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A study has been made of the displacement of He0 in C O ( C N ) ~ O H ~ ~ -  by pyridine, hydrazine, hydrazinium ion, and ammonia. 
At low concentration of Co(CN)60Hz2- and 0.05-1.0 M concentration of a given ligand X ,  the rate law for each reaction is 
pseudo first order in Co(CN)60Hz2- and may be described by a rate constant k. For each ligand the quantity k / [ X ]  is a 
constant independent of the X concentration. 10.0 X 14.7 X lo-&, 
and 20.6 X loe5 1M-l sec-l for py, NzH4, N2Ha+, and NH3, respectively. The acidity quotient of Co(CN)sNzHj- has been 
measured. 

The numerical values of k / [ X ]  are 52 X 

Introduction 
In our earlier studies of the rate of substitution of 

H20 in C O ( C N ) ~ O H ~ ~ -  by Na- and SCN-, evidence 
was presented which suggested that the reaction oc- 
curred by a limiting type of SN1 me~hanism.~  One of 
the pieces of evidence presented in support of this 
mechanism was the decrease in the ratio k/ [X-] with 
increasing X- concentration, where k is the pseudo- 
first-order rate constant for the reaction and X-  is the 
substituting ligand under consideration. The decrease 
in the quantity K/[X-] was found to be largest with 
Na-, the most reactive nucleophile, a phenomenon to be 
expected in a limiting type of S N 1  mechanism. 

In the present work, we chose to study the rate of 
reaction of CO(CN);OH~~- with various amine ligands. 
These ligands were chosen for investigation, in part, 
because i t  was hoped that their relatively large basicity 
and the absence of the unfavorable electrostatic inter- 
action present with X-  ligands would lead to relatively 
rapid reactions. The ligands also enabled us to make 
other interesting comparisons of the factors which may 
be correlated with reaction rate in the present system. 
Pyridine, hereafter designated py, was found to be 
more reactive than the more basic NHa ligand, possibly 
because of the greater ability of py to form metal to 
ligand T bonds in the activated complex. The study 
of N2H4 provided a test of the importance of the a 
effect, ;.e., the effect of having an unshared pair of 
electrons on the atom a to the reacting atom.4 Finally, 
the studies revealed the rather remarkable observation 
that NzH5f was as reactive a nucleophile as the enor- 
mously less basic N2H4 ligand. 

Experimental Section 
Reagents.-Baker and Adamson reagent grade pyridine and 

Matheson Coleman and Bell hydrazine hydrate were purified by 
the selection of the center fraction of the distillate obtained using 
an all-glass, 15-plate, Oldershaw perforated-plate fractionating 

(1) This work was supported by the Atomic Energy Commission. 
(2) Based in part on a thesis submitted by R.  Barcs to the Graduate 

School of the University of Southern California in partial fulfillment of the 
requirements for the M.S. degree. 

(3) A.  Haim and W. K. Wilmarth, Inovg. Chem.,  1, 573 (1962). 
(4) J. 0. Edwards and K. G .  Pearson, J .  A m  Chem. SOC., 84, 16 (1962). 

column. Stock solutions approximately 2.0 M were prepared 
and protected from unnecessary exposure to light. Purified hy- 
drazine was handled only in an NZ atmosphere. Stock solutions 
of N2HjC104 and pyHClO4 were prepared by slowly adding the 
appropriate amount of the purified amine to a solution of HClOa. 
Stock NaC104 solutions were prepared by neutralizing reagent 
grade sodium carbonate with HClOI. 

Stock solutions of Co(CN)aOHz2- were prepared by the very 
rapid reaction of CO(CN).IN~~- and HNOz 

Co(CN)6Na3- + HNOz + H f +  Co(CN)s0Hz2- + Nz 3- KLO 
Solid K3Co(CN)sNa was weighed and transferred to a volumctric 
flask with a small amount of water. The solution was photo- 
sensitive and was exposed only to dim light for short periods of 
time. A 10% excess of dilute HClOd was added to  the flask and 
the nitrous acid was generated by the dropwise addition of a 
standardized solution of NaN02. During the dropwise addi- 
tion, the solution in the flask was vigorously shaken. After re- 
action, the excess acid was neutralized with NaOH and the con- 
centration adjusted to 0.01 M by the addition of water. No ex- 
tensive study of the rate of polymerization was carried out. 
However, tests indicated that a 0.01 M stock solution could be 
stored for a t  least 2 weeks without detectable polymerization 
occurring.& 

Preparation of the Complexe~.-[Co(NH~)~N~] Clz was pre- 
pared by the methodo of Linhard and Flygare by aerial oxidation 
of an ammoniacal solution containing CoClz.6Hz0 and NaiYs. 
The purity of the product was established by comparison of the 
molar absorbancy indices with those previously reportedS6 

K&o(CN)aNj was prepared by reaction of CO(NHS)~N~'+  and 
CN-, a reaction which is catalyzed by Coz+ and presumably in- 
volves the inner-sphere redox reaction 

Co(NH3)6Na2+ + Co(CN)j3- + Co(CN)6Na3- 4- C0(NH3)j2+ 

The reaction was carried out by adding 35 ml of a solution con- 
taining 11.25 g of KCN and 0.050 g of CoC12.6Hz0 to a well- 
stirred slurry of 8.2 g of [ C O ( N H , ) S N ~ ] C ~ ~  in 49 ml of water. 
After the rapid reaction had occurred, solid K~CO(CN)F,N~ was 
precipitated by addition of 125 ml of ethanol and cooling of the 
solution to 0'. 

K&o(CN)jpy was formed by keeping a 100-ml solution 0.02 M 
in K&o(CN)aOHg, 0.02 M in KC104 (formed in the preparation 
of K*Co(CN)tOHz from K3Co(CN)hN3), and 7.2 M in py a t  40' 
overnight. The solution was then evaporated to  5-10 ml, cooled 
to Oo, and filtered to remove solid KClOI. A 10" amount of 
py was added and the solution again was evaporated to a volume 
of approximately 5 ml to ensure complete conversion of Co(CN)j- 

The solid KzCo(CN)hpy was then pre- to Co(CN)tpy2-. 

(5) A. Haim and W. K. Wilmarth, ibid., 83, 500 (1061). 
(6) M. Linhard and €1. Flygare, %. Anovg.  Chenz., 262, 328 (lYS0): 



cipitdted by addition of 80 in1 of propanol, filtered, waslied with 
propanol, mashed with ether, and dried under vacuum. 

dna l .  Calcd for KzCo(CN)jpy: C, 34.65; H,  1.47; N, 
24.26; Co, 17.00. I'ound: C, 34.54; H, 1.66; N, 24.35; Co, 
16.84. 

AgzCo(CN):,N*Ha was prepared by reaction of Co(CX)iOHz2- 
with N z H ~ ,  isolation of the sodium salt, and reprecipitation of the 
silver salt. The N2H4 reaction was carried out a t  40" in a solu- 
tiou 0.2 114 in C O ( C S ) ~ O H Z ~ -  and 0.4 M in both NZH4 and N2H;- 
Clod. After reaction, enough concentrated KOH solution was 
added to couvert the xzHsC104 to NzH4 and also to precipitate 
solid KClOa which was removed by filtration. The volume of 
the solution was reduced as quickly as possible to 10-20 ml with 
a rotary vacuum evaporator. The pH of the solution was then 
adjusted to 2.0 with HCIO4 and absolute ethanol was added until 
the solution was approximately 807, ethanol. The addition of 
cthaiiol caused tlie separation of a small aniount of oil. Precipi- 
tatioii of the solid sodium salt, perhaps mixed with a small 
amount potassium salt, occurred whcn the solution containing 
tlie oil was allowed to stand in the refrigerator for 3 days. In 
earlier experiments it i m s  established that a solid prepared by 
the above procedure contained both sodium and potassium ions. 
However, in the preparation under consideration, 0.80 g of the 
solid dissolved completely in 6.0 ml of HC104, indicating that the 
solid was largely the sodium salt, since there was no precipitate 
of KC104. The solid silver salt was precipitated with aqueous 
AgXOl, filtered, washed with water until the filtrate was neutral, 
finally waslied with alcohol and ether, and dried a t  rooiii tempcra- 
ture for 4 hr under vacuum. 

Anal. Calcd for Agd2o(CiL')dYzHa: C, 13.76; X, 22.47; 
H, 0.92; Ag, 49.4. Found: C, 13.82; N ,  22.18; H, 0.93; 
Ag, 50.4. 

It should perhaps be noted that tlie Ag,Co(CN)cNzH4 was prc- 
cipitated from 1.0 izrl acid where 99% of the complex would have 
been present in the form of the conjugate acid Co(CK)&zH6-. 
By contrast, in earlier experiments where precipitation of the 
mixed sodium and potassium salt was carried out in much less 
acidic solution, the solid was found by acid-base titration to 
contain appreciable amounts of the conjugate acid. These poorly 
understood results may mean either that there is a reversal in the 
relative solubility of the basic complex in going from the silver to 
the alkali salts or that rate of nucleation determines whether the 
precipitate contains the acidic or basic form of the complex. KO 
detailed study was made of this phenomenon. 

Apparatus.-Absorbancy measurements were carried out using 
a Cary Model 14 PM recording Spectrophotometer and a Beck- 
man Model DU quartz spectrophotometer. A Beckman Model 
G pH meter was used for pH measurements. The saturated KCI 
in the reference electrode was removed and replaced by 3.0 M 
XaC1, a procedure which prevented plugging of the electrode by 
precipitation of KC104 when measurements were made in solu- 
tions containing c104-. 

Kinetic Measurements of the Ligation Reactions.--In each 
kinetic measurement a solution with the desired concentra- 
tion of reactants, pH, and ionic strength was prepared from stock 
solutioiis and placed in a thermostat regulated to 3=0.02". At 
suitable time intervals an aliquot was withdrawn and diluted 
when necessary, and the absorbancy was measured. The choice 
of wavelength used in a given spectrophotometric analysis was 
dictated by the absorption spectra of the reactants and products. 
The py reaction was followed at  355 mp where Co(CX)spyZ- has 
an absorption maximum with a molar absorbancy index of 267 
and Co(CN)60Hz2- has a molar absorbancy index of 183. The 
XH3 reaction was followed at  380 m p  where the molar absorbancy 
indices of C~(CN) :OHZ~-  and C O ( C K ) ~ K H ~ ~ -  are 295 and 80, 
respectively. The reaction with NZH4 and N?H:+ was studied a t  
400 mp where Co(CN)6OHz2- has a molar absorbancy index of 
215; a t  this wavelength C O ( C N ) ; S ~ H ~ ~ -  and CO(CN);KZH:- 
have molar absorbancy indices of 29 and 38, respectively. 

Equilibrium in the Co(CN);py2- System.-It was possible to 
obtain only semiquantitative values for the cquilibrium quotient 
for formation of C ~ ( c X ) ~ p y ~ - .  

Ncuiral solutions of C O ( C S ) ~ ~ ~ ~ -  eontaiuing no  added py showcd 
110 detectable change in absorbancy in a period of 40 hr a t  tlic 
desired temperature of 40°, an indication either that the rate of 
aquation of C ~ ( c N ) ~ p y z -  was extremely slow or that the pcr ceiit 
aquation at  equilibrium was too small to detect. Similar results 
were obtained in 1.0 M HClOl solutions a t  40". At 80" in the 
acidic solution, appreciable reaction was observed in a few hours, 
but useful quantitative information could not be obtained be- 
cause of a side reaction which produced an unidentified product 
having an absorption maximum at  400 mp. 

An attempt was made to obtain the desired equilibrium con- 
stant for reaction A indirectly by attempting to study the equi- 
librium constant for rcaction B 

Xb 
Co(CN)5;\'$3- + py Co(CN)spy3- + N3- (B)  

Since tlic equilibrium quotient, IC,, for formation of Co(Cpu')~ 
N3a- is known, K, caii, in principle, be evaluated from the rcla- 
tionship K ,  = KbK,. Again, it was found that neither the for- 
ward nor reverse reaction was measurable a t  40". At 70 and 90", 
equilibrium was approached from either reactants or products a t  
an appreciable rate, but the side reaction mentioned above pre- 
vented an accurate measurement of the equilibrium constant. 
However, the side reaction was somewhat slower than the rate of 
approach to equilibrium from either direction and lower limit 
values of I<, of 51 and 144 were obtained for 70 and go", respec- 
tively. 

Measurement of Acidity Quotients.-Acidity quotieiits were 
determined spectrophotometrically and by acid-base titration 
using a pH meter. In both measurements the basic equation 
relating concentrations of the conjugate acid and its base, HA 
and A?, was 

(C) 1-4-1 
[HA1 

log ~ = log K a o i d  + pH 

Values of H+ werc obtained from pH readings in the maimer indi- 
cated above. In the spectrophotometric measurements i t  can 
be shown that 

In this equation [Co(III)] represents the total concentration ol 
the Co(II1) complex, A is the measured absorbancy, and EHA and 
€A are the molar absorbancy indices of the acid and its conjugate 
base, respectively. The log K values were obtained from the 
linear plot of the right-hand side of the equation ZJS. pH. In 
the acid-base titrations, tlie pK values were again obtained 
graphically from the linear plot of log [ [A-]/[HA]] v s .  pH. The 
concentrations of HA and A- were calculated at  each point of 
the titration from the measured pI1, the known total Co(II1) 
concentration, and the amount of added HClO4 or XaOH solu- 
tion. 

Results 
Unless other conditions are specified, the kinetic 

studies reported in this paper were carried out a t  40" 
and unit ionic strength, the conditions employed in our 
earlier work. In  any given experiment the rate of 
approach of the system to equilibrium was characterized 
by a rate constant k ,  obtained from the linear slope of a 
plot of log (A, - A,)  as. time, where A t  and A ,  are 
the absorbancies of the solution a t  time t and after a 
time long enough for the system to reach equilibrium, 
respectively. 

Reaction E was studied using solutions containing 
0 05-1.0 M pyridine, (1-6) x M CO(CN)SOH~~-,  
0.048 M pyridine perchlorate, and sufficient NaC104 to 

CO(CK),OH~~-  + py Co(CN),py2- + HzO (Z) 
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adjust [Na+] to unity. The presence of the pyridi- 
nium ion, hereafter designated pyH+, reduced the 
alkalinity of the system so that the pH of the system 
never appreciably exceeded 7, a condition which 
prevented appreciable formation of the kineticly in- 
active C O ( C N ) ~ O H ~ - . ~  The results are presented in 
Figure 1 as a plot of 104k vs. the py concentration. The 
significance of the curved lines in the figure will be 
discussed below. 

In  experiments carried out a t  0.048 M pyH+ and 
pH 2,  an acidity which repressed any significant ioniza- 
tion of pyH+, i t  was established that pyH+ did not 
react with C O ( C N ) @ H ~ ~ -  a t  an appreciable rate. 
However, the rate of the py reaction was found to 
increase somewhat when Na+ was replaced by pyH+, 
even when unit ionic strength was maintained. At 0.3 
M py, unit ionic strength, and 0.048, 0.16, and 1.0 M 
pyH+, the numerial values of k were 15.5 (two experi- 
ments) , 18.2, and 24.1 sec-', respectively. 

In our studies of reaction F, i t  was necessary to work 
a t  relatively high concentrations of N2Hbf to reduce 
the basicity of the medium and prevent extensive 

Co(CN)60Hz2- + NzH4 Co(CN)6NzHr2- + HzO (F) 

formation of CO(CN)~OH~-.  Early exploratory work 
revealed that both NzH4 and N2HSf were nucleophiles 
of comparable reactivity. Consequently, further 
studies were made of the reactivity of both species. 
For simplicity, we will first describe the experiments a t  
relatively low pH where only the reaction of NzHS+ is 
of importance 

Co(CN)60HzZ- + NzH6' e C O ( C N ) ~ N ~ H ~ -  + HzO (G) 
The experiments involving only N2&+ were carried 

out in solutions also containing NaC104 to adjust the 
ionic strength to unity. The pseudo-first-order rate 
constants obtained a t  various N2H6+ concentrations are 
represented by points lying along the lower line in 
Figure 2. In these experiments the rate a t  pH 1.5 was 
found to be the same as a t  pH 3.0, an indication that 
the small amount of N2H4 formed by hydrolysis of 
NzH6+ did not contribute appreciably to  the rate, a 
conclusion which would also be reached by comparison 
of the rate constants for reactions F and G. 

In the studies carried out a t  variable NzH4 concentra- 
tion, the solutions also contained 0.39 M N2H6+ to 
reduce the alkalinity and prevent formation of Co- 
(CN)50Hs-. However, a t  the higher NzH4 concentra- 
tions the reduction was not quite adequate, and, a t  
1.0 M NzH4, the highest concentration used, approxi- 
mately 10% of the Co(CN)bOHz2- was converted to 
Co(CN)50H3-, a species which experiments showed 
did not react with NzH4 a t  an appreciable rate. 

The results obtained a t  0.39 M N2H5+ and variable 
N2H4 are presented as the points which lie along the 
upper curve of Figure 2. At  the three highest con- 
centrations of NzH4, the experimental values of k', 
which lie below the arrows, were corrected for the 
presence of inactive Co(CN)b0H3- by application of 

(7) Earlier work has established the value 2 X 10-10 for the acidity con- 
Stant of Co(CN)sOHG-. 

Figure 1.-A plot of the pseudo-first-order rate constant us. the 
py concentration for reaction a t  40' and unit ionic strength. 

[NzHJ], M o r  (NzHq), M 

Figure 2.-Lower curve: a plot of the pseudo-first-order rate 
constant vs.  the NzH6+ concentration. Upper curve: a plot of 
the pseudo-first-order rate constant v s .  the NzH4 concentration. 
All experiments with N2Hd were carried out a t  0.39 M NzHs+. 
Both series of experiments were carried out a t  40' and unit ionic 
strength. 
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In eq H,  k' is the observed value of the pseudo-first- 
order rate constant, k the corrected value, and 2 x 
10-l0 the acidity quotient of C O ( C N ) ~ O H ~ ~ - .  The 
magnitude of the correction can be seen by inspection 
of the figure, since the lower, uncorrected points and 
the upper, corrected points are included. 

The data obtained in the spectrophotometric and 
acid-base titration studies of the acidity quotient of 
C O ( C N ) ~ N Z H ~ -  are presented in Figure 3 as a plot of 
log [[A]/[HA]] vs. pH. For both studies, a line of 
unit slope has been drawn through the points so that it 
closely approximates the data a t  log ([A]/ [HA]) = 0, 
the midpoint of the titration. The line through the 
solid circles falls within the limit of error of the measure- 
ments and corresponds to a p k  value of 4.35. This 
value should closely approximate the thermodynamic 
constant, since the measurements were made in dilute, 
unbuffered solutions in the pH range 3.0-5.(1. In the 
acid-base titration, represented by the open circles, 
there are appreciable deviations from the line of unit 
slope, perhaps because of the change in ionic strength 
during the titration. The line drawn through the 
points corresponds to a pk of 3.90. If this value is 
corrected to zero ionic strength using the equation log 
f = 0.5Z2d/1*/(1 + di) and the ionic strength of 
0.07, which existed a t  the midpoint of the titration, 
the p k  value 4.32 is obtained, a result in good agreement 
with that obtained in the spectrophotometric study. 

The pseudo-first-order rate constants for reaction I 
obtained a t  0.30 and 0.60 M NH3 were 6.56 X lo-: and 
11 .0 X sec-l, respectively. In these two experi- 

Co(CN)jOHz2- + NH3 + CO(CIY);KH~~- + HzO (I) 

ments the NH4N03 concentration was equal to the XH3 
concentration in order to maintain a constant pH. 
The ionic strength was adjusted to unity using NaNOa, 
the change from NaC104 being necessary to avoid 
precipitation of NH4C104. When these rate constants 
are corrected by eq F for the approximately 10% of 
the total C O ( C N ) ~ O H ~ ~ -  present as CO(CN)~OH~- ,  
values of 6.14 X and 12.4 X 10-5 sec-' are ob- 
tained for the 0.30 and 0.60 M NHa experiments, 
respectively. 

Discussion 
If the studies of the substitution of HzO in Co- 

(CN)b0Hs2- were limited to those of the present paper, 
the results would justify only the tabulation of the 
second-order rate constants for reaction of Co(CN):,- 
OHzZ- with the various amines under consideration. 
The numerical values of these second-order rate con- 
stants are 52 X 10.0 X 14.7 X and 
20.6 X M-l sec-l for reaction of py, NsH4, 
NzHb+, and NH3, respectively. However, our earlier 
studies with more reactive nucleophiles strongly suggest 
a limiting type of S N 1  mechanism.* With the possible 

(8) For a review of this work see the paper by A. Haim, R. J. Grassi, and 
W. K. U'ilmarth. Advances in Chemistry Spi-iei, No, .to, Americnn Chernicrrl 
Society, Wiilshingtou, D. C., 1905, g 81. 

0 
-I 2 I I I 

3.0 4.0 5.0 

PH 
Figure 3.--A plot of log ( [A] / [HA])  us. pH, where A is Co- 

(CN)shT~H42- and HA the corresponding conjugate acid. The 
solid circles refer to measurements made in very dilute unbuf- 
fered solution in the pH range 3.0-5.0. T h e  experiments reprc- 
sented by the open circles correspond to  an ionic strength of 0.07 
a t  the midpoint of the titration. All measurements v i m  nt 
room temperature (23 + 2$).  

exception of py studies, which will be discussed below, 
the kinetic data obtained in the amine systems are also 
entirely consistent with this Sril mechanism, even 
though they provide no independent support for it. 
Consequently, the present data mill also be discussed 
in terms of this mechanism. 

The Sxl mechanism may be formulated in terms of 
eq 1 and 2, where X represents the nucleophile ruder 
discussion 

iZ 1 

12% 
CO(CN)~OH~'-  e Co(CiY)j'- + H20 ( 1 )  

co(cs)62- + x --+ Co(CN)aX2- (2 1 
Computer calculations using the N3- and SCN- data 
yield a numerical value for kl of (1.47 f 0.10) x 
~ e c - ' . ~  This mechanism requires that the pseudo- 
first-order constant k be related to the concentration of 
the nucleophile X and the other kinetic parameters by 

kq 

(9) We are indebted to  Dr. T. W. Sewton of the Los Alamos Scientific 
Laboratory for carrying out  early computations. &lore recently, with his 
help, we have obtained the programs described in Los .4lamos Scientific 
Laboratory Report LA-2367, Oct 1959, by R. H. Moore and R. K. Zeigler 
and obtainable from the C .  S.  Department of Commerce, Washington, 
D.  C., No. 225. Since the N a -  and S C F -  data  are believed to  be most suit- 
able for evaluating ki ,  both because of the  greater accuracy of the data  and 
also because of the relatively high reactivity of these nucleophiles, these data  
have been used in the evaluation. Further details may he found in the 
papei- hy I<. (;rassi, zL, Jlaim, ;rn,l I\'. IC. \\'ilni:irfh, I n w t .  C k m i . ,  6 ,  2:37 
(1  067). 
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In  deriving eq 3, i t  has been assumed that reaction 2 
proceeds essentially to completion, avalid approximation 
in the ligation studies under discussion. Equation 3 
implies that  a plot of k vs.  [XI should be curved, with 
the extent of the curvature increasing with increasing 
nucleophile reactivity. In the present work only py is 
reactive enough so that detectable curvature should 
have been present in such a plot. 

The data obtained using the nucleophile NzHbf will 
be discussed first. Apart from the unexpected rapidity, 
substitution by NzH5+ in reaction G appears to be 
straightforward and requires little comment. Use of 
the value kl = 1.47 X 10W3 in the least-squares treat- 
ment of the data yields a value of k2/k3 = 13.7 * 0.03, 
with the recorded uncertainty here and elsewhere 
representing the standard deviation. In  this and in 
the other least-squares computations presented in this 
paper, the numerical values of k were weighed by the 
factor 1 / k 2 ,  a weighting which assumes that the 
probability of a given percentage error is the same for 
all values of k. 

The lower line in Figure 2 was calculated using these 
kinetic parameters and deviates from the experimental 
data by a mean deviation of 3.25% and a maximum 
deviation of 3.54y0. In  actual fact, larger deviation 
from theory would not have been surprising, since the 
variation in [NzHs+] was achieved by replacing Na+ by 
N2H5+, a procedure which might have produced an 
appreciable medium effectlo in a reaction involving a 
dinegative and unipositive ion. 

When the reaction involves the simultaneous sub- 
stitution by both N2H4 and N2Hs+, i t  is necessary to 
include reaction 4 in the mechanism and to calculate 
the kinetic parameter k5/k3 from eq 5. 

k6 
CO(CN)~'- + NzH4 --+ Co(CN)t,N?H4'- (4 ) 

Again assuming the value of kl listed above, the least- 
squares computation yields the value ks/k3 = 1.56 =t 

0.04. The upper line in Figure 2 calculated using this 
value of k5/k3 lies within the limit of error of the experi- 
mental data (after correction for the unreactivity of 
C O ( C N ) ~ O H ~ -  by eq H).  In this instance, the mean 
deviation is 1.8270 and the maximum deviation is 
4.34Y0. For purposes of comparison i t  is perhaps 
preferable to express the hydrazine reactivity in terms 
of the quantity kz/k5. The numerical value of 8.8 may 
be directly compared with the values of k2/k3 listed 
for the other nucleophiles. 

The data obtained using NH3 as a nucleophile yield 
a value of k2/k3 = 6.71 i: 0.02. Calculated rate 
constants using this kinetic parameter show a maximum 
deviation of 2.770. 

The least-squares calculation using the py data yields 
a value of kz/ka = 2.33 f 0.0s. The dotted line 
in Figure 1 was calculated using this value of k2/&. 

(10) A. R. Olson and T. R. Simonson, J .  C h e w  Phys . ,  17, 1167 (1941)). 

Inspection of the figure indicates that, in part, the 
relatively large mean deviation of 9.04% and the maxi- 
mum deviation of 14.8y0 arise from the scatter of the 
points caused by apparently unavoidable inaccuracies in 
the measurements. However, most of the deviations 
arise from the failure of k/ [py] to decrease a t  the larger 
py concentrations in the manners predicted by eq 3 
for a relatively reactive nucleophile. 

In view of the above conflict between theory and 
experiment, consideration was given to the approxi- 
mations involved in deriving eq 3. I t  is readily evident 
that a very questionable approximation in this deriva- 
tion does exist when the equation is applied to neutral 
nucleophiles. The approximation in question involves 
the assumption that the activity of HzO is independent 
of the ligand concentration. With uninegative nucleo- 
philes such as N3- or SCN- this approximation may 
be valid, since increase in concentration of the nucleo- 
phile may be made by substituting i t  for Clod-, a 
process which does not appreciably change the HzO 
content of the solvent. By contrast, an increase in 
py concentration may be achieved only by dilution of 
the H2O content of the solvent, a procedure which 
would favor reaction 2 in its competition with the 
reverse of reaction 1 and lead to a decrease in the curva- 
ture of a plot such as that of Figure 1. 

In the Br@nsted-Bjerrum formulation of medium 
effects, eq 3 should be replaced by eq 6, where the 
symbol Co(CN)b is replaced by the symbol R and 
charges of the ions have been omitted to simplify the 
equation 

It seems likely that the ratio YROH~*/YROH~ and per- 
haps the ratio yRx*/yRoH2* are relatively insensitive 
to the py concentration, since both ratios represent 
activity coefficients of dinegative ions. By contrast, 
it  may be anticipated that the ratio yH,O/yX will 
change with a change in the concentration of HzO in 
the solvent. To a first approximation this change in 
HzO concentration may be included in the mechanism 
by replacing eq 3 by 

ki fX1 

In eq 7, [HzO]O and [HzO] are the weights of water 
per liter of solution in absence and presence of py, 
respectively. The solid curved line in Figure 1 was 
calculated using this equation and the least-squares 
value of kz/k3 = 2.42 f 0.07. The agreement is better 
than that which would have been obtained with eq 3, 
but the points a t  high [py] still deviate by slightly 
more than the estimated limit of error. Perhaps this 
is not surprising, since the activity coefficients in the 
py-HsO system are far from ideal," and the approxima- 
tions made in obtaining eq 7 may be rather poor ones. 

(11) Unfortunately the activity coefficient data  of N. Ibon, G .  Dandlicher, 
and G. Trumpler, Helv. Chzm. Acta,  37, 1681 (19541, do not cover the rela- 
tively dilute solutions of interest in the present paper. 
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Alternately, it  might be argued that the substitution 
reaction does not proceed by an S N 1  mechanism, a t  
least when the substituting nucleophile is py. Coinple- 
tion of studies of the rate of exchange of CO(CN)~- 
OH22- with Ols-labeled HzO should clarify this point. 

The present studies considerably extend our knowl- 
edge of the factors which parallel nucleophilic reactivity 
in the displacement of H 2 0  in C O ( C N ) ~ O H ~ ~ - .  The 
NH3 ligand, with an experimental value of K a / &  = 6.4, 
is appreciably more reactive than N2H4, an indication 
that an unshared pair of electrons on the atom Q to the 
reactive site does not result in exceptional reactivity 
in the present s y ~ t e m . ~  Basicity is also apparently not 
of major importance. The py molecule is much more 
reactive than NH3, despite its lower basicity, presuma- 
bly because of its ability to form metal-to-ligand 7r 

bonds in the activated complex, a phenomenon which 
may also contribute to the reactivity series I-  > Br- 
> C1-. A comparison of the relative reactivity of 
N2H4 and N2HE+ also demonstrates the lack of correla- 
tion of basicity and reactivity and suggests that electro- 
statics may play an appreciable role in determining 
nucleophilicity. Alternately, the unexpected reactivity 
of N2H;+ may arise from especially favorable hydrogen 
bonding in the activated complex. 

It is of interest, finally, to compare the acid properties 

of C O ( C N ) ~ N ~ H ~ -  with those of structurally related 
ions. I t  is generally recognized that substitution of a 
proton by a Co(II1) linkage is acid weakening, par- 
ticularly when the Co(II1) is present in a complex with 
a negative charge. A pertinent example is a comparison 
of the acidity of HsO+ with that of CO(CX)~OH~*'-, 
with the latter species having a pK of D.S. It might be 
anticipated, therefore, that the acidities of h:2HB2+ and 
CO(CN)&~H~-  would be related in an analogous 
fashion, with the latter species being much less acidic 
in agreement with prediction.12 The effect of substitu- 
tion on the N2Hs2+ ion is, as expected, less than that 
in Ha0 f, because the substitution in N2Hsz+ presumably 
occurs on an atom in the Q position to that bearing the 
acidic proton. In an alternative comparison of acidity, 
it  may be noted that the addition of Co(CN)b*- to the 
basic nitrogen atom of NzHj+ decreases the pK oC the 
latter species from 8.0 to 4.35. 
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(12) At ordinary acidities N2Hs2+ dissociates completely to  form NzHs' 
and H+.  The data  of G. Schwarzenbach, H P ~ .  Chim. Acta, 19, 178 (1936), 
reported as basicity constant,  correspond t o  an acidity constant of 1.0 X 
1 0 2 .  
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The predominant paths for the stepwise replacement of the two thiocyanate ions in tvnns-Pt(NH,),(SCN)2z+ by chloride 
ion have third-order rate laws with rate dependences on the reactant platinum(1V) complex, Pt(NH3)aZf, and chloride ion, 
The third-order rate constants at 25.0' are 1.8 X 102 and 2.7 M-2 sec-l, respectively. The thiocyanate ions in both t r a n ~ -  
Pt(NH8)4(SCN)22+ and the intermediate product trans-Pt(NH3)4(SCN)Clz+ were found to be S bonded. These results 
are explained in terms of a bridged inner-sphere redox mechanism in which the sulfur atom of a thiocyanate ion links the 
platinum(I1) and platinum(1V) complexes. The equilibrium con- 
stants for the stepwise replacement of thiocyanate ions are 0.084 and 0 0028 at 35.0'. 

Activation parameters for the reactions are reported. 

Introduction Pt2+ + 2- = Pt-2' (1) 

A variety of substitution reactions of trans-dihalo- 
tetraammineplatinum(1V) cations are catalyzed by the 

Y-Pt-X2+ -+ Pt-Z+ = Y-Pt-X-Pt-23' (2) 

Y-Pt-X--Pt-Z3+ = ' I T -  + Pt2+ + X-Pt-22+ (3) 

ammonias in the plane of each complex are omitted; 
X, Y, and Z are halogens. Studies in this laboratory 
have been aimed a t  a detailed investigation of this 
mechanism and its applications in the chemistry of 

In terms of this mechanism, an intriguing situation 
can be visualized for the ambidatate thiocyanate 

(1961). ligand. A thiocyanate situated in the bridging posi- 
tion of the activated complex (group X in eq 2) might 

tetraammineplatinum (11) cation.2-5 The rate behavior 
of these reactions is consistent with a mechanism pro- 
posed by Basolo and Pearson, which involves an inner- 
sphere, two-electron redox process, eq 1-3. The four 

versity, 1966. platinum(1V). (1) Based on par t  of the  Ph.D. Dissertation of W. R. M., Emory Uni- 

(2) F. Basolo, M. L. Morris, and R. G .  Pearson, Discz~ss iom F a v a d a y  SOC., 

(3) F. Basolo and R. G. Pearson, Adoan. I ~ ~ ~ ~ .  Chem. Radiochsm., 3, 35 

( 5 )  R. C. Johnson and R. R. Berger, ibid., 4, 1262 (1966). 

$9, 80 (1960). 

(4) R. R. Rettew and R. C. Johnson, Inorg. Chem., 4, 156R (1965). 


