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modes are ex ected for C2, complexes but frequently fewer 
are ob~erved.’~ We find an X-insensitive band at approxi- 
mately 240 cm-’ (Figure 1) which we have assigned to 
VCw(4-DMAp) and two bands (Table IV) for the C1 and Br 
complexes which are assigned to ucwcI and uCWBr. We have 
not resolved uCwI or vCwNCSe absorptions from the low-fre- 
quency ligand bands (Figure 1). Assignments for uCwNCO and 
UC-NCS have also been made at 370 and 330 and 325 cm-’, 
respectively. 

Ligand field spectral data given in Table V are rather typical 
of CoN2X2 complexes.’ Two absorptions are observed. The 
first, in the near-infrared region centered at  approximately 
7500-8500 cm-’ is assigned to the ‘A2 - ’?1(4F), u2, transition 
and the second, centered at  approximately 16000 cm-’ is 
assigned to the 4A2 - 4T1(4P), u3,  transition. By using the 
crystal field matrix elements of Konig” and by weighting the 
individual components of the bands according to their spin- 
orbit coupling energies, we have calculated values for the 
tetrahedral crystal field splitting parameters Dqtet and B. The 
series of Dqtet values follows the classical spectrochemical series 
NCSe > NCS > NCO > C1 -Br > I. Because the overall 
splitting of v2 and u3 is considerably larger than 6h0,” we have 
calculated the second-order distortion parameter Ds2’ by usin 
the electrostatic matrix elements given by Flamini et al. 
These values of Ds decrease in the order NCO > I > Br > 
NCS - C1 > NCSe. The fact that this series does not 
correlate with the normal spectrochemical series may indicate 
that the model2’ used to calculate Ds is inadequate for these 
complexes. 

Con c 1 us i o n 

We have determined that 4-DMAP forms pseudotetrahedral 
complexes with Co(I1) halides and pseudohalides and have 
concluded that these compounds are similar to other C, Co(I1) 
complexes containing substituted pyridine ligands. Future 
investigations are planned to obtain the mass spectral frag- 
mentation patterns and 13C NMR spectra of these complexes. 
In addition we are planning a study of the corresponding 
2-DMAP and 3-DMAP complexes. 
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Registry No. Co(4-DMAP)*C12, 62660-95-1; C O ( ~ - D M A P ) ~ B ~ ~ ,  
62882-88-6; C O ( ~ - D M A P ) ~ I ~ ,  62882-87-5; C O ( ~ - D M A P ) ~ ( N C O ) ~ ,  
62882-86-4; C O ( ~ - D M A P ) ~ ( N C S ) ~ ,  62882-85-3; C O ( ~ - D M A P ) ~ -  
(NCSe)2, 62882-84-2; 4-DMAP, 1122-58-3. 

Supplementary Material Available: A listing of the x-ray powder 
diffraction d spacings, Table  1 ( 2  pages). Ordering information is 
given on any current masthead page. 
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T h e  hydrolysis kinetics of the reactions of (-)-sparteine-copper(I1) chloride and (-)-sparteine-copper( 11) bromide were 
studied to determine a possible mechanism for the  process. Of particular interest were the slowness of the  reaction and  
the catalytic effect of halide ions on the hydrolysis reaction. The  parameters investigated were concentration, temperature, 
and halide concentration, which have positive effects on the rate, and the p H  and ionic strength, which have minimal effects. 
The results suggest a mechanism in which the rate-determining step is a conformational inversion from a cisoid to a transoid 
form of the  sparteine moiety followed by a subsequent a t tack by water or a halide ion. T h e  reactions proceed according 
to  the rate law -d[C1SH26N2.C~X2]/dt = [ (k ,k2  + k l k 3 X ) / ( k - ,  + k2 + kyY)][CISH26N2-C~X2]. From measurements over 
the 25-55 “C temperature range the  AH* values a re  found to be 16.0 and  23.1 kcal/mol, and  the  AS* values a re  -24.4 
and -1.45 eu, for the chloro and bromo complexes, respectively. T h e  difference in kinetic behavior is explained in terms 
of halide size differences and the nucleophilicity differences of the halide ions. 

Introduction uterus.12 Since the ions of metals such as and 
Recently there has been increased interest in the chemistry magnesium’3b appear to play a sensitive role in muscle activity, 

of sparteine alkaloids, C15H26W2, and their metal salt ad- the complex formation process may affect in some manner the 
Particular interest in the chemistry of these alkaloids equilibria or kinetic processes involving these metal ions.14 To 

has arisen because of their biological and physiological use in provide additional information for understanding and eluci- 
the stimulation of muscular action in the heart, lung, and dating the detailed mechanism of this effect as well as ex- 
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tending our knowledge of the reaction processes of these 
alkaloids, we investigated the kinetics of the hydrolysis of two 
copper halide adducts. 

An x-ray analysis has shown that the CuCl2 adducts of the 
sparteine diastereomers are locked into a tetrahedral con- 
figuration about the copper.* Optical93l5 as well as electron 
spin resonance' studies confirm the tetrahedral coordination 
geometry of the (-)-sparteinmpper(I1) halide complexes not 
only in the solid state but also in solution which is rare for 
copper(I1). This relatively stable structural configuration of 
these complexes may make them useful models in the study 
of type I copper(I1) ions in metal lop rote in^.^ The compact 
tetrahedral structure of the copper complex makes attack on 
the copper rather difficult and hydrolysis rather slow. Al- 
though quite stable in nonaqueous media the CuClz adducts 
of the three sparteine diastereomers have been shown to 
hydrolyze slowly according to the reactionI5 

C,,H,,N;CuCl, + 2H,O + C,,H,,N,~2Hzf t 2C1- + Cu(OH), (1) 

Our results reported here on the kinetics of hydrolysis of CuC12 
and CuBr2 complexes of (-)-sparteine (I) confirm this and 

I 
show the reaction to be product catalyzed. 
Experimental Section 

Reagents and Solutions. Copper(I1) chloride and copper(I1) bromide 
complexes were prepared as described e1~ewhere.I~ Aqueous solutions 
of the complexes were prepared as follows. The powdered sample 
was weighed out to the nearest 0.0001 g and, at fixed times (several 
minutes) just prior to a run, dissolved in reviously distilled and boiled 
water to give 0.5-L solutions (2.00 X 10- M sparteineCuC12 and 1.64 
X M sparteine.CuBr2). The ionic strength of all solutions was 
adjusted with chloride-free sodium nitrate (Matheson Coleman and 
Bell, reagent grade; total chlorine 0.001%) to 0.17. Sodium chloride 
and sodium bromide salts were used in the halide-dependence studies 
for sparteineCuC12 and sparteine.CuBr2, respectively, at 25 "C, 
adjusting the ionic strength with NaN03 to 0.17 for all ions. Ad- 
ditional data were obtained in the sparteine.CuBr2-bromide ion study 
through the hydrolysis study of a solution containing a 1O:l con- 
centration ratio of 1.64 X M 
sparteine.CuBr2, which ensured virtually complete removal of bromide 
ion in solution. As always, the ionic strength was maintained constant 
at 0.17 using NaN03. 

For the temperature studies the solvent was brought to within f 2  
"C of the desired solution temperature prior to mixing the reagents. 
After mixing, the solution was then allowed to equilibrate in an Haake 
automatic temperature-control bath to the desired temperature (f0.2 
"C) before the first measurement was taken. 

Measurements and Calculations. The rates of hydrolysis were 
determined by observing the disappearance of the (-)-sparteine.CuX2 
complex using a Cary 118 UV-visible spectrophotometerI6 with l-cm 
quartz matched cells. The reactions were followed at 700 and 320 
nm, for the chloro and bromo complexes, respectively. These 
wavelengths are at the absorption maxima for the reactants; the 
hydrolysis products do not absorb at either of these wavelengths. Since 
the rates of hydrolysis are relatively slow, the spectra of the reactants 
were scanned during some runs and showed no change in the shape 
of the reactant spectra or the peak position as the reaction progressed 
nor any evidence of photochemical reaction. A reference solution 
consisting of 0.17 M NaN03 when no halide ion was added to the 
system or of NaCl or NaBr plus sufficient NaN03 to give an ionic 
strength of 0.17 when halide was added to the system was used to 
eliminate baseline effects which might possibly be introduced by the 
salts. During hydrolysis the chloro and bromo complex solutions 

P 

M Hg(N03)2 to 1.64 X 
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changed from bright green and blue-green, respectively, to faint blue 
and colorless solutions, with the eventual formation of CU(OH)~ 
precipitate. To avoid scattering interference from CU(OH)~, only the 
initial rates were studied. Previously measurements were performed 
over a longer eriod of time by centrifuging the solution to remove 
the CU(OH)~!~ We found that we could obtain more reproducible 
results by carefully measuring the initial rates before significant 
nucleation of the CU(OH)~ occurs. Attempts to eliminate this in- 
terference through complexation of liberated cupric ions or correction 
for scattering gave poor and nonreproducible results. Typically, for 
systems at 25 "C with no halide ion added, data were collected for 
about 20 min for the chloro complex and for about 2 h for the bromo 
complex before significant precipitation occurred vitiating any further 
chemical analysis. The time difference between the two complexes 
was due in part to the difference in initial concentration of the complex. 
The studies on the effect of ionic strength were carefully carried out 
using ionic strength values from 0 to 0.50 for the chloro complex and 
from 0 to 0.34 for the bromo complex (conditions: [sparteine.CuC12] 
= 2.00 X lo-' M, [sparteineCuBr2] = 1.64 X M, pH 5.7, 
temperature 25.0 f 0.2 "C). 

The pH studies were made with a Beckman Model LS pH meter. 
The pH range from 3 to 10 was covered (conditions: [sparteine.CuC12] 
= 2.00 X M, [sparteineCuBr2] = 1.64 X lo4 M, ionic strength 
0.17, temperature 25.0 0.2 "C) using HN03 and NaOH. An 
attempt to buffer the solution to the smooth muscle fluid pH of 7.4 
was unsuccessful, since all buffers tested affected the sparteine complex, 
as indicated by a shift in the absorption maxima. The pH was also 
monitored during the course of some of the hydrolysis reactions (28 
h). A solution identical with the reaction solution but without the 
sparteine complex was followed for comparison during the reaction. 

A plot of the log of the initial rate vs. the log of the (-)-spar- 
teineCuX2 concentration proved the hydrolysis to be first order in 
the sparteine adduct concentration. The rate constant kobsd for this 
pseudo-first-order process (see eq 2) was obtained from the slope of 

-d [c 15H26"2'CUX21 /dt = kobsd [c lSH26NZ'CuXZl (2)  
the plots of the log of the absorbance of C15H26N2C~XZ vs. time for 
a number of initial concentrations between 1.1 X lo4 and 3.8 X 
M for the bromo complex and between 5.0 X and 20 X lo4 M 
for the chloro complex. A best straight-line fit was obtained from 
the data (typically 5-12 readings per data point) by a least-squares 
computer fit. 

were obtained in the temperature range 25-55 
"C and used in the usual fashion" to obtain the thermodynamic 
activation parameters. 
Results and Discussion 

The reaction of (-)-sparteineCuX2 with water follows the 
stoichiometry of eq 1 and obeys the general rate law given by 
eq 2. The parameters studied were pH, ionic strength, reactant 
and halide concentration, and temperature, the last three of 
which influenced the rate significantly. When fixed, these 
parameters were set at or near biological levels. 

Although it took several minutes to completely dissolve the 
sparteine complex, there was no evidence of any rapid pre- 
equilibria in the hydrolysis reaction. The order of the reaction 
was determined from the initial rate data with only the ionic 
strength adjusted to its standard value (conditions: pH 5.7, 
ionic strength 0.17, temperature 25.0 f 0.2 "C). The observed 
fust-order rate constants were found to be kow = (4.80 f 0.05) 
X s-' (tip = 4.01 h) for the chloro complex and kohd = 
(3.08 * 0.22) X s-' (tip = 6.24 h) for the bromo complex. 
The results for the chloro complex are nearly the same as those 
obtained earlier;15*'* the major difference is due to the lower 
accuracy of the previous method where the data were collected 
over a longer period of time, beyond the point where pre- 
cipitation of becomes a problem. Also, better control 
of temperature is maintained here since the sample is never 
removed from the temperature bath when spectroscopic 
measurements are made. 

A stfidy of the effect of p H  showed the hydrolysis of the 
complexes to be insensitive to this parameter. In the p H  range 
3-10, the chloro complex experiences little va r i a t ip  in rate 

The values for 
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constant, while the bromo complex is somewhat more sensitive, 
changing in kobsd values from 3.1 X lo-' to 4.4 X s-I, in 
going from the acidic to the basic solution. If the hydrolysis 
mechanism involved simply the breaking of the N-Cu bond 
as the rate-determining step, one might expect the reaction 
should show acid catalysis. The lack of dependence on the 
hydrogen ion concentration is due to the fact that the rigid 
sparteine structure keeps the tertiary amino groups sterically 
hindered from hydrogen ion attack. This effect has been seen 
with other rigid bidentate systems, such as phenanthroline with 
various metals." 

The pH change due to the hydrolysis of the complex over 
a 28-h period was observed to increase to a maximum value 
and then rapidly drop to an intermediate value. For instance, 
during one run with the initial chloro complex concentration 
of 2.00 X M, the pH rose from 5.60 to 6.60 during the 
first 235 min. The solution then turned cloudy and the pH 
dropped rapidly to 6.05 where it remained approximately 
constant for the next 24 h. Assuming no C U ( O H ) ~  precipi- 
tation and using pKal = 10.8 and pKa2 = 4.6 for the ~parteine, '~ 
the pH maximum at 235 min is predicted to be 7.0. These 
values of the pK, of sparteine along with the Ksp of Cu(0H);' 
predict the final pH of the solution to be 6.15. Since the time 
a t  which precipitation occurred varied a great deal between 
the various runs, care was always taken to terminate the 
collection of spectroscopic rate data well before this time. 

The ionic strength of 0.1 7 was chosen for our studies since 
it parallels that of smooth muscle fluids. In order to determine 
whether the rate of hydrolysis is affected by changes in ionic 
strength, careful studies were carried out using ionic strength 
values from 0 to 0.50 for the chloro complex and from 0 to 
0.34 for the bromo complex. The results show little sensitivity 
to ionic strength except at  very low values where the bromo 
complex gives an increase in kobsd  by a factor of about 2 with 
decreasing ionic strength. These results also show that NaNQ3 
does not participate in the reaction. There is no apparent 
stabilization of the activated complex or intermediate that 
might be expected if either involved charge separation or 
ionization. 

By comparing the spectra of both complexes during the 
hydrolysis process, including far into the reaction when 
centrifuging is necessary before the spectra can be taken, the 
position and shape of the peaks are found to be unchanged 
and to remain clearly different for the two complexes. Ap- 
parently the halide ions are not exchanging rapidly with the 
OH- ions as might be expected with copper. Although OH- 
has a formation constant with Cu2" of about 7 orders of 
magnitude greater than Cl-:' this large driving force does not 
appear to determine the rate of halide loss in this case but 
simply the extent of reaction. 

The rate of hydrolysis shows a marked dependence on halide 
ion concentration. Studies were carried out on the rate of 
hydrolysis of sparteineCuCl2 as a function of chloride ion 
concentration and the hydrolysis of sparteine.CuBr2 as a 
function of bromide ion concentration. The results are shown 
in Figures 1 and 2 and clearly indicate the reaction to be a 
product-catalyzed one. The variation of kobsd  for the chloro 
complex with chloride concentration indicates that the chloride 
ion does not have as strong an effect on the chloro complex 
as the bromide ion has on the bromo complex. kobsd  for the 
bromo system becomes too great to measure by the methods 
employed here before any leveling off occurs. 

By extrapolating the plot of kW of either complex vs. added 
halide ion concentration to zero added halide, it is apparent 
that there are two processes occurring-halide ion catalyzed 
hydrolysis and also the noncatalyzed direct hydrolysis. The 
rate constant discussed above for the hydrolysis with no added 
halide ion and indicated in Figures 1 and 2 involves both 
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Figure 1. Plot of koM vs. [Br-] added. kobsd for the case with no added 
and kobsd for the case with mercuric ion added is 
rimental conditions are [sparteine.CuBr2] = 1.64 

X loT4 M, pH 5.7, ionic strength 0.17, and temperature 25.0 * 0.2 
OC. 

4 

= 2.00 X M, pH 5.7, ionic strength 0.17, and temperature 25.0 
0.2 O C .  

processes even though only the initial rate was measured. To 
check the reliability of the trend, the rate of hydrolysis of the 
sparteineCuBr, complex. was measured in the presence of 
mercuric ion, which complexes strongly with bromide 
(mercuric bromide formation constants: K ,  = 1.1 X lo9, K2 
= 1.9 X lo8, K3 = 260, K4 = 18).2' Hg2' thus rapidly removes 
the bromide released into solution by hydrolysis of the complex. 
The extrapolated k value at zero bromide concentration falls 
in line with the k value measured in this manner. This mild 
Lewis acid does not extract the bromide ion or increase the 
hydrolysis rate as might be expected if the rate-determining 
step involved loss of halide. 

A mechanism consistent with the observed slowness of the 
hydrolysis, the halide ion catalysis, and the effect of ionic 
strength is shown by eq 3 and 4 for the chloro system. The 



Hydrolysis of (-)-Sparteine-Copper(I1) Halides 

(3) 

CH-Nc/TNkCu’C’ CU(OH)~ + (NJN) * 2HCI 
-HO’ ‘Cl ‘fl 

N 

N 
( = cisoid sparteine 

NSN E. transoid sparteine 

last steps labeled “fast” are probably a sequence of rapid steps 
to the product precipitate and sparteine-hydrogen halide. The 
rate-determining steps, however, are the conformational in- 
version of the sparteine from the cisoid form required for 
coordination to the transoid form (the preferred form of the 
free base”) and direct water addition and chloride addition 
processes. A similar transoid-cisoid inversion has been used 
to explain the slow rate for the coordination exchange of 
sparteine with dineopentylmagnesium.’ The slow rate and a 
mechanism that involves breaking a N-Cu bond rather than 
a Cl-Cu bond in the initial step is probably due to solvent 
 effect^.'^ The large organic ligand in the compact tetrahedral 
complex tends to break up the solvent shell of the complex, 
so that in order to go to a transition state involving a separation 
of charge a much greater demand is placed on solvation. 

For the mechanism, eq 3 and 4, kobsd is given by 

klkz + kik3 [Cl-] 
kobsd = k-l + k2 + k3 [Cl-] 

By a least-squares computer fit of eq 5 to the observed values, 
the curve in Figure 2 was determined. From the fit we obtain 
k l  = 1.21 X M, and k- l /k3  = 
4.97 X M. We do not have data to find k-,, k2, and k3 
separately but only their ratios. 

We believe the bromo system follows the same mechanism 
as the chloro system (eq 3 and 4); however, the catalytic rate 
process for the bromo complex increases much more rapidly 
with bromide ion concentration than the chloro complex with 
chloride concentration. Thus, expanding kobsd for small 
bromide ion concentration gives 

s-’, k2 /k3  = 1.11 X 

[Br-I 
klk2 + klk-lk3 

kobsd = (k-l + k2)’ 

A linear least-squares fit of eq 6 to the experimental data yields 
k lk2 / (k - ,  + k2) = 1.34 X s-l and klk-lk3/(k-1 + k2)2 = 
0.229 s-l M-’. 

The fact that the bromide ion plays a much greater role than 
the chloride ion for the catalytic route is surprising from a 
steric point of view. The bulky, more polarizable bromide ion 
is involved in a nucleophilic attack on the copper complex now 
made possible by the loosening of the structure with the in- 
version to the transoid sparteine form. In fact, rather than 
simple addition of bromide ion at  this stage as shown in eq 
4, the sparteine may be simultaneously eliminated in a 
concerted reaction. The fact that Br- attacks Cu2+ more 
readily than C1- is supported by the ratio of the formation 
constants” of CuBr’ to CuCl-: 1.6. Bromide ion is in general 
a better nucleophile than chloride ion and both are better than 
water. 

Inorganic Chemistry, Vol. 16, No. 8, 1977 1961 

Table I. Thermodynamic Parameters for the Hydrolysis 
of SparteineSCuX, 

SparteineCuCl, SparteineCuBr, 

23.1 + 2.9 AH*, kcal/mol 16.0 i 1.9 

AG3298, kcal/mol 23.3 f 2.7 23.5 f 4.0 

In order to determine the values for the activation pa- 
rameters, a series of studies was carried out from 25 to 55 OC 
with no halide ion added. Plots of log kobd vs. 1/T are linear 
over this temperature range and a least-squares computer fit 
of the data yields the thermodynamic activation parameters 
for the two complexes given in Table I. AH and AS* are 
the empirical activation parameters referring to the tem- 
perature dependence of kobsd with no halide ion added to the 
system. The large enthalpy of activation observed here is 
consistent with the conformational inversion process. The 
difference in the activation energy between the two complexes 
is primarily due to the difference in the role k3 plays in kobsd. 
For the bromo complex k3 is much greater and thus contributes 
to the temperature dependence of kow more than for the chloro 
complex. 

Registry No. Sparteine-CuClz, 39733-84-1; sparteineCuBr2, 
62882-83-1; Br-, 24959-67-9; C1-, 16887-00-6. 
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