
Vol. 7, No. 12, December 1968 ~~~~~-~ULFITOAQUOBIS(DIMETHYLGLYOXIMATO)COBALT(~~~) 2535 

trans- [Co(en)2C12](H502)C12 and trans- [Co(( h)pn)z- 
Clz](H502)C12 exhibit different rate laws for dehydra- 
tion in vacuo, they appear to possess virtually identical 
activation energies for this process. This seems to 
indicate that the same activation process occurs in 
both compounds. One possible means of activation 
would be through vibration of the H602+ ion. The 
infrared spectra of these compounds have been reported 
in the literature. 2o The high-frequency vibration (the 
so-called "band I" in ref 20) occurs at 2850 cm-' (8.16 
kcal mol-') for the ethylenediamine complex and a t  
2920 cm-l (8.36 kcal mol-') for the propylenediamine 
complex. The first overtone of this band would be of 
the same energy (16.3-16.7 kcal mol-') as the activa- 
tion energy for dehydration. 

Although the activation energies for the dehydration 
in vacuo of both the ethylenediamine and the propylene- 
diamine complexes are the same (or nearly the same), 
these two compounds clearly differ in their ease of de- 
hydration in static air. This difference can be traced 
to the fact that  the ethylenediamine complex can lose 
He1 and HnO from all faces while the propylenediamine 
complex resists dehydration from the (100) face. The 

(20) R. D. Gillard and G. Wilkinson, J .  Chem. Soc., 1640 (1964). 

rate of dehydration depends in part on the rate of dif- 
fusion of water from the solid. This is a temperature- 
dependent process which will be of greater importance 
in static air than in vucuo. Consequently, it is logical 
that  the rate of dehydration of the propylenediamine 
complex is lower than that of the ethylenediamine 
complex where diffusion is apparently freer and not 
restricted in direction. The different activation ener- 
gies exhibited by these two compounds in static air 
seem to reflect this difference in ease of diffusion. 

The fact that  the ethylenediamine complex under- 
goes dehydration from all faces while the propylene- 
diamine complex resists dehydration from the (100) 
face may be due to some subtle difference in the manner 
in which the complex cations are packed within the 
(100) layers. Loss of HC1 and HzO from all faces of 
the ethylenediamine complex may provide an oppor- 
tunity for recrystallization which is lacking in the 
propylenediamine complex where the (100) layers of 
complex cations are apparently not penetrated by the 
evolved HC1 and HzO. 
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Ligation studies have been made of the rate of displacement of HzO in Co(DH)z(S03)0Hz-, the symbol DH being used to 
represent the dimethylglyoxime anion. At  25' and unit ionic strength numerical values of the second-order rate constants 
(M-1 sec-1) for the various nucleophiles are: thiourea (tu),  8.34; N3-, 7.30; HS03-, 6.06; I-, 5.50; py, 5.00; S Z O ~ ~ - ,  1.45. 
Ligation by S032-, in contrast to the behavior of the other nucleophiles, appears to react in a limiting s N 1  mechanism with 
maximum value of the rate constant of 0.56 sec-l, independent of the sos2- concentration above 0.10 M. Ligation by SCN-, 
which is about as reactive as Na-, seems to occur by parallel reaction paths. The equilibrium quotient for formation of Co- 
(DH)z(SOs)IZ- is 2.56, a value larger than that for formation of C O ( D H ) ~ ( S O ) ~ B ~ ~ -  (class b behavior). The equilibrium 
quotient for formation of Co(DH)2(S03)SCN2- is 227. The acidity quotient of CO(DH)Z(SO~)OH~ a t  unit ionic strength is 
approximately 5.8 X 10-11. The conjugate base Co(DH)2(SOa)OH2- does not react a t  an appreciable rate with SCN- and 
probably not with the other nucleophiles listed above. 

Introduction 
It has recently been shown that the substitution re- 

actions of Co(1II) complexes may be markedly in- 
fluenced by the presence of an SOs2- ligand.2,3 Two 
aspects of the kinetic behavior of these sulfito com- 
plexes are of interest. First, the substitution reactions 
are remarkably rapid, the half-life a t  25" being of the 

(1) This work was supported by the Atomic Energy Commission and the 

(2) J. Halpern, R. A. Palmer, and L. M. Blakely, J .  Am. Chem. Soc., 88, 

(3) P. H. Tewari, R. H. Gaver, H. K. Wilcox, and W. K. Wilmarth, 

National Science Foundation. 

2877 (1966). 

Inorg. Chem., 6, 611 (1967). 

order of seconds or less. Since the available evidence 
indicates that  substitution occurs in the trans position, 
this rapidity of reaction will be referred to below as trans 
activation. Second, the reactions which have been 
studied thus far proceed by a limiting type of S N 1  
mechanism with strong evidence for the generation of a 
five-coordinate reactive intermediate with a lifetime 
long enough to discriminate between the various nu- 
cleophiles present in the system. 

Although only two studies2zS of the sort described 
above have been reported, the work involved complexes 
as dissimilar in structure as C O ( C N ) ~ ( S O ~ ) O H ~ ~ -  and 
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CO(NH~)~(SO~)X(I-")  +, where X"- represents a variety 
of neutral or negatively charged ligands. Conse- 
quently, it seemed not unlikely that similar kinetic 
behavior might be observed for all Co(II1) complexes 
containing the S0a2- ligand and perhaps other octa- 
hedral metal sulfito complexes as well. 

To test further the generality of the phenomena 
under consideration, a kinetic study was made of the 
rate of substitution of H20 in CO(DH)~(SO~)OH~- ,  
where the symbol DH has been used to represent the 
conjugate base of dimethylglyoxime. The dimethyl- 
glyoxime complex was chosen for study for several rea- 
sons. First, it seemed likely that it would have the 
desired trans configuration, as in the case of other bis- 
dimethylglyoxime complexes. Second, the negative 
charge should minimize the possibility of ion-pair for- 
mation with neutral or negatively charged ligands, 
thus simplifying the interpretation of kinetic studies. 
Third, the weak acidity of the Ha0 ligand, with a pK 
of approximately 10.2, permitted studies using anions of 
relatively weak acids without the formation of the con- 
jugate base of the complex, a feature which also sim- 
plifies the kinetic behavior. 

By way of summary of the results to be described be- 
low, it can be stated that in our studies of CO(DH)~- 
(SOs)OHz-, trans activation was observed with a 
variety of nucleophiles, but most of the reactions did not 
proceed by limiting Sx1 mechanism. However, dis- 
placement of H20 by S032- does appear to involve the 
expected limiting s N 1  mechanism. 

Experimental Section 
Reagents and Solutions.-All commercial chemicals were of 

reagent grade and were used without further purification, except 
as specified below. Stock solutions of NaC104 were prepared 
by dissolving anhydrous KazCOz in 70% HC104, boiling to 
remove COS, and then adjusting the final pH to 6.5-7.0. Pyridine 
was purified by distillation, using an all-glass 15-plate Oldershaw 
perforated-plate fractionating column. A center cut of the 
distillate boiling within the range 113.8-114.0" was used in the 
kinetic experiments. SaSCN solutions were standardized by 
titration with aqueous AgS03 using eosin as an i n d i ~ a t o r . ~  
NaXs solutions were standardized by an established iodometric 
procedure.6 

Preparations. (1) Na[Co(DH)?(S03)0H2] ,5H20.--h 5.0-g 
sample of Co(DH)2(C1)OH2, prepared by the method7 of Ablov 
and Samus, and an equimolar amount of Na2SOI were added to 
3.0 ml of H20 and the suspension was heated to  50" for 10 min. 
On cooling to room temperature the poorly soluble by-product 
[Co( DH)2(0H2)2] C1 was removed by filtration. The solution 
was then evaporated a t  approximately 50' until the volume was 
decreased to approximately half of the original and NaCo- 
[(DH)2(SOa)OH2] .5H20 was removed by filtration a t  room 
temperature. _%fter five recrystallizations the reddish brown 
product was obtained in a pure state with an over-all yield of 
approximately 2075. Later work indicated that a pure product 
could probably be obtained with less than five recrystallizations. 
Anal. Calcd for NaCoCsHr&10~3S: Co, 11.78; C, 19.20; N,  
11.20; H, 5.24; S, 6.40; hydrate HsO, 19.00. Found: Co, 

. ~ ~~ ~~ ~ 

(4) K. 11. Gillard and G. Wilkinson, J .  Chcin. Suc., 6041 (1963). 
( 5 )  I. R.1 Kolthoff and E. R .  Sandell, "Textbook of Quantitative Inor- 

ganic Analysis," 3rd ed, The Macmillan Co., Xew York, N. Y. ,  1962, p 465. 
(6) I.  11. Kolthoff and T. Belchei-, "Volumetric Analysis," Interscience 

I'ublisheis, Inc., New Yoi-k, N. Y. ,  1957, p 312. 
(7) A. V.  Ablov and N. M. Samus, Russ. J .  1 m i . p .  Chem.,  4, 410 (1960). 

11.76; C, 19.45; iS, 11.24; H ,  5.08; S, 6.25; hydrate HsO, 
determined by weight loss under evacuation for 6 hr a t  loo", 
19.09. 

( 2 )  Na2[Co(DH)2(S03)(SCN)] ~5H~O.-Equimolar amounts of 
K ~ [ C O ( D H ) ~ ( S O ~ ) O H S ]  . 5 H ~ 0  and NaSCN were dissolved in a 
minimum amount of H20. The solution was then evaporated 
to dryness in a rotary evaporator under vacuum at  25'. Visual 
observation indicated that the light yellow solid product was 
contaminated with a small amount of the dark red reactant 
Xa[Co( DH)~(SOI)OH~] .5Hz0. Presumably, there was also an 
equivalent amount of unreacted KaSCI\: present, but no white 
solid was visible. In  exploratory studies i t  was found that the 
solid, after being finely ground, could be purified by decantation 
from diethyl ether, the separation presumably depending on 
differences in density or particle size of the products. In  this 
procedure the finely ground impure product was first suspended 
by rapid stirring in diethyl ether. Approximately 1.0 min after 
the stirring was terminated, the top three-fourths of the ether 
suspension was removed by decantation, leaving the bulk of the 
red impurity in the remaining quarter of the ether suspension. 
In obtaining the final product, the decantation procedure was 
repeated a secoud time. Anal. Calcd for NazCoCaH2aOl&a&: 
C, 19.18; H, 4.30; N, 12.42; S, 11.40. Found: C, 18.99; 
H, 4.05; K, 12.13; S, 12.1%. 

In view of the preparative method employed, i t  is clear that  
the above analytical data do not constitute very reliable criteria 
of purity. Purification by the decantation procedure was em- 
ployed only because rapid aquation prevented recrystallization. 
Fortunately, extreme purity was not essential, since the com- 
pound was used only in infrared studies where the results were 
insensitive to trace impurities. 

(3)  N ~ [ C O ( D H ) ~ (  S03)(SCN2H4)] .2H20.-Equimolar amounts 
(0.005 mol) of thiourea and sa [Co(  DH)2(SOa)OHz] .5H20 were 
dissolved in the minimum of water and the solution was evapo- 
rated to dryness a t  50". Visual examination of the solid yellow 
product suggested that the reaction had proceeded to completion, 
but, as a precaution, the decantation method of purification 
described above was employed. Again, the product was desired 
only for infrared studies and extreme purity was not essential. 
Anal. Calcd for iYaCoCsHs90sI\:&: C, 21.42; H ,  4.40; E, 
16.65; S, 12.69. Found: C, 21.48; H ,  4.85; N, 16.66; S, 
12.95. 

(4) Co(DH),(NCS)( OH*) ,HSO.-The cornpound was prc- 
pared by the method* of Ablov, Samus, and Popov in a procedure 
which involved the reaction of equivalent amounts of NaSCK 
and Co( DH)2( K02)OHz, the latter complex being prepared by 
the methods of Chugaev. Anal. Calcd for C O C ~ H I ~ O ~ H S S :  
Co, 15.38; hydrate H20, 4.70. Found: Co, 15.41; hydrate 
H20 determined by weight loss, 4.75. 

Apparatus.-Spectrophotometric measurements were made 
using a Beckman DU or a Cary Model 14 spectrophotometer. 
The stopped-flow apparatus was purchased from Atom-Mech 
Machine Co. and has been described in detail e l~ewhere.~ A 
Beckman Research Model pH meter equipped with an E3 glass 
electrode and a fritted reference electrode, KO. 39071, was used 
in the pH measurements. The saturated KC1 solution in the 
reference electrode was removed and replaced by 3.0 iM NaC1, a 
procedure which prevented clogging of the fritted disk by pre- 
cipitation of KC104 when measurements were made in solutions 
containing Clod-. Infrared measurements were made using 
either a Beckman IR-7 or a Perkin-Elmer Model 137 instrument. 
The samples were prepared as Xujol mulls or as KBr disks, the 
two techniques yielding identical results. 

Kinetic Measurements.-In each system the kinetic measure- 
ments were carried out a t  a wavelength where there was a favor- 
able change in absorbancy. The wavelengths and absorbancy 
indices of interest for the various compounds are listed in Table I. 

(8) A. V. Ablov, PIT. M. Samus, and M, S. Popov, Doki. A k a d .  Nauk  S S S R ,  

(9) L. A. Chugaev, B e y . ,  41, 2226 (1908). 
106, 666 (1956). 
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TABLE I 
ABSORBANCY INDICES OF THE COMPLEXES 

Wave- Absorbancy 
length, Index, 

Species mp M- ' cm-1  
Co(DHjn(S0a)- 320 7.08 X IO3 
(OHa) - 

325 5.45 x 103 
380 9.92 X 102 
460 3.04X 102 

Co(DHjz(S03)- 325 2.33 X IO4 

Co(DH)n(SOa)- 325 2.41 X lo4 
SCNZ- 

Na2- 

Species 

Co(DH)a(SOa)- 
1 2 -  

Co(DH)s- 
(S08)a3 - 

Co(DH)z(SOaj- 
s20a8- 

Co( DH)z- 
(SOs)tu- 

Co( DH)z- 
(S08)PY - 

Wave Absorbancy 
length, index, 
m p  M - 1  cm-1 
380 1.15 X 104 

325 2.62 X lo4 

320 2.67 X I O 4  

325 2.61 x 104 

460 1.42 X 102 

Results 
Stoichiometry.-In the results to be presented be- 

low, the general assumption will be made that dis- 
placement of HZO in CO(DH)~(SO~)OH~-  is not accom- 
panied by rapid aquation of either an SOa2- or a D H  
ligand. The assumption seems to us to be inherently 
plausible and, fortunately, with some ligands there is 
experimental support for its validity. 

The strongest evidence is based on the preparative 
conversion of aqueous Co(DH)z(SOs)OH2- to Naz[Co- 
( D H ) ~ ( S O ~ ) S C N ] . ~ H Z O  and Na[Co(DH)Z(SOa)SC- 
(NH2)2] + 2Hz0. Analysis of the reaction products 
indicates the correctness of the assigned formulas. 
In  addition, in anation reactions with the nucleophiles 
s03'- and HS03-, the absorption spectra after reac- 
tion are in quantitative agreement with that of a solu- 
tion of Na3[Co(DH)Z(SO&]. 12Hz0. In  view of these 
results, i t  seems very unlikely that any of the ligation 
reactions involve anything other than the displacement 
of HzO in the complex. 

Equilibrium Quotients.-The equilibrium quotient 
for reaction 1 was determined by measurement of the 
pH during a titration of 0.01 M CO(DH)~(SO~)OH~-  
with 0.10 M NaOH, with both solutions containing 
added NaC104 so that the ionic strength was main- 
tained a t  unity throughout the titration. The OH- 

Ki 
Co(DH)z(S03)0Hz- + O H - e  

Co(DH)z(S03)0H2- + He0 (1) 

concentrations were calculated from the measured pH 
values by "calibration" of the pH meter using solutions 
of unit ionic strength containing NaOH in the con- 
centration range 10-elO-l M .  The results are pre- 
sented in Figure 1 as a plot of log [(Az-)/(HA-)] vs. 
-log (OH-), where the symbols A2- and HA- have 
been used to represent Co(DH)2(S03)OH2- and Co- 
(DH)t(S03)OHe-, respectively. In  terms of theory, 
the points in Figure 1 should lie on a line of unit slope, 
but in actuality they lie closer to the line in the figure 
which has a slope of 1.08. The reason for this dis- 
crepancy is not understood. At the midpoint of the 
titration, where -log (OH-) should equal log K1, the 
position of the line corresponds to K I  = 2.89 f lo3. 
Assumption of an ionization quotientlo for HzO in 1.0 M 
NaC104 of 2 X lo-'*, the known value for 1.0 M NaC1, 

(10) The  ionization quotieut for HnO in 1.0 M NaClOi has not been 
measured. 

- lo  4 3.0 3.5 4.0 

- l o g  (OH-) 

Figure 1.-Evaluation of the acidity quotient of Co(DH)z- 
(S03)0He-. A plot of log [(Az-)/(HA-)] where (A2-) and 
(HA-) are the concentrations of Co(DH)2(S03)0HZ- and 
CO(DH)~(SO~)OH~- ,  respectively. 

leads to an acidity quotient for ionization of CO(DH)~-  

In the displacement of HzO in CO(DH)~(SO~)OHZ- 
by X-, where the symbol X- has been used to represent 
any one of several uninegative ligands, the reactions 
with I-, and to an even greater extent with Br-, do not 
proceed to completion. This is also true with SCN- in 

(SO3)OHa- of 5.78 X lo-". 

CO(DH)~(SOS)OH~-  + X -  e Co(DH)r(SOy)X2- + H20 (2) 

solutions alkaline enough so that neutralization of Co- 
(DH)Z(SOa)OH2- occurs. In  a solution a t  equilibrium 
the spectrophotometric parameters are related to the 
formation quotients of reaction 2 by 

Here [Co(III)] is used to represent the total concen- 
trations of Co(III), E R O H ~  and &X are the absorbancy 
indices of CO(DH)~(SO~)OH~-  and Co(DH) (SO3)XZ-, 
1 is the path length, A ,  is the measured absorbancy a t  
equilibrium in the presence of the ligand X-, A0 is the 
absorbancy in the absence of the ligand a t  the same total 
Co(II1) concentration, and K is the desired formation 
quotient. 

The experimental data for anation by I- and SCN- 
are presented in Figure 2 as a plot of - Am)/ 
[Co(III) ] vs. the ligand concentration. The solid 
lines drawn through the points represent a nonlinear 
least-squares evaluation of the data and correspond to 
formation quotients of SCN- and I- of 227 =t 7 and 
2.54 A 0.03, respectively. The indicated uncertain- 
ties here and elsewhere in this article represent standard 
deviations. A plot of the Br- data similar to Figure 2 
yielded only a straight line, indicating that K(Br-) 
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( X - 1 ,  M 

Figure 2.-Evaluation of the formation quotient of Co(DH)*- 
(S03)SCn'2- and Co(DH)2(S03)IZ- a t  25' and p = 1.0 M :  
0, x- = s c s - ;  0, x- = I-, 

<<1. As inspection of eq 3 will show, it is not pos- 
sible to evaluate the desired formation quotient under 
these conditions. l1 

Kinetics of Ligation of Co(DH)2(S03)0H2-.-The 
rate of displacement of H2O in C O ( D H ) ~ ( S O ~ ) O H ~ -  by a 
variety of ligands has been studied at  25" in solutions 
where the ionic strength has been adjusted to unity 
with added NaC104. See eq 4. Apart from certain 

CO(DH)I [SO~)OH-  + X"- - C O ( D H ) ~ ( S O ~ ) X ( ~ + ' )  - (4) 

experiments with SCN-, to be discussed below, the 
solutions were acidic enough so that the concentration 
of Co(DH)2(S03)0H2- was negligible but not acidic 
enough to protonate the ligand. The ligands which were 
investigated in detail includeSCN-, so32-, HS03-, thio- 
urea, I-, N3-, py, and Sz032-. The reactions were 
studied using the stopped-flon- technique, since they 
were too rapid to follow using conventional mixing 
procedures. In any given experiment, carried out in 
the presence of a large excess of X n - ,  the rate was eval- 
uated as a pseudo-first-order rate constant k ,  obtainable 
from the linear plot of log (A - A,) us. time. 

The results obtained with SOa2- will be considered 
first since they differed markedly from those obtained 
with the other ligands. In  each experiment a small and 
fixed concentration of HSOa- was added to prevent 

(11) Under these conditions one can obtain only the product & R x K .  

hydrolysis of S032- and formation of a significant con- 
centration of Co(DH)2(S03)0H2-. In these studies 
the solutions were deaerated with oxygen-free nitrogen 
and exposure to air was minimized. Iodometric analy- 
sis provided an independent verification that aerial 
oxidation of S032- was insignificant. In one series of 
experiments represented by the upper points in Figure 3,  

0.21 

I 1 I I 
0.04 0.08 0.12 0.16 0.: 

01 
0 

SO3--) ,  M 

3 

Figure 3.-Rate constants for the reaction of Co(DH)2(SOz)OHz- 
with SO,%- a t  28' and p = 1.0. 

the S032- concentration was varied at a fixed concen- 
tration of HS03- of 0.10 ill. The lower set of points 
constitutes a similar series of experiments except that 
the HS03- concentration was 0.05 M. The dotted line 
is an empirical curve drawn through the points The 
significance of the solid line will be discussed below.. 
In  both series of experiments the rate becomes zero 
order in S032- above a concentration of approximately 
0.10 M. The value of k a t  zero S032- represents the 
contribution to the rate arising from the presence of the 
HS03- at the two concentrations indicated. 

The kinetic data for the anation reactions of thiourea, 
Nj-, py, S ~ 0 3 ~ - ,  SCS-, and I- are presented in Figure 
4 as plots of k ss, the ligand concentration. The non- 
zero intercept of I- arises because in this instance the 
reaction does not proceed to completion. 

To determine the effect of variation of pH upon rate, 
a series of experiments mas carried out a t  a constant 
concentration of 0.10 iV SCN- and variable acidity. 
The variation of k vs. -log (H+) may be seen in Figure 
5 where -log (H+) has been obtained from measured 
pH values by the pH meter calibration procedure 
referred to above. To calculate the H +  concentration 
in alkaline solution it has again been necessary to as- 
sume that the ionization quotient of HzO at unit ionic 
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1.21 

( x -  1, M 

Figure 4.-Rate constants for the reaction of Co(DH)s(S03)0Hz- 
with a variety of nucleophiles; Tu = Thiourea; Py  = pyridine. 

strength is 2 X It is evident from Figure 5 
that the rate is independent of the acidity in acidic 
solutions but that there is a marked decrease in rate in 
alkaline solutions where Co(DH)2(S03)0H2- is con- 
verted to Co(DH)2(S03)OH2-. 

Infrared Measurements.-Infrared measurements 
were carried out in an effort to determine which of the 
possible isomers were formed in the reaction of Co- 
(DH)z(S03)0H2- with SCN- and thiourea. The infra- 
red spectra of Co(DH)2(NCS)OHz and CO(DH)~- 
(SO8)OHz- were also examined. The results in the re- 
gion of wavelengths of interest are presented in Table 11. 

Various authors have discussed the use of infrared 
spectra to identify Co-NCS and Co-SCN linkages. 
The absorption arising from the C-S stretching fre- 
quency has been most widely used.I2-l4 In a metal- 
NCS linkage the absorption band is sharp, is medium in 
strength, and falls in the region 780-860 cm-I. By 
contrast, the absorption band arising from a metal- 
SCN linkage is frequently very weak and is in the 670- 
740 cm-l region. 

More recently it has been proposed that the N-C-S 
bending vibration might be diagnostic15 of the nature of 
the bonding. Metal-NCS and metal-SCN linkages 
appear to absorb at  approximately 475 and 400-440 
cm-', respectively. The available data presented in 
Table I1 provide strong evidence for the presence of a 
Co-NCS linkage in Co(DH),(OHz)NCS. In the com- 

(12) The original proposal was made by M. M. Chamberlain and J. C. 

(13) J. Lewis, R. S.  Nyholm, and P. W. Smith, J .  Chem. Soc., 4590 (1961). 
(14) A. Turco and C. Pecile, Natuve, 191, 66 (1961). 
(15) A. Sabatini and I. Bel-tini, Inorg. Chem., 4, 959 (1965). See also 

Bailar, Jr., J. A m .  Chem. Soc., 81, 6412 (1959). 

R. H. Toeniskoetter and S. Solomon, ibid. ,  '7, 617 (1968). 

I I I I I 
2 4 6 8 IO I 

- l o g  (ti') 

Figure B.--Variation of k with --log ( H + )  in the reaction of 
Co(DH)z(S03)0Hz- with SCN- a t  2 5 O ,  f i  = 1.0, and [SCX-] = 
0.10 M .  

TABLE I1 
INFRARED  SPECTRA^ --- Ligand assignment--- 

0-H-0 str, 
Compound CS str  XCS bend bend 

N ~ ~ [ C O ( D H ) ~ ( S O ~ ) S C N ]  * 710(?) sh 425 w, sh 2350 br 

1750 br 
CO(DH )z(OH* )NCS 820 m 465 w 2370(?)  vw 
NaCo( DH)a (S0Z)tu 711 m 2350 w 
NaCo(DH)2(S03)0H2.5Hz0 2350 w 

5Hz0 

l770(?) sh 
a sh, shoulder; m, medium; w, weak; vw, very weak; br, 

broad. 

plex Co(DH)2(S03)SCN2- the absorption bands listed 
a t  710 and 425 cm-' are not very well defined, but the 
total absence of any absorption in the 780-860-cm-' 
region which might be attributed to a Co-NCS linkage 
strongly suggests that  the bonding is Co-SCN. In 
view of the great differences in lability in substitution 
reactions of the two complexes, an indication that the 
Co(II1) ions in the two complexes are chemically dis- 
similar, it  is perhaps not too surprising that the mode of 
bonding of the SCN- ligand is also different. 

In a recent publication16 Swaminathan and Irving 
discussed the current status of the infrared spectra of 
thiourea complexes. They concluded that, when 
metal-SC(NHz):! bonds are present, the C-S stretching 
frequency of free thiourea a t  730 cm-l should be split 
and shifted to lower frequencies. By contrast it  was 

(16) K. Swaminathan and H. M. H. Irving, J. I m v g .  Nucl. Chem., 26, 
1291 (1964). 



predicted that bonding of the metal atom to nitrogen 
would increase the C-S stretching frequency. In our 
complex a DH ligand absorption occurs a t  approxi- 
mately 730 an-', so possible splitting at 730 cm-l is 
obscured, but a well-defined absorption band is ob- 
served a t  711 cm-', an indication of sulfur bonding. 

The two absorption bands arising from OH stretch- 
ingl' frequencies in trans-bis (dimethylglyoximato) com- 
plexes containing intramolecular hydrogen bonds are a t  
approximately 2350 cm-l and in the region 1600-1800 
cm-l. In  our complexes the OH absorption in the 
1600-1800-~m-~ region was not easily identified without 
deuteration experiments because of extensive overlap 
with other absorption bands. For most of the com- 
plexes the absorption a t  2350 crn-I was rather weak but 
definitely present. Occasionally it was not observable, 
perhaps merely because i t  was too weak to identify. 
In Co(DH)(S03)0H2-, the ion of major interest, deu- 
teration experiments carried out by recrystallizing the 
complex from D2O definitely confirmed that the ab- 
sorption a t  2350 cm-* arose from an OH stretching fre- 
quency and led to a tentative identification of a second 
OH absorption as a very weak shoulder at 1770 cm-l. 
The measurement provides evidence that the ion Co- 
(DH)2(S03)0H2- has a trans c~nfiguration, '~ as antici- 
pated. 

Discussion 
The zero-order dependence of rate on s03'- concen- 

tration observable at high S032- concentration in Figure 
3 may be plausibly understood, a t  least qualitatively, 
in terms of a mechanism based on reactions 5 and 6. 
In addition to reactions 5 and 6, i t  is necessary to add 

ki 

k -I 
Co(DH)g(SOa)OHg- e COIDH)~SO~-  f Hz0 (5) 

ka 
C O ( D K ) ~ S O ~ -  + S03'- - CO(DH)L(SOJ)~~-  16) 

reactions '7 and 8 to account for the contribution to 
k3 

C O ( D H ) ~ ( S O ~ ) O H ~ -  + HSOa- + C O ( D H ) ~ ( S O ~ ) ~ ~ +  + Hf  ( 7 )  

H +  + S03'- HS03'- (8)  

product formation by added HS03-. At the SOa2- 
concentrations employed, the reactions proceed to com- 
pletion and the reverse of reactions 6 and 7 may be 
neglected. 

A mechanism based on reactions 5-8 leads to the 
prediction that the observed pseudo-first-order rate 
constant k is related to the other kinetic parameters by 
eq 9. In  testing the applicability of eq 9, we have used 

the values of k~(HS03-) which are given in Figure 4 
and will be discussed below. The basis for assuming 
that the first term on the left should be of the form 
k3(HS03 -) will also become clear from this discussion. 

A nonlinear least-squares evaluation of the data 
yielded the numerical values of kl = 0.557 =t 0.030 arid 

(17)  R. Blinc and D. Hadzi, J .  Chem. Soc., 453G (1958). For a later dis- 
cussion, see K. Burger, I. Ruff, and F. Ruff, J .  l n o i g .  Nucl. Chem., 27, 179 
(1965). 

k-llil.2 = 0.081 * 0.005. In the computation the 
individual values of k were weighted as l / k 2 ,  a proce- 
dure which assumes the same percentage error in all 
experiments. Assuming a Tvater concentration of 55 M ,  
the value of k--l/kq corresponds to a relative reactivity 

The solid lines in Figure 3 represent the predicted 
values of k based on the values of the kinetic parameters 
listed above. In quantitative terms the mechanism does 
not quite seem to reproduce the experimental data to 
within our estimate of the experimental error. In 
particular, the calculated values of k are too low a t  
intermediate SO3'- concentration in the experiments a t  
0.10 M HS03- and are too high at the highest S032-  
concentration in the experiments a t  0.05 i l l  HSOa-. 
,4t present we have no satisfactory explanation for this 
discrepancy. 

As Figure 4 indicates, k varies linearly with the con- 
centration for the nucleophiles thiourea, N3-, py, 
S20s2-, I-, and HS03-, an indication that the limiting 
S N 1  mechanism does not play a detectable role in these 
reactions. In addition the observed rates are con- 
siderably faster than the maximum value observed a t  
high S032- concentrations. The bimolecular rate 
constants, k3 ( M - I  sec-I), obtained from the slope of 
the straight lines in Figure 4 are: thiourea, 8.34; Pi3-, 

The rate constant for HSO3- was found to be inde- 
pendent of the acidity over a 30-fold change in acidity 
in the range 3 X low6 to 9 X 10-j M ,  an indication that 
SO2 was not contributing appreciably to the reaction 
in the HS03- solutions. 

The intercept a t  zero I- in Figure 4 corresponds to a 
rate constant k-3 for aquation of Co(DH)2(S03)12- of 
2.15 sec-'. The calculated value of the formation 
quotient of Co(DH)2(S03)12- of 2.56 using the rela- 
tionship K = k3/k-3 may be compared with the value 
2.54 =!= 0.03 obtained from the data of Figure 2. 

The over-all variation of k3 for the nucleophiles under 
consideration is only a factor of 5.8, an indication that 
bond breaking is probably much more important than 
bond making in the activated complex. In the nomen- 
claturel* of Langford and Gray, the mechanism would 
be classified as Id. The difference in mechanism be- 
tween that of SO3+ and that of the other nucleophiles 
under consideration is, therefore, not as extreme as the 
differences in rate laws might, at first, seem to suggest. 

Perhaps the most surprising aspect of the data is the 
difference in rate laws found for s03'- and HSOa-. 
It is possible, of course, that  the HSO3- reaction does 
not involve rupture of the Co-OH2 bond but instead 
involves breaking of an S-OH bond, a process which 
would lead to addition of SO2 to the oxygen atom of the 
Co-OH2 linkage followed by rapid or simultaneous de- 
protonation of the oxygen atom. This latter mecha- 
nism would presumably require a rapid rearrangement 
of the Co-OS02 linkage to form Co-SO3. 

In this discussion it has bee11 assumed that (3o(DH)2- 

of S03'-: H2O of 650 : 1. 

7.30; HSOs-, 6.06; I-, 5.50; py, 5.00; Sz03'-, 1.45. 

(18) C. H. Langford and H. B. Gray, "Ligand Substitution Processes," 
W. A. Benjamin, Inc., Yew York, S. Y.,  1965. 
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(SO3)z3-, the product of the S02- and HS03- reaction, 
contains two Co-SO3 linkages. It is possible that this 
assumption is incorrect, but in our opinion the available 
evidence provides little support for the existence of a 
Co-OSOz linkage in any inert octahedral complex ion. 
This topic has been discussed in more detail in an earlier 
publication. 

The best line drawn through the points for SCN- 
in Figure 4 shows a small but distinct curvature. The 
results are consistent with displacement of HzO by 
parallel reaction paths, one being the limiting S N ~  
mechanism analogous to that of the SO?- reaction and 
a second being the bimolecular process adopted by the 
other nucleophiles. The effect of variation of rate 
with pH was carried out only with SCN-, the first 
nucleophile which was studied. The marked decrease 
in rate observable a t  high pH in Figure 5 suggests that 
the rate of anation of Co(DH)2(S03)OH2- is negligible 
compared to that of CO(DH)Z(SO~)OHZ-, a t  least for 
the nucleophile SCN-. Quantitative calculations pre- 
sented below support this viewpoint. 

Assumption of parallel reaction paths and micro- 
scopic reversibility implies that  k is related to the other 
kinetic parameters by 

1 + Kl(OH-) 
h ( S C N - )  I ki ( S C N - )  1 

( L l / k z )  + ( S C N - )  1 + &(OH-) -t- k =  

For this equation, K1 is the equilibrium quotient for 
reaction 1 , the neutralization of CO(DH)Z(SOJOH~-, 
and Kz is the formation quotient for the SCN- reac- 
tion. 

Equation 10 is more complex than the equations 
previously discussed for two reasons. In  itself, the 
assumption of parallel reaction paths would result in a 
two-term rate law, assuming that the reaction was quan- 
titative. However, in alkaline solution the reaction 
does not proceed to completion, a feature which necessi- 
tates the inclusion of the last two terms on the left side 
of eq 10 as well as the factor 1 f Kl(OH-) in the de- 
nominator of the first two terms. 

Least-squares curve fitting using eq 10 was carried 
out in two ways. In  the first the only fixed parameter 
was kl  = 0.557, the value obtained from the S032- 
kinetic data. The dashed line in Figure 5 and the 
solid line in Figure 4 represent the results of this pro- 
cedure and correspond to the values kllk-1 = 0.102 f 
0.020, k3 = 8.31 f 0.060, KBCN- = 267 f 62, and KOH- 
= 6727 f 1300. In an alternative procedure the fixed 
parameters included KSCN- = 229 and K O H -  = 2880, 
the values obtained independently from the equilib- 
rium measurements. The solid line is based on this 
procedure and yields the values k1lk-l = 0.119 f 0.017 
and k3 = 8.31 f 0.090. As one might expect, the first 
method of curve fitting, with the greater number of 
adjustable parameters, yields a slightly better predic- 

(19) H. H. Chen, M. Tsao, R. W. Gaver, P. H. Tewari, and W. K. Wil- 
marth, Inovg. Chem., 5 ,  1913 (1960). The mechanism of the acid-catalyzed 
aquation of Co(DK)z(SOa)za- follows a rate law entirely analogous to that 
reported for Co(CN)4(SOa)+-in the above publication. 

tion of the rate constants in Figure 5, but the differ- 
ence between the two methods of computation is small. 
For the results in weakly acidic solution presented in 
Figure 4, the difference in results of the two methods 
of computation lies within the limit of error of the data. 

The quite accurate prediction of the rate constants 
of Figure 5 in strongly alkaline solution supports the 
conclusion presented above that ligation of Co(DH)- 
(S03)OH2- by SCN- is, a t  most, a relatively unim- 
portant reaction. Analogous results were obtained in 
our study of the ligation reactions3 of Co(CN)d(S03)- 
OHz3-. By contrast, the kinetic studiesz of the liga- 
tion reactions of C O ( N H ~ ) ~ ( S O ~ ) O H ~ +  in alkaline solu- 
tion provide evidence for a limiting S N 1  mechanism in 
which an important path for generation of the reactive 
intermediate Co(NH3)4S03+ is loss of OH- from Co- 
("3)4(SOa) OH. 

A comparison of our rate constants with those for 
the displacement of HzO in C O ( D H ) ~ ( N O ~ ) O H ~  and 
Co (DH)2(I)OHz by various nucleophiles indicates the 
order of magnitude of the trans activation arising from 
the presence of a SOa2- ligand. 2o As a rough generality, 
based on data for the nucleophiles SCN-, N3-, HS03-, 
and I- a t  25", the reactions of CO(DH)~(SO~)OH~-  are 
faster by a factor of approximately l o 4  than those of 
the other two dimethylglyoxinie complexes. 

A detailed understanding of the unique features of 
the substitutional behavior of Co(I1I) complexes con- 
taining an 2~03~-  ligand is not available a t  present. 
It does not seem to arise from strong metal-to-ligand T 

bonding, since such bonding would probably be more 
important in Co(DH)z(NOz)OHz than i t  is in Co- 
(DH)z(S03)OHz-. The relatively low reactivity of 
CO(DH)Z(I)OH~ indicates that  the presence of a ligand 
of low electronegativity and high polarizing ability is 
also not the essential feature. Various other tentative 
suggestions might be made, but in the absence of more 
evidence, such discussion seems premature. 

Apart from the marked differences in the rates of 
reaction, the available evidence suggests that the 
chemical behavior of Co (DH)z(NOZ)OHz, Co (DH)z(l)- 
OHz, and CO(DH)Z(SO~)OHZ- is rather similar. With 
respect to both rate and equilibrium constants, the 
Co(1II) ions in the first two complexesz0 act as border- 
line class b ions or soft acids.21 The formation quotient 
for reaction of Co(DH)z(SO3)OHz- with I- is larger 
than that for reaction with Br-, an indication of class 
b behavior in this complex .as well. The ratio of the 
two forniation quotients for reaction of I- and Br- is 
not known, but the available data suggest the class b 
behavior of Co(DH)z(S03)0HZ- may be somewhat more 
pronounced than in Co(DH) (NOZ)0Hz or Co(DH)z(I)- 
OH? but probably not greatly so. 

There is a t  least one other noteworthy instance where 
complexes with otherwise similar chemical behavior 
differ markedly in rate of reaction. As Schrauzer has 
pointed out, the chemistry of aquocobalamin is very 

(20) D. N. Hague and J. Halpern, Inorg. Chem., 6, 2059 (1967). 
(21) For a general discussion of these classifications, see F. Basolo and 

R. Peat-son, "Mechanism of Inorganic Reactions,'' John Wiley & Sons, Inc., 
New York, N. Y., 1967, Chapter 1. 
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like that of the dimethylglyoxime complexes.22 How- various nucleophiles is more rapid by a factor of ap- 
ever, the displacement of HzO in aquo~oba lamin~~  by proximately l o 2  than i t  is in Co(DH)~(S03)OHz-. 

The rapidity Of reaction Of aquocobalamin iS not well 
3324 (1965). understood, but it seems doubtful that  i t  arises largely 
1.520 (1961). from the trans effect of an imidazole ligand. 

122) G. N. Schrauzer, R. J. Windgassen, and J. Kohnle, Chem. BW., 98, 

(23) W. C. Randall and R. A. Alberty, Bzocheiizistly, 5, 3189 (1966); 6 ,  
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The reaction of organic azides with rr-CjH;Co(CO)2 gave air-stable complexes of a molecular formula r-CsHsCoNhRz (R = 

CH3, CsH6). Physical measurements as well as chemical reactions of these complexes suggest a structure involving a 1,4- 
tetraazendiyl (RKN=NNR) ligand. 

I I 

In  a systematic study' on the interaction of a variety 
of heterocumulenes or -dienes with transition metal 
compounds, \\e have investigated the interaction of 
organic azides. During the course of our study, the 
reaction of methyl azide with iron carbonyl has been 
reported.2 We found that the reaction of methyl azide 
with a-cyclopentadienylcobalt dicarbonyl occurred a t  
the reflux temperature of n-hexane. A deep green 
crystalline complex (1) of a molecular formula C5Hb- 
CoN4(CH3)2 was isolated in 69% yield by cooling the 
reaction mixture. It is soluble in common organic 
solvents and slightly soluble in water to give air-stable 
green solutions. I t  sublimes a t  70-80' (5  mm). Phenyl 
azide reacted very readily with a-CjHjCo(CO)Z even a t  
room temperature with vigorous evolution of gas and 
heat. An air-stable deep brown complex, C6HbCoN4- 
(CeHJz (Z), was obtained in 36% yield through repeated 
recrystallizations. The complex 2 was soluble in ben- 
zene, tetrahydrofuran, and methylene chloride but in- 
soluble in water. The solution was stable in air. 
Compound 2 was sublimable a t  180" (1 mm). The ir 
spectra (cf. Experimental Section) of these complexes 
showed the presence of the .ir-cyclopentadienyl group. 
No prominent bands are observed in the region of 2600- 
1600 cm-I, implying the absence of triple-bond sys- 
tems (such as C=O, -N=N, C=N), cumulene sys- 
tems (-N=N=N, -N=C=O), and double-bond sys- 
tems (C=O, C==N). The phenyl derivative (2) ex- 
hibited characteristic bands due to a monosubstituted 
phenyl group. The far-infrared bands a t  393 and 430 
cm-I for 1 and a t  360,400, and 403 (sh) cm-I for 2 may 
be due to the n-cyclopentadienyl group. Bands a t  
489, 582, and 599 cm-I for 1 and a t  563 cm-I for 2 
probably have some connection to Y C , _ N .  The elec- 
tronic spectrum of 1 in C2HnOH showed maxima a t  227 

(1) S. Otsuka, A. Nakamuta,  and T. Yoshida, J .  Oiganomela l .  Chenz. 

(2) AI. Uekker and G. K Knox, Chem. Coinmun., 1243 (1561). 
(Amstetdam), 7 ,  335 (1966), Inoig Chem , 7, 261 (1968). 

( E  18,000), 258 (e  9850), 337 (e 1260), 430 (e 6800), and 
660 mp (E 470). The two bands in the visible region 
are similar to those of chlorophyll a (Ama, a t  432 and 
663 mp in methanol). The absorption maxima of 1 
may be compared with those of the phenyl derivative 
occurring a t  270 (E 19,000), 470 ( E  7700), and 660 mp 
(e  750). 

The nmr spectrum of 1 (in CDCI,) showed two singlets 
a t  r 5.11 and 5.87 in a ratio of 5:6, which are assigned, 
respectively, to a-CjH6 and two equivalent CH3 pro- 
tons. The chemical shift of the methyl protons is near 
the value for the recently reported iron carbonyl com- 
plex (CH&N4Fe(C0)32 (7 5.6), for which resonance 
structures involving 1,4-dimethyltetraazadiene and 
1,4-dimethyltetraazendiyI groups are proposed. In  
comparison with the chemical shift of the N-CHS 
group in aliphatic or aromatic amines (T  7.1-7.8), the 
observed value (7 5.87) is low. Somewhat related 
complexes, [ (CH3N=CHCH=NCH&Fe11]2+ and 
(CH3NN=NCH3)3Al, have their methyl resonance9 a t  

T 6.8 in Dz04a and a t  r 6.8 in benzene,4b respectively. 
Although the chemical shift value of the free ligand 
1,4-dimethyltetraazadiene is not available, the r value 
of 1 is considered to be quite low and the downfield 
shift may be caused by the complex formation. In 
many cases the downfield shift of N-alkyl or S-alkyl 
protons upon lone-pair coordination has been ob- 
~ e r v e d . ~ ~ ~  In  a few particular examples,' i t  was ob- 
served that the "metal atom field effect" caused a con- 
siderable downfield shift.8 Therefore, until the effect is 

I 

(3) Converted to T values (reported values: 3.21 ppm from sodium 2 , 2 .  
dimethyl-2-silapentane-5-sulfonate and 4.03 ppm from benzene, respec- 
tively). 

(4) (a) N. Tanaka and T. Ito,  private communication; (b) F. E. Brinck- 
man, H. S. Haiss, and R. A. Robb, Inoig. Chem., 4, 936 (1965). 

( 5 )  R. R. Holmes and R. P. Carter, ibid. ,  2, 1146 (1963). 
(6) R. B. King and M. B. Bisuette, ibid., 4 ,  486 (1965); 5 ,  203 (1966). 
(7) (a) R. B. King, J .  A m .  Chem. Soc., 85, 1922 (1963); (h) S. Trofim- 

(8) The  authors are grateful t o  a refzree who pointed out these examples. 
enko, ib id . ,  89, 6288 (1967). 


