis-trans 
or fac-mer isomerization) or because of a ligand exchange. When 
the oxidation state of the metal can vary, the situation can be 
described’” by using the square scheme first proposed by J a q ’  
or variants thereof.6 An example relative to a cis-trans isomer- 
ization and definition of the equilibrium constants are given in 
Figure 1. 
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Figure 1. The square scheme with definition of equilibrium constants. 
E o 1  and Eo2  are the standard potentials, E o ,  being more positive than 

A general theory of the square scheme has been developed by 
Jacq’ in the case of the potentiostatic stationary method on a 
rotating disk electrode, but it is too complex to be used practically. 
When the electrochemical reactions can be considered at equi- 
librium, which is generally the case for organometallic compounds, 
the situation becomes simpler, but even then the mathematical 
resolution of the problem remains difficult. A partial solution 
was given by Bond and Oldhams for the potentiostatic method 
on an immobile planar electrode, and simulations have been made 
by Evans,9 but these methods do not allow a complete analysis 
of the results to be carried out. The equilibrium constants can 
be determined only when the equilibria do not lie too far in one 
direction, e.g. by using spectroscopic6b or voltammetric2h methods. 
The analysis of the square scheme is thus often restricted to the 
measurement of the rate constants kn and kfl.  

In a recent publication,’0 we have shown that the system can 
be completely analyzed; i.e., the equilibrium and rate constants 
can be determined by using electrochemical methods. When the 
ratio of the rate constants of the chemical reactions to the sweep 
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Table I. Data for the Complexes at  60 "C 

Kbl/s-l kr1ls-I kn1s-l h2ls-l 
E"I/V E02/V E",/V K1 = (C+/T+), K2 = (C/T), (C+ - T+) (T+ + C+) (T + C) (C - T) 

Mo 0.224 -0.184 -0.040 10-4 150 140 1.4 X lo-, 8 x 10-2 

0 -0.2 -0.4 M i2 
- 

- 

- 

W 0.180 -0.172 -0.032 6.2 X lo4 130 35 2.2 x 10-2 2 x 10-1 

rate u becomes large enough,I0 a single system of reversible redox 
peaks is obtained, with an apparent redox potential EoK If the 
equilibria are respectively in favor of T+ and C, thenlo 

E", = Eol - (RT/F)  In (1 + Kl-l) (1) 
E " K  = Eo2 + ( R T / F )  In (1 + K2)  

so that the equilibrium constants can be determined. When the 
sweep rate becomes faster, each half of the square scheme T+ G 
T G C and C s C+ s T can becomelo equivalent to a reversible 
electrochemical reaction followed by an irreversible chemical 
reaction (EC scheme); the rate constants kn and kbl can then be 
calculated with the help of known literature theories either by 
semiinfinite diffusion6bJ0J1 or thin-layer linear potential sweep 
voltammetry.I2 In some cases, the system can behave in a more 
complex fashionlo and must be analyzed more completely with 
the help of the theory1° (see below). As shown theoretically in 
a previous paper,I0 the cross-reactions C + T+ e C+ + T does 
not participate in the kinetics of these reactions for this type of 
square scheme in thin-layer or semiinfinite diffusion cyclic vol- 
tammetry. The situation becomes different for a homogeneous 
process in solution, and evidence of the influence of the cross- 
reaction has indeed been presented recentlyL3 in that case for other 
complexes. 

In the field of configurational isomers of organometallic com- 
pounds, a pioneering work has been carried out by Bond et al.,z4 
who examined several series of complexes. Their results are 
however limited in m a t  cases by the restrictions that we mentioned 
above. We study here one of the systems that they considered4 
and that seemed appropriate for the illustration of the possibilities 
offered by our theory, viz. the complexes c~s-[M(CO)~(DPE)~]+ 
(C') and t r ~ n s - [ M ( C 0 ) ~ ( D P E ) ~ l +  (T+), in which DPE = (c6- 
H5)2PCH2CH2P(C6H5)2 y d  M = Mo or W; they have been 
isolated as stable species. 

trans  or T + )  cis  (C or c+) 
tram-[Mo(CO),(DPE),] can be obtained by sodium amalgam 

reduction3 of  the form T+; it has been claimed that the C+ form 
c ~ ~ - [ M o ( C O ) ~ ( D P E ) J +  can be prepared chemically,14 but this 
was disproved later.I5 Moreover, a qualitative study has shown 
that, in the case of the Mo complex, C can be oxidized to C+ and 
T+ reduced to T electr~chemically,~ and it has been mentioned 
that the behavior of the tungsten complex is very ~ i m i l a r . ~  
Experimental Section 

Materials. cis-[ Mo(CO),(DPE),], trans- [MO(CO)~(DPE),]+C~O,- 
and cis-[W(CO),(DPE),] were prepared according to literature proce- 
dures.16 tran~-[W(C0)~(DPE)~]+C10~, obtained by proceeding as for 
the trans Mo analogue, was prepared previously by another method.]" 

Instrumentation and Measurements. The electrochemical experiments 
were carried out in distilled DMF, THF,  or Me2S0, with 0.2 M tetra- 
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P. R.; Snow, M. R. J. Chem. Soc. A 1971,610. (c) Lewis, J.; Whyman, 
R. J. Chem. Soc. 1965, 5486. 
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Figure 3. Voltammogram of cis-[W(CO),(DPE),] (form C) in DMF at  
60 OC with 0.2 M tetra-n-butylammonium perchlorate as supporting 
electrolyte (concentration 5 X M dm-7: (a) u = 100 V s-l; (b) u 
= 1000 v s-1. 

butylammonium perchlorate as supporting electrolyte. The potentials are 
relative to an aqueous saturated calomel electrode. The voltammograms 
were obtained by means of a UAP4 unit and a GSTP generator (Ta- 
cussel, Lyons, France); they were recorded on a Nicolet 3091 digital 
oscillograph (Madison, WI)  and subsequently reproduced on an XY 
recorder for fast sweep rates or recorded directly on the XY recorder for 
slow sweep rates. 

In diffusion linear potential sweep voltammetry, a platinum disk 
electrode of small diameter (0.125 mm) was employed, in order to min- 
imize the ohmic dr0p.l' Thin-layer cyclic voltammetry experiments were 
carried out with the cell described previouslyls and a platinum electrode 
with a diameter of 2 mm. 

Results 
The results obtained in the three solvents DMF, THF, and 

Me2S0 are identical (see Discussion and Conclusion), and the 
behaviors of the Mo and W complexes are very similar. We will 
give as experimental examples those concerning the tungsten 
complex in DMF. 

Determination of Eoz .  We will assume in what follows that 
the standard potentials are equal to the half-sum of the anodic 
and cathodic peaks. The error involved is small if the diffusion 
coefficients are not very different,Ig as should be the case here. 
For reasons stated below (cf. paragraph on the determination of 
EOK), we have carried out the measurements of Eo1, Eo2, and EoK 
at 60 OC. 

At moderately fast sweep rates (a few V s-l at 60 "C), the T/T+ 
system is reversible and E", can easily be determined (Table I 
and Figure 2 (supplementary)). 

(17) Howell, J. 0.; Wightman, R. M. Anal. Chem. 1984, 56, 524. 
(1 8) Vallat, A.; Laviron, E. J. Electroanal. Chem. Interfacial Elecfrochem. 

1976, 74,  177. 
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science: New York, 1964; pp 120, 5 5 .  
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Table 11. Half-Sum of the Anodic and Cathodic Peak Potentials for 
the Svstem C + / C  

Notes 

u p  s-1 

500 1000 2000 3000 
Mo 0.222 0.222 0.223 0.224 
W 0.177 0.181 0.179 0.182 

-4 -3 -2 -1 0 1 

log " 
Figure 4. Variations of the thin-layer peak potentials for cis-[W- 
(CO)2(DPE)2] as a function of log v ( u  in V s-l) a t  60 "C. The theo- 
retical curve is calculated with kbl/kb2 = 2.3 X lo4, K, = 6.2 X K2 
= 130, and E",  - E o 2  = 0.352 V (see Table I). 

Determination of E o I .  An example of oxidation peak for C 
is shown in figure 3a; even at  relatively high sweep rates, no 
corresponding reduction peak C+ - C is observed; instead, the 
peak corresponding to the reduction of T+ to T appears. This 
shows that the oxidation of C to C+ is followed by a fast isom- 
erization of C+ to T+. Only by raising the sweep rate above 250 
V s-l does the reduction peak of C+ to C appear (Figure 3b). It 
can be deduced from the theory of Nicholson and Shain'Ia that 
the half-sum of the oxidation and reduction peaks is practically 
equal to ( E O )  as soon as the reduction peak is visible. This 
is what we have observed; the value obtained remains constant 
when the sweep rate is increased (Table 11). 

The average value for E o l  is given in Table I. 
Determination of E o ,  and Calculation of K1 and K 2 .  As 

mentioned in the introduction (cf. ref lo), a t  slow sweep rates the 
whole system is at equilibrium, and the whole reaction, starting 
from C to give T+ or from T+ to give C, appears reversible, giving 
a system of oxidation-reduction peaks centered at  potential EoK 
An example of variations of the anodic and cathodic peak po- 
tentials as a function of the logarithm of the sweep rate is shown 
in Figure 4 for thin-layer cyclic voltammetry. 

The potentials are corrected for the ohmic drop by comparison 
with the peaks of the ferrocene-ferrocenium reversible couple 
under the same conditions. The diagrams have the shape ex- 
pected;I0 on the side of Eo1,  the system behaves as an E C  (irre- 
versible) system, and the slope has the value predicted for a 
first-order reaction (2.3RT/F).'O9'* We also verified that the same 
curves are obtained whatever the concentrations. On the side of 
Eo2,  the shape of the curve is more complex, since two peaks 
appear (cf. Figure 7 of ref IO), but the variations conform to the 
theoretical predictions, except for a few points near Eo2.  The 
potential E°K is attained for the lowest sweep rates that can be 
used with the cell that we employed;18 this explains why we had 
to carry out the determination at 60 O C .  Below this temperature, 
EoK cannot be reached. 

From eq 1 and 2, we deduce the values of K I  and K 2  given in 
Table I. 

Determination of kbl and kfl .  As mentioned above, we have 
in that case an EC (irreversible) system for the reaction C s C+ - T+. As the rate of the reaction is large (cf. Figure 3), we first 
contemplated using the theory of Nicholson and Shainlla or 
Saveant and Vianello'lb in semiinfinite diffusion linear potential 

Od 0.2 0 -0.2 -0.4 
POTENTIAL (V v.6 SCE) 

Figure 6. Thin-layer voltammogram of ~ rans - [w(CO)~(DPE)~1+  (form 
T') in DMF at  25 "C with 0.2 M tetra-n-butylammonium perchlorate 
as supporting electrolyte (concentration 5 X M dm-'; u = 10 mV 
S-I). 

T. O°C 

- 2  l o g v  

T. 17OC 

T. 3SoC 

-2 l o g v  -3 
I 

0 1 2 3 

Figure 7. Variations of y with log u (u in V SKI) for the redox system T+ 
r! T (tungsten complex) in DMF. Conditions are the same as for Figure 
6,  except that u is changed. The full curve is the calibration curve; the 
points are the experimental values. The horizontal scales log u and log 
(RTknlFu) are made to coincide, and ka is calculated from their com- 
parison (cf. ref 6 ) .  T (0) 35 "C; (0)  17 "C; (+) 0 "C .  

sweep voltammetry to determine kbl.  However, the lack of pre- 
cision in measuring the height of the cathodic peak, owing to the 
large residual current and to the ohmic drop, precluded the use 
of their method, which is very sensitive to this type of effects. We 
obtained kbl by thin-layer linear sweep voltammetry from the 
intersection of the asymptote of the curve E = fllog u )  with Eo1 
(Figure 4), which is such that a t  this pointRkbl = Fu/RT. The 
value of kbl at 60 "C is given in Table I, together with the value 
of kfl calculated from K 1  (Figure 1). The variations of log k b l  
with 1 /Tare  shown in Figure 5 (supplemental). The activation 
energies are 58 and 46 kJ for the Mo and W complexes, re- 
spectively. 

Determination of kn and k b p  At low sweep rates, the anodic 
peak of the system T/T+ is no longer equal to the cathodic peak 
(Figure 6). Its height decreases, and the oxidation peak of C 
to C+ appears at more positive potentials. The reaction T+ + e- 
G= T is followed by a slow isomerization of T to C. We have 
determined the value of kn at several temperatures by using the 
calibration curves y = f(1og (RTknlFu)) for a first-order EC 
(irreversible) reaction in thin-layer linear potential sweep vol- 
tammetry (Figure 7; cf. Figure 13 of ref 12), y being the rat io  
of the height of the anodic peak to that of the cathodic peak. The 
order of the reaction was established by varying the concentration; 
this has no influence on the ratio y .  As mentioned above (de- 
termination of EOK), the system does not actually correspond to 
a simple EC (irreversible) reaction. However, we have calculated 
with the help of the theory of ref 10, by using the values of K , ,  

-log ( R T ~ , ~ / F V )  
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Table 111. Comparison of the Constants for the Two Complexes 
K,-l = 

W 130 1.6 x 103 12 175 14 

K,, kbl, and kb2, that the ratio y in the region around Eo2 remains 
practically the same as for an EC (irreversible) system (Figure 
8, supplemental). 

The variations of log kf2 with TI are shown in Figure 9 
(supplemental). The activation energies are respectively 67 and 
72 kJ for the Mo and W complexes; extrapolation gives the value 
of kR at  60 OC, and the value of kb2 is deduced from K2 (Figure 
1); see Table I .  
Discussion and Conclusion 

All the experiments reported above were repeated with T H F  
and Me2S0 as solvents; the same quantitative results were ob- 
tained. Also, we introduced the ligand DPE into the solution at 
diverse concentrations, but this did not affect the constants. The 
cis-trans reaction is thus a process purely internal to the molecule. 
This conclusion was already reached by Bond et al.,4 who de- 
termined Kn and krl in different solvents. The values they 
measured are comparable with ours, although the activation en- 
ergies are somewhat different. 

Our theory allows more complete information to be obtained 
about the complexes. The behaviors of the Mo and W complexes 
are analogous, although quantitative differences exist. First, if 
we compare K1-l to K2 (Table HI), we see that for both complexes 
the equilibrium is much more in favor of the stable form (T') 
in the couple C+/T+ than in favor of the stable form C in the 
couple C/T. However, from the ratio of KIF' to K2, it appears 
that the difference in stability is much larger in the case of the 
Mo complex (ratio 66 instead of 12). 

On the other hand, for comparing the mobility of the reaction 
T+/C+ to that of the reaction T/C,  we can compare kbl to kr2 
and kfl to kb2, respectively. The ratios obtained are always larger 
than 1 (they vary from 14 to 1750; Table III), which shows that 
the reaction T+ + C+ is faster in both directions than the reaction 
T s C for both complexes. If now we compare the two complexes, 
we see that the difference in mobility of the two reactions is larger 
in the case of Mo than of W; the rate toward the more stable form 
T+ is 10 times larger than that toward the stable form C (kbl/ 
kn(Mo) = 10kb]/kn(W)), whereas the rate in the reverse direction 
is about twice as fast in the case of Mo than in the case of W 
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The complex ion (5,7,7,12,14,14-hexamethyl- 1,4,8,11 -tetraa- 
zacyclotetradeca-4,11 -diene)copper(II), Cu(Me6 [ 14]4,11 -diem 
eN4)2+, can exist in two diastereoisomeric forms, Cu(N-ruc- 
Me6[ 14]4,1 l-dieneN4)2+ and Cu(N-meso-Me6[14]4,1 l-dien- 

I a 
Figure 1. Structures of Cu(N-rac-Me6[14]4,1 l-dieneN,)2+ (I) and Cu- 
(N-meso-Me6[ 1414,l l-dier~eN,)~+ (11). 

eN4)2+, depending on the configurations of the two asymmetric 
nitrogen centers (see Figure 1). The crystal structures of these 
isomers have been determined by three-dimensional X-ray 
methods.'P2 Previously, we have reported the equilibrium constants 
for the reactions of these isomeric copper(I1) complexes with 
several mononegative bases in aqueous solution represented by 
eq l .3 Here L is the macrocyclic ligand N-ruc-Me6[14]4,11- 

CUL*+ + x- = CULX+ 

dieneN4 or N-meso-Me6[14]4,1 1-dieneN,. In order to study 
solvent effects on these ligation constants, the equilibria of these 
reactions in dimethylformamide (DMF), dimethyl sulfoxide 
(Me2SO), and methanol (MeOH) were studied by spectropho- 
tometric methods. 
Experimental Section 

Reagents. The macrocyclic complexes Cu(N-"Me6[ 14]4,1 l-dien- 
eN4)(C104)2 and Cu(N-meso-Me6[ 14]4,1 l-dieneN4)(C104), were the 
same as those reported earlier.1-3 The organic solvents, DMF, Me2S0, 
and MeOH, used in this work were of spectroscopic grade. All other 
chemicals used were of GR grade from Merck. 

Dimethylformamide was vacuum-distilled from phosphorus pentoxide. 
Dimethyl sulfoxide was dried over molecular sieves for 24 h and then 
refluxed over calcium hydride for 16 h; it was then carefully distilled 
under reduced pressure. Methanol was dried by fractional distillation, 
followed by treatment with Drierite for a period of several  day^.^^^ 

Analysis of water in solvents was carried out by using an automatic 
Karl Fischer titrator. The water content of all purified solvents was found 
to be less than 100 ppm. 

Instrumentation. A Cary 17 spectrophotometer and a Perkin-Elmer 
Lambda-5 UV/vis spectrophotometer with a thermostated cell com- 
partment were used to record absorption spectra. The temperature was 
maintained within f O . l  OC. Equilibrium constants were obtained by a 
linear least-squares fit of the data using a CDC Cyber-172 ~omputer.~~' 
Results 

Addition of the solution of mononegative ligand, X-, to a so- 
lution of copper(I1) tetraaza macrocyclic complex results in the 
replacement of coordinated solvent by X-. The apparent molar 
absorptivities were obtained by using eq 2, where A is the ab- 

KX 
(1) 

capp = A / l G  (2) 
sorbance of the solution, I is the length of the cell, and C, is the 
total concentration of the copper(I1) complexes, [CuL2+] + 
[CuLX+]. The values of apparent molar absorptivities for these 
systems as a function of [X-1, are deposited as supplementary 
material (Tables A-C). 

The apparent molar absorptivities have a linear dependence on 
(eapp - tCuL)/[X-] in accordance with eq 3, where C C ~ L  and C C ~ L X  

(3) 
are the molar absorptivities of CuL2+ and CuLX', respectively. 
The value of [X-] was calculated by an iterative procedure in 
which an estimated value of Kx was used to calculate the value 

tapp = (-1 / K ~ ) ( ~ a p p  - EC~L)/[X-I + ~ C ~ L X  
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