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acid concentration (5.3-10.6 M )  and were corrected3 to 
unit activity of water. As another significant com- 
parison, the kinetic data for the aquation of CrN032+ 
can be cited. Swaddleg reported k = 7.4 X sec-l 
a t  25" and p = 1 for this species (AH* = 21.6 * 0.1 
kcal mol-'). 

Despite the somewhat indeterminate nature of the 
comparison between CrC1012+ and CrCF3S032f, it is 
certain that CF3S03- is more nucleophilic toward 
Cr3+ than is C104-. It is still more certain that CF3- 
SO3- is less nucleophilic toward Cr3+ than is NOS-. 
Even with NOS-, except a t  high concentrations, the ex- 
tent of complexation of metal ions is small. The equi- 
librium constants for the association of Cr3+ with 
NO3-, CF3S03-, and c104- can be expected4 to be in- 
versely proportional to the rates of aquation, and on 
this basis a tenfold greater concentration of CFaSO3- 
than of Nos- is needed to produce the same degree of 
complex formation. The direct experiment done in a 
search for evidence of complex formation a t  7.4 M 
CF3S03H suggests that there is less than 10% conver- 
sion to a complex under these conditions. Thus it 
seems safe to conclude that when CF3S03- is a t  or- 
dinary concentration levels, say 2 M or less, the forma- 
tion of a complex with Cr3+ is insignificant in extent. 
On this basis and on the basis of its other properties, the 
use of CF3S03- as an indifferent anion appears to be 
very promising. 

(9) T. W. Swaddle, J. Amer.  Chem. Soc., 89, 9338 (1967). 

The decreasing lability with increased extent of com- 
plexation is unprecedented for Cr3+ as the central ion. 
Further work will need to be done in characterizing the 
complex species formed before this behavior is under- 
stood. The possibility that CF3SO3- can be a chelating 
ligand will need to be taken into account in considering 
the various alternatives. Almost as remarkable as the 
kinetic stability of the most highly complexed species is 
its spectrum (see Figure 2). The absorption properties 
displayed do, however, have precedent. Jones and 
Bjerrum3 reported for the equilibrium spectrum of Cr- 
(H20)6(C104)3 in 13 M HzS04 features which closely 
resemble those shown in Figure 2, there being peaks a t  
460 and 640 nm, and the long-wavelength band showing 
structure. In 13 144 HzS04, coordinated SOa2- is in all 
likelihood protonated; HS04- and CF3S03- are un- 
doubtedly much alike in respect to their affinities for 
cations. The splitting of the long-wavelength band 
indicates a lowering of the symmetry about Cr(II1). 

A reasonable candidate for the complex formed a t  
high acid is truns-Cr(H20)4(CF3S03)2+; if CF3S08- has 
a weaker trans-labilizing effect than H20, the relative 
rates of aquation can be understood. lo 
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(10) This suggestion, made by one of the reviewers, seems t o  us t o  be more 
reasonable than our own earlier hypothesis which involved chelation by the  
ligand. 
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The kinetics of the aquation of cis-Cr(H20)4Clz+ catalyzed by HgCl+ and of trans-Cr(HzO)aClz+ catalyzed by HgX+ (X = 
C1, Br, I, CN) have been examined a t  15-35O and 0.50 M ionic strength. I n  each reaction, except for X = CN, the rate 
equation is of the form -d In [Cr(H~0)4Clz+]/dt = ( R o  + k-l[H+] -1)[HgX+]. Values of the activation parameters were 
determined for each term and were used in an attempt to elucidate energetic and structural features of the transition state. 
The reaction of trans-Cr(H20)4Clz+ with HgCK+ follows the rate equation -d In [Cr(H~O)L!lz+]/dt = (a[€€+] 4- b ) [ H g -  
CN+] /(c + [H +] ), which is interpreted in terms of several mechanisms which are consistent with this form of rate equation. 

Introduction 
As part of a continuing of the mechanism of 

aquation of chromium(II1) complexes catalyzed by 
metal ions, in particular Hg(II), the aquations of cis- 
and trans-CrClzf catalyzed by HgXf (X = C1, Br, I, 
CN) have been examined. In a previous study3 of the 
reaction between CrC12+& and Hg2+, evidence was 

(1) J. H. Espenson and J. P. Birk, Inorg. Chem., 4, 527 (1965). 
(2) J. P. Birk and 1. H. Espenson, i b i d . ,  7, 991 (1968). 
(3) J. P. Birk, ib id . ,  9, 735 (1970). 
(4) J. P. Birk and C. M. Pasquale, submitted for publication. 
( 5 )  I n  general, coordinated water molecules will not be shown in chemical 

formulas. 

found for binuclear complex formation with the cis but 
not with the trans isomer. It was suggested that a 
binuclear complex would be formed only when i t  is pos- 
sible to achieve a double-bridged configuration. The 
reaction between cis-CrC12 + and HgC1+ was examined 
to test further this proposal. Since the coordination of 
a third chloride to mercury(I1) is not a particularly 
favorable p r o ~ e s s , ~ ' ~  it would be expected that a bi- 

( 6 )  L. D. Hansen, R. M. Iza t t ,  and  J. J. Christensen, Inovg. Chem., 2, 1243 

(7) L. G. Sillen, A c t a  Chem. S c a n d . ,  8 ,  539 (19491, and  papers cited 
(1963). 

therein. 
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nuclear complex would not be formed with HgCl+ if a 
double-bridged configuration is a necessary requirement. 

In a number of reactions, the relative rates of Hg2+ 
and HgC1+ have been shown to be opposite to the rela- 
tive rates predicted on the basis of the formation con- 
stants of the products HgCl+ and H g C l ~ . ~ t * , ~  It has 
been proposed' that the source of this effect lies in 
electrostatic effects since the two reactants are of dif- 
ferent charge. The reactions of trans-CrClz+ with a 
number of mercury(I1) complexes have been examined 
here in an attempt to provide a more rigorous explana- 
tion of this apparent discrepancy. 

Experimental Section 
The preparation and analysis of most reagent solutions and the 

techniques used to determine the stoichiometry and kinetics have 
been described previously.a Solutions of lithium chloride, lith- 
ium bromide, sodium iodide, and sodium cyanide were prepared 
from analytical grade materials and were analyzed by ion-ex- 
change titrations. 

Solutions of monosubstituted mercury(I1) complexes were 
prepared by mixing the appropriate ligand with mercury(I1) 
perchlorate in ratios of ligand:Hg(II) 5 1.0. In solutions con- 
taining iodide, much lower ratios were imposed by solubility 
limitations. I t  is known that the attainment of equilibrium in 
mercury(I1) cyanide solutions is slow,1o and poor reproducibility 
of rate constants in the trans-CrClz+ + HgI+ reaction suggested 
the same might be true of mercury(I1) iodide solutions, so these 
solutions were prepared 15-20 hr before use. The concentrations 
of monosubstituted complexes, HgX+, were calculated from the 
total concentrations of Hg(I1) and X-, after correcting for the 
disproportionation reaction' 

2HgX+ e Hg2+ + HgXz (1) 

The appropriate first and second association constants necessary 
to calculate the disproportionation equilibrium constants were 
obtained from the literature.6JJ'JJl Because of the dispropor- 
tionation reactions, the observed pseudo-first-order rate constants 
had to be corrected for the contribution from the reaction with 
Hg2+, as described previously,l using rate constants for that re- 
action from a previous study.8 

Kinetics experiments were carried out with a Durrum stopped- 
flow spectrophotometer, primarily a t  635 or 450 nm. The 
handling of materials and treatment of data have been described 
in an earlier study.a The Guggenheim method12 was used to 
treat the absorbance-time data, since further aquation of CrCl*+, 
although significantly slower, was sufficiently rapid especially a t  
low [H+] to cause some interference. 

Results 
The primary product of the reactions of CrCI2+ with 

HgX+ (X = C1, Br, I, CN) was determined spectrally 
to be CrC12+ (eq 2), which aquates further in a subse- 

CrClz+ + HgX+ = CrC12+ + HgXCl (2) 

quent slower step. The kinetics of the reactions of 
HgX+ with CrClz+ were determined a t  0.50 M ionic 
strength maintained with lithium perchlorate a t  15.0, 
25.0, and 35.0' over the initial concentration ranges 
(0.5-1.0) X M CrC12+, 6 X 10-*-5 X 10-l M 
H+, and HgX+ and total Hg(I1) concentrations as in- 
dicated in Table I. The data followed excellent pseudo- 

(8) I. H. Espenson and S. R. Hubbard, Inorg. Chem.,  6,  686 (1966). 
(9) C. Bifano and R.  G.  Linck, ibid., 7, 908 (1968). 
(10) R. L. Wolfgang and R. W. Dodson, J .  Amev.  Chem. Soc., 76 ,  2004 

(11) G. Anderegg, Helw. Chim. Acta,  40, 1022 (1957). 
(12) E. A. Guggenheim, Phil.  Mag . ,  [7] 8 ,  638 (1926). 

(1954). 
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TABLE I 
RATE CONSTANTS FOR THE REACTION OB HgX+ WITH CrCI2+ 

AT 25O, 0.100 M H + ,  AND 0.50 M IONIC STRENGTH 
108[HgX+l,' 

M 

1.63 
3.17 
4.04 
8.08 

20.2 

1.63 
2.00 
3 .17  
4 .04  
8 .08  

20.2 

2 .72  
3.99 
5.50 

11.0 

1.50 
2.98 
4.98 

3.43 
4.62 
6 .93  

12.6 
13.9 

I O a  [HdII )  kxSC 
M M-1 sec-1 

cis-CrClz+ + HgCl+ 
10.0 94 

10.0 109 
20.1 105 
50.0 99 

10.0 104 

Av 1022t 5 

trans-CrCl2 + + HgCl + 

10.0 92.6 
4.96 85.7 

10.0 83.8 
10.0 96.7 ,81 .6  
20.1 82.9 
50.0 84 .5  

Av 8 6 . 8 2 ~  4 . 5  

trans-CrC11+ + HgBr+ 
4.96 50.2 

10.0 56.2 
10.0 50.1,55.9 
20.1 53.7 

Av 5 3 . 2 f  2 . 5  

trans-CrClt+ + HgI+ 
10.0 21 2C 8 
10.0 21 i 5 
20.1 22 f 10 

Av 2 1 1 8  

trans-CrClz+ + HgCN+ 
4.96 43 .6  

10.0 42.9 
10.0 48 .3 ,47 .4  
20.1 41 .9  
20.1 49 .3  

Av 4 5 . 6 f  2 . 8  
a Corrected for disproportionation of HgX+ to Hg2+ and 

HgXt. Total concentration of Hg(I1) in all forms. Cor- 
rected for reaction of Hg2+ with CrCL+, as described in ref 1. 

first-order kinetics for >90% reaction, indicating a first- 
order dependence on [CrCl2+]. After correcting for 
the contribution to the rate from the reaction with 
Hg2+, the data reasonably well follow the rate equation 

-d In [CrCl~+]/dt = kx[HgXf] (3) 

It was assumed in each case that HgXz provided no con- 
tribution to the overall rate, an assumption which is 
justified by the data given in Table I and by results of a 
previous studyel The precision of rate constants for 
the HgI + reaction was low, probably due to the fact that 
the Hg2+ concentrations were quite appreciable in these 
experiments because of low solubility of Hg12, and the 
calculated values of kI were thus the result of relatively 
small differences between two numbers. 

The variation in values of kx as a function of [H+] is 
shown in Table I1 (trans isomer; X = C1, Br, I) and 
Table I11 (cis isomer; X = Cl). The data in each case 
show no systematic deviations from the rate equation 

kx = ko + k-i[H+]-' (4) 

Values of KO, k-1, and the activation parameters as- 
sociated with these rate constants are given in Table IV. 
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TABLE I1 

OF HgX+ WITH truns-CrClz+ AT VARIOUS [H+] 
VALUES OF THE RATE CONSTANTS FOR THE REACTION 

7 kx, &, -1 see-1 _______ 
102[H+], 7 - X  = C1- ---X = Br-- ---X = I---- 

M 15' 25' 35' 15' 25' 35O 15" 25O 35O 
49.7 . . . . . . . . . . . .  51.6 . . . . . . . . . . . .  
48.9  27 .8  78.3 145 . . . . . . . . . . . . . . . . . .  
47.4  . . . . . . . . . . . . . . .  80.6 . . .  21.4  29.6 
29 .0  29 .7  79.9 141 . . . . . . . . . . . . . . . . . .  
28.0  . . . . . . . . . . . .  49.1  85.2 . . . . . . . . .  
27.5 . . . . . . . . . . . . . . . . . . . . .  16.4  31.6 
10 .0  34.6 81 .6  163 23.6 50 .1  89 .2  . . .  20.7  55 .9  
5 .16  37 .3  95.4 208 . . .  59.9 93 .1  . . .  27.6  . . .  
5.01 . . . . . . . . .  23.3  64.6 . . .  7.89 . . . . . .  
2.00 50.9 126 327 27.8 87 .2  179 8 .17  49 .1  155 
1 . 5 0  52.1 . . . . . .  30.2 99 .4  183 8.08 . . . . . .  
1 . 2 0  . . . . . . . . . . . .  115 . . . . . . . . . . . .  
1 . 0 0  76.6 172 598 . . . . . . . . . . . .  75.1 . . .  
0.803 86 .5  . . . . . . . . . . . . . . . . . . . . . . . .  
0.669 . . .  227 . . . . . .  180 420 . . .  125 . . .  
0.602 . . . . . . . . .  47.7  186 452 24.9 . . .  601 

TABLE I11 
VALUES OF THE RATE CONSTANTS FOR THE REACTIOW 

OF HgC1+ WITH cis-CrClz+ AT VARIOUS [H+] 

10'[H+I, M 
48.6 
28.7 
25.9 
25.1 
10.0 
5.20 
5.00 
2.03 
1.19 
1.01 

15O 

28.2 
. . .  
. . .  
28.7 
41.6 
67.6 
. . .  

140 
174 
232 

-kc] ,  11.1-1 sec-'---- 
25' 

. . .  
79.7 
83.3 
. . .  

102 

156 
284 
536 
555 

. . .  

--- 
350 

138 
. .  
. . .  
146 
235 
490 

1010 
1420 
1780 

. . .  

TABLE IV 
VALUES OF RATE AND ACTIVATION PARAMETERS 

FOR THE REACTION OF HgX+ WITH CrClz+ 
AH*, AS*, --ka------s 

kcal/mol eu 15O 25' 35' 

cis-CrCL + 

X = C , { k o p a t h  1 1 . 9 1 1 . 3  - 1 0 . 8 & 4 . 4  2 4 . 1  60 .0  99 .3  
k - 1 p a t h 1 8 . 1 1 0 . 9  5 . 7 k 3 . 2  1 .91  5.71 15.9 

trans-CrClz + 

X I ; C , { k o p a t h  1 3 . 0 ~ k 0 . 7  - 6 . 6 1 2 . 4  3 0 . 2  66 .8  140 
k-1 path 19 .1  & 1 . 4  5 . 9  2c 4 . 9  0.392 1 . 2 5  3 .65  

\ k - l p a t h 2 0 . 0 3 1 . 9  7 . 8 k 6 . 3  0.213 0 .713  2 .20  

k-1 path 29.9 i 3 . 5  41 i: 12 0.104 0.588 3 .14  

= Br/ Kopath 10 .7  i: 1 . 3  -15.2 i: 4 . 3  21.4 41.4 77.0 

= I( ka path 1 3 . 2  1 4 . 2  - 9 . 4  i 1 4 . 0  4 . 5 9  10 .9  23.2 

a Units of ko and k-1 are M - I  sec-' and sec-l, respectively. 

The activation parameters for each system were deter- 
mined by fitting all data for that system simultaneously 
to the absolute rate theory expression, using a nonlinear 
least-squares computer program13 in which the data 
points were weighted as k x - z .  The activation param- 
eters reproduce the values of kx in Tables I1 and I11 
with average deviations of 7 ,  11, and 19%, respectively, 
for X = C1, Br, and I (trans isomer), and 8% for X = C1 
with the cis isomer. 

The [H+] dependence of the HgCN+ reaction with 
trans-CrClz + proved to be more complex than for the 
other reactions. A plot of log k C N  us. log [H+], as shown 

(13) The programs used are based on the reports from Los Alamos Scien- 
tific Laboratory, LA-2367 + addenda, and were modified t o  operate on the 
IBM 360/75 computer. 

t I 

1 ' ' 2 /  .O12 ' .OS ' " " I  ./o .20 

"1 
Figure 1.-Plot of kcN vs. [H+] on a log-log scale for the reaction 

between truns-CrClz+ and HgCN+. 

in Figure 1, exhibits different behavior a t  the three 
temperatures. The most complex behavior is observed 
a t  25" and is consistent with a rate equation of the form 
of eq 4, but with the HgCN+ concentration corrected 
either for extensive hydrolysis of HgCN+ to Hg(CN)- 
(OH) or for extensive protonation of HgCN+ to Hg- 
CNH2+ 

kcN = (a + b[H+l-')["+l/!c + [H+] )  ( 5 )  

Possible interpretations of this form of rate equation are 
considered below. Data a t  the other temperatures are 
consistent with the limiting forms of this equation-at 
15") the data are consistent with the limiting form 
having [H +] >> c 

(6) kcN = u + b[H+]-1 

while a t  35", the limiting form with c >> [H+] is 

( 7 )  

Values of the parameters which could be extracted from 
the data a t  each temperature using nonlinear least- 
squares computer programsI3 are given in Table V. 

kCN = bc-1 + ac-'[H+] 

TABLE V 
RATE PARAMETERS FOR THE REACTION 

OF HgCN+ WITH trans-CrClu + 

Quantity4 150 2 5 O  35" 
7 Value - 

38.3 =t 5 . 1  a ,  ,W-1 sec-1 14.5 3= 0 . 6  
b .  sec-1 0 . 0 6 1 1  0.010 2 . 3  rt 1 . 6  
6 ,  M 0.030 i: 0.024 
ac-1, .M-p sec-1 3 6 . 3  =!= 9 . 0  
bc-1, M - 1  sec-1 7 9 . 5  1 1 . 2  

a Parameters are defined in eq 5-7. 

The lines drawn through the data in Figure 1 were cal- 
culated from these parameters, which reproduce the 
data with an average deviation of 5%. 

Discussion 
In  the reaction of Hg2+ with CrC12+,s evidence was 

found for the formation of a binuclear complex CrC12- 
Hg3+, with the cis but not the trans complex. The 
rate behavior of this system was consistent with thk 
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complex being kinetically stable and i t  was suggested 
that the complex existed in a double-bridged configura- 
tion since mercury(I1) forms particularly stable disub- 
stituted complexes, HgXz.6J These postulates are re- 
inforced by the results of the study of HgC1+ + cis- 
CrC12+, where no evidence was found for the formation 
of a binuclear complex. Since the third association 
constants for formation of mercury(I1) halide complexes 
are quite small compared to the second association con- 
stants,6v7 i t  is reasonable that a binuclear complex would 
not be formed in this system if such a binuclear complex 
would necessarily involve double bridging. 

The acid dependence of the reactions of cis- and 
trans-CrClz+ with HgX+ (X = C1, Br, I) is typical of'  
that observed in other Cr(II1)-Hg(I1) reactions.ln3 
A mechanism consistent with this rate behavior is 

CrClz+ + HgX+ + HgXCl + (five-coordinate species?) 
ka 

(8) 

(9 1 

(10) 

fast 
five-coordinate species + H20 = CrClZ+ 

CrCL+ + HzO -= Cr(0H)Clz + H +  
Ka <<1 

k- 1 
Cr(OH)Cl2 + HgX+ ----f 

HgXCl + (five-coordinate species?) (11) 

(12) 
fast 

five-coordinate species + HzO = Cr(OH)Cl+ 

Cr(OH)Cl+ + H +  = CrC12+ + HzO (13) 

That hydrolysis of Cr(II1) and not of Hg(I1) is the 
cause of the acid dependence is suggested by the absence 
of an acid-dependent path in the reaction of Hgz+ with 
C ~ ( N H ~ ) E , C ~ ~ + . ~  The probable formation of five-co- 
ordinate intermediates in these systems is indicated by 
results of competition experiments. '4,15 

The acid dependence of the reaction between trans- 
CrClz+ and HgCN+ can be accommodated by an 
analogous mechanism if extensive hydrolysis of HgCN + 

(eq 14) is postulated 

fast 

K 

ko 

HgCN+ + HzO 4 Hg(0H)CN + H +  (14) 

CrCL- + HgCN+ + CrC12+ + Hg(CN)Cl (15) 

Cr(OH)C12+ + HgCN + Cr(OH)Cl+ + Hg(CN)Cl (16) 
k'- 1 

kcri = (ko + ~'-IK*[H+]- ')[H+]/(K 4- [H '1) (17) 

A third path involving CrCl2+ and Hg(0H)CN could 
be postulated but is improbable in view of the low cat- 
alytic activity of disubstituted Hg(I1) complexes. 
This mechanism requires a hydrolysis constant of Hg- 
CN+, K = 0.03 M ,  which is considerably larger than 
that of other Hg(I1) complexes. Contrary to the be- 
havior of most polyprotic acids, the hydrolysis constant 
of Hg2+ (1.4 X M16) is lower than that of HgOH+ 
(4.6 X low3 M16) and of HgCl+ (8.9 X 10-4M16). Thus 
it would not be unreasonable for the hydrolysis con- 
stant of HgCN + to be larger than that of Hg2+ although 
the magnitude of the difference leaves this interpreta- 
tion open to question. An estimate of the hydrolysis 

(14) J. P. Birk, unpublished experiments. 
(15) S. P. Ferraris and E L. King, J .  Ameu. Chem. SOC., 92, 1215 (1970). 
(16) L. Ciavatta and M. Grimaldi, J .  Inorg. NucE. Chem., 80, 563 (1968). 
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constant of HgCN+ may be obtained from a combina- 
tion of the formation constants of Hg(OH)CNI7 and 
HgCN+," which gives K = 7 X M .  Unfortu- 
nately the formation constants were determined a t  two 
different temperatures and ionic strengths, neither cor- 
responding to the conditions of this study, but the dis- 
crepancy is probably too large to be due entirely to the 
difference in conditions. 

An alternative mechanism can be proposed which in- 
volves extensive protonation of HgCN + (eq 18) 

KH 
HgCN+ + H +  + HgCNH2+ 

CrClz+ + HgCN+ + CrC12+ + Hg(CN)Cl 

(18) 

(19) 

CrClz+ + HgCNH2+ + CrC12+ + Hg(CN)Cl + H +  (20) 

Cr(0H)ClZ + HgCNH2++ CrC12+ + Hg(CN)Cl + HzO (21) 

ko 

k 

k' 

~ C N  = ((ko + ~'KsKH) f ~ K H [ H + ] ) / ( I  + KH[H+])  (22) 

A path involving Cr(OH)Clz and HgCNf has no cor- 
responding term appearing in the rate law and is thus 
negligible within the accuracy of the experiments. This 
mechanism would require a value of K H  = 33 M-' a t  
25". No data are available on the protonation of Hg- 
CN + and apparently the only protonation constants 
determined for cationic cyanide complexes are for the 
chromium(II1) complexes Cr(CN)2+ (KH = 0.21 
M-'),'* CrCN2+ (0.19 M-l),le and CrNC2+ (0.9 M-1).20 
These numbers are 30-150 times smaller than the 
proposed value of K H  for HgCN+, and although i t  
is difficult to predict the effect of a change in the central 
metal ion, this number does appear to be excessively 
large, considering the fact that no evidence was found 
for protonation of various cyanomercury(I1) complexes 
on addition of acid to Hg(CN)42- solutions.21t22 Even 
though this interpretation cannot be absolutely ruled 
out, the observed magnitude of K H  does cast reasonable 
doubt on the validity of this mechanism. 

A third type of mechanism consistent with a rate law 
of the observed form (eq 5) can be obtained by consider- 
ing the sum of terms in the denominator to arise from 
the occurrence of a steady-state intermediate of sim- 
plest empirical formula, Hg(CN)Cr(OH)C12+. Un- 
fortunately, the rate equation indicates only the com- 
positions of the activated complexes,23 so all possible 
ways of forming the activated complexes must be con- 
sidered as legitimate mechanisms. Using electrical an- 
alogs to reaction rates 2 3 1 2 4  as a guide, four indistinguish- 
able mechanisms can be proposed : mechanism I 

ki 
HgCN+ + CrClp+ + Hg(CN)Cl + CrClZC (23) 

HgCN+ + CrCls+ + HzO Hg(CN)Cr(OH)Clz+ + H +  (24) 

Hg(CN)Cr(OH)Clz+ + IIg(CN)Cl + Cr(OH)Cl+ (25) 

ki 

kr 
k4 

(17) L. Newrnan and D. N. Hume, J .  Ameu. Chem. Soc., 81, 5901 (1959). 
(18) D. K. Wakefield and W. B. Schaap, Inorg. Chem., 8,  512 (1969). 
(19) D. K. Wakefieldand W. B.  Schaap, i b id . ,  8,811 (1969). 
(20) J. P. Birk and J. H .  Espenson, J .  Ameu. Chem. Soc., 90, 1153 (1968). 
(21) J. Brigando, Bull. SOC. Chim. FY, 24, 503 (1957). 
(22) T h e  author is grateful t o  a referee for calling this study to his atten- 

(23) J. P. Birk, J .  Chem. Educ. ,  in press. 
(24) T. W. Newton and F. B. Baker, Advan.  Chem. Sev. ,  NO. 71, 268 

(1967). 

tion. 
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mechanism I1 
ki 

HgCN+ + CrC12+ + Hg(CN)Cl + CrC12+ (26) 
Q<<1 

rapid 
CrC12+ + HzO Cr(OH)Cl2 + H +  (27) 

ka 

ks 
HgCN+ + Cr(OH)C12 __ Hg(CN)Cr(OH)Clz+ (28) 

k? 
Hg(CN)Cr(OH)Cl?+ + H C +  

Hg(CS)Cl + CrClZC + HzO (29) 

mechanism I11 

HgCS+ + CrClz+ + H z O ~ H g ( C N ) C r ( O H ) C I Z t  + H +  

Hg(CN)Cr(OH)CL+ + H + +  

k2 

k3 
(30) 

ki 

Hg(CN)Cl + CrClz4 + HzO (31) 

Hg(CN)Cr(OH)ClZ--+- Hg(CN)Cl + Cr(OH)CI+ (32) 
k4 

mechanism IV 
Q<<1 

rapid 
CrClz+ + HzO ____L Cr(OH)C12 + H t  (33) 

ka 

k6 
HgCN+ + Cr(0H)CL I_ Hg(CX)Cr(OH)CL+ (34) 

k2 

ka 
HgCN+ + CrClz+ + H z O Z H ~ ( C N ) C ~ ( O H ) C ~ Z +  + H -  (35) 

k7 
Hg(CN)Cr(OH)ClZ+ + H+---t 

Hg(CX)Cl + CrC12+ + HzO (36) 

The relation between the observed parameters in eq 5 
and those derived for the above mechanisms is given in 
Table VI. A further ambiguity arises in mechanisms I1 

TABLE VI 
RELATION BETWEEN EMPIRICAL" 

AND DERIVED~ RATE PARAMETERS 
Mecha- 
nismb a b C 

I k i  (kikc + kzkd) /ks  ka lks  
I1 ki  (k iks  + k & ; Q ) / k j  kslk7 

IV k z k i / ( k 3  + k7)  k A Q / ( k s  + k ; )  k d ( k 3  + k7)  
5 Defined in eq 5. Given in eq 23-36. 

111 kzk7/(k3 + k ? )  k z k d ( k s  + k7)  k4 / (k3  + k i )  

and IV in that eq 27 and 33 could be replaced by a de- 
protonation of HgCN+ (eq 14, but with K << l). 
Since in these mechanisms c is a composite rate con- 
stant, the magnitude of c cannot be used to rule out any 
of these mechanisms. 

It has been noted in several studies that HgCl+ is a t  
least as good a catalyst for aquation as is Hg2+, if not 
better.1~8~9 These differences in rate are opposite to 
those which might be predicted on the basis of the forma- 
tion constants of the reaction products HgC1+ and 
HgClz (5.50 X lo6 and 3.02 X 106)7 which are directly 
proportional to the overall equilibrium constants for the 
catalyzed aquation reactions. A possible cause of this 
discrepancy has been proposed to be electrostatic ef- 
fects on the rates of reactions of ions of different charge.' 
I t  was hoped that the comparison of rates for Hg(I1) 
complexes containing a variety of ligands would provide 

further information concerning this problem. In trying 
to develop a linear free energy relation to examine these 
effects quantitatively only the path independent of [H+] 
was considered. I t  was necessary to obtain values of 
the equilibrium constants for the reaction 

KHI 
HgI'X + C1- HgIIXCl (37) 

which would be directly proportional to the equilibrium 
constants for the overall reaction (eq 2). Values of 
K H ~  and the associated AH and AS were obtained by 
combining published values6~7~25-28 of the equilibrium 
constants or thermodynamic functions for the reactions 

(38) 
Hgzf + 2C1- += HgClz (39) 

Hg"Xz + HgCl, + 2HgI'XCl 

Hg2+ + X =+= HgIIX 

HgIIX + X e HgIIXz 
(40) 

(41) 

Values of the rate and equilibrium parameters are sum- 
marized in Table VII. A linear relationship exists be- 
tween log ko  and log K H ~  for X = HzO, Br, and I, but 
the values for X = C1 deviate significantly from this 
relationship. It is possible that the discrepancy arises 
from the use of AG, rather than AH or AS, in the at- 
tempted correlation. If there is a deviation from such 
correlations, it would be most likely to occur for X = 
H 2 0  since this Hg(1I) complex is of a different charge 
than the others, Examination of Table VI1 indicates 

TABLE VI1 

tuans-CrClz' WITH HgIIX AT 25' 
THERMODYSAMIC PARAMETERS FOR THE REACTION OF 

--kcal/mol-- ,---eu--- 7 

X Log koa Log K H ~ ~  AHb A S O $ ~  ASb  

HzO 1 .49  6.74 13 .5  5.6 - 6 . 3  12.4 
C1- 1.82 6.48 13.0 7.3 -6.6 5 . 3  
Br- 1.62 6.80 10.7 6 . 3  -15.2 7 . 3  
I- 1.04 6.53 13.2 4 . 8  - 9 . 4  6 . 4  
a Parameters correspond to the rate term, ko[Hg'IX] [CrC12+]. 

* Parameters are for the reaction HgI'X + C1- + HgIIXC1. 

that the value of AHo* is relatively constant and inde- 
pendent of AH for X = HzO, C1, and I. The dis- 
crepancy for X = Br may be due to faulty data, possibly 
arising from incorrect values of the equilibrium con- 
stants used to calculate the distribution of the species in 
solutions of Hgz+ and Br-. Considering the remark- 
able constancy of the other values of AHo* and the fact 
that the equilibrium constants used to evaluate the data 
were interpolations of values determined a t  other tem- 
peratures by two different sets of workersj6r7 this is not 
an unreasonable rationalization of the data. A con- 
stant value of A H o *  for the various complexes probably 
indicates that the energy involved in breaking the 
Cr-Cl bond is considerably more important in deter- 
mining the magnitude of AHo* than is the energy in- 
volved in making the Hg-C1 bond. 

It is difficult to assess the effect that such errors in 

(25) I. Eliezer, J .  P h j s .  Chem., 68, 2722 (1964). 
(26) T. G. Spiro and D. N. Hume, J .  Ameu. Chem Soc., 85, 4305 (1961). 
(27) Y. Marcus, Acla Chem. Scand., 11, 610 (1957). 
(28) J. J. Christensen, R .  M. Izat t ,  L. D. Hansen, and J D. Hale, Inoug. 

Chem., 8, 130 (1964). 



WATER EXCHANGE BETWEEN SOLVENT AND Mn(I1) COMPLEXES Inorganic Chemistry, Vol. 10, No. 1, 1971 71 

AHo* would have on the value of A&* for X = Br, but 
it is likely that the value of ASo* would be more positive 
than that given in Table VII. A reasonably linear cor- 
relation between ASo* and A S  is obtained for X = C1, 
Br, and I even if ASo* for X = Br is as much as 5 eu 
more positive than the value in Table VII, while A&* 
for X = H 2 0  deviates significantly from this correla- 
tion. It should be noted that the uncertainty on the 
values of ASo* are sufficiently large to preclude any 
rigorous quantitative treatment of the correlation, but 
the value of ASo* for X = H2O is definitely too positive 
compared to the values for the other X, implying an 
abnormally disordered transition state for X = H2O. 
This is opposite to the deviation that would be expected 
were i t  caused by charge effects and increased electro- 
striction of solvent due to a more highly charged transi- 
tion state with X = H20.  A possible explanation for 
the positive deviation lies in the structure of the transi- 
tion state. Solution X-ray studies have established 
that HgCls exists in aqueous solution as trans- 

Hg(H20)4C12 in a distorted octahedral configuration.29 
Assuming that the transition states for the trans-Cr- 
C12+-Hg1'X reactions have a similar linear configura- 
tion about Hg(II), { C1-Crlll-C1---Hg'l-X 1 *, the 
steric requirements for formation of the transition state 
with X = C1, Br, and I would be much more stringent 
than with X = HzO, since in the former reactions only 
one H2O coordinated to Hg(I1) would be in a suitable 
position to be displaced by CrC12f, while with X = H20, 
any of thesix coordinated H2O's could be displaced. The 
transition states for X = C1, Br, and I would then have 
a higher degree of order than that with X = H20, lead- 
ing to an excessively positive AS0 * in the latter case. 
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Water-exchange rates with Mn(HzO)e2+, Mn(phen)(H20)a2+, and Mn(phen)2(H2O)n2+ are reported. 
values a t  0" are 5.9 X lo6, (1.3 f 0.2) X lo', and (3.1 f 0.3) X lo7 sec-', respectively. 
are in the range (9 f 2) kcal mol-'. 
measurements are compared. 

k, (per water molecule) 
4H* values for all three species 

Estimates of A / h  are made, and electronic relaxation times from 1 7 0  nmr and epr 

Introduction 
In this laboratory, we have examined the effect of 

coordinated ligands on the lability of coordinated water 
molecules using I7O nmr measurements. Attention 
was initially concentrated on various nickel(I1) com- 
plexes and revealed an interesting difference between 
nonaromatic and aromatic nitrogen donors. 2 $  We are 
extending this work to manganese(I1) and ~ o b a l t ( I 1 ) ~  
to see if a general pattern emerges. 

There is very little information on substitution 
effects in manganese(I1) complexes. Levanon and 
Luz6 examined the effect of chloride ion on the proton 
line widths in methanol solutions of Mn2+ and esti- 

* To whom correspondence should be addressed. 
(1) This research supported by USAEC Contract AT(45-1)-2221-T4 

(2) A. G. Desai, H. W. Dodgen, and J. P. Hunt, J .  Ameu. Chem. SOC., 91, 

(3) M. Grant, H. W. Dodgen, and J. P. Hunt, i b i d . ,  92, 2321 (1970); D .  

(4) P. Hoggard, H. W. Dodgen, and J. P. Hunt, to be submitted for pub- 

(5) H. Levanon and 2. Luz, J. Chem Phys . ,  49,2031 (1968). 

and this report is RLO-2221-T4-1. 

5001 (1969); 92, 798 (1970). 

Rablen and G. Gordon, I n o r g .  Chem.,  8, 395 (1969). 

lication. 

mated a rate of exchange for the monochloro complex. 
A small rate enhancement was observed. The man- 
ganese(I1)-phenanthroline system was chosen for this 
study because of the relatively stable complexes formed 
and the existence of good equilibrium data. 

Experimental Section 
MnC12.4H20 was used as the source of manganese(I1) be- 

cause the perchlorate salts of the phenanthroline complexes 
were found to be insoluble; purity was checked by EDTA titra- 
tion. Hydrated 1,lO-phenanthroline was dried by vacuum sub- 
limation followed by double recrystallization from dry benzene, 
mp 117O, lit.6 mp 117". 1,lO-Phenanthroline hydrochloride was 
prepared as the monohydrate by treating 1 ,lo-phenanthroline 
with concentrated aqueous hydrochloric acid, evaporating to 
dryness, and purifying by repeated precipitation from aqueous 
solution with acetone. Equivalent weight found (by titration 
with base) was 236; that calculated for phen.HC1.HzO was 234.5. 
Anal. Calcd for phen.HC1.HgO: C1, 15.1. Found: C1, 
15.1. 

In order to avoid working with solutions of pH around 7 (which 
could cause uncertainties in the blank line width and hydrolysis 

(6) G. Anderegg, Hele. Ch im.  Acta, 46, 2397, 2813 (1963). 


