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sought." Peaks characteristic of HaO+ were observed a t  25" 
a t  -1700, -2210, and ~ 3 0 0 0  cm.-' (the latter two are very 
broad). The Raman spectrum of the solid gave peaks a t  2217 
and 2231 cm.-'. There are thus three C S  stretching vibrations: 
2204 cm.-', appearing in the infrared only; 2218 cm.-', appearing in 
the infrared and Raman; and 2231 cm.-l, appearingin theRaman 
only. These are to be compared with 2189,2198, and 2207 cm.-' 
for solid KAu( Ch-)4.15 The Au-C stretching frequency appears 
a t  488 cm.-' compared to 461 cm.-l for KAu(CN)4. A solution 
of HAu(CX), containing an equivalent amount of added KBr was 
allowed to evaporate slowly a t  25". The white solid gave the in- 
frared absorption of KXu(CN)4, showing that HBr had been lost 
rather than HCN. However, when a Fluorolube mull of HAu- 
(CX)4.2H20 was placed on a CsBr window in an attempt to ob- 
serve the low-frequency spectrum, reaction with the CsBr window 
was observed and an Au-Br frequency appeared. 

Passage of a KAu(CN)2Br2 solution through H+ form Dowex- 
50 gave the Au(CN)2Br2- ion in aqueous solution as shown by its 
infrared absorption. The yellow solid HBu( CN)2Br2. ~ H 2 0 ,  ob- 
tained on evaporation, showed absorption a t  2231 and 2215 
cm.-'. 

Conclusions 
Contrary t9 the behavior found with nickel(II), Au- 

(CN)4- does not add cyanide in saturated aqueous cya- 
nide solution to form concentrations of Au(CN)j2- or 
Au(CN)a3- observable by their infrared absorption. 
Thus, we are faced with a situation similar to that of the 
reported Cd(CN)C4- complexls which was not con- 
firmed by infrared meas~rements .~ We conclude that 
these higher complexes (if indeed formed) either absorb 
a t  the same frequency with the same absorption coef- 
ficient as Au(CN)4- [or Cd(CN);12-, respectively] 
which is unlikely, or are formed in very small concentra- 
tions. In  this respect, Xu(CN)*- resembles Pd(CN)d2- 
and Pt(CN)42-, neither of which forms pentacyanide 
complexes.1g 

Observation of mixed halide-cyanide complexes of 

(17) C. C. Ferris0 and D. F. Hoinig, J .  Chem. Phys , 23, 1464 (1955). 
(18) M. Prytz and T. Osterud, Acta Chem. Scasd., 6, 1534 (1952). 

Au(II1) is straightforward in the infrared. These 
compounds react with free cyanide and heavier halides. 
When Au(CN)2X2- was treated with one equivalent of 
CN-, the expected monohalide Au(CN)~X- was not ob- 
served although the monohalides Au(CN)&- and Au- 
(CN)3Br- could be prepared by a different method. In 
aqueous solution, one might have expected Au(CN)~- 
C1- to disproportionate into AU(CN)~CI~- and Au- 
(CN)4-, but this was not observed. In solution, Au- 
(CN)zC12-' is stable, yet i t  is not formed by the interac- 
tion of AuClI- and AU(CN)~-. On the other hand, 
metathetical reactions, involving substitution of lighter 
halides by heavier halides and of any halide by cyanide, 
occur, showing that the bound halide is somewhat 
labile. 

Reactions followed by infrared solution studies are 
Au(CN)eXe- (X = C1, Br, or I )  + 2CN- = Bu(CN)~-  + 2X- 

Au(CS)4- + saturated KBr + no reaction 

Au(CX2)Clt- + 2X- (X-  = BI 01 I )  = Au(CS)ABrJ or A U ( C S ) ~ I ~  

S u (  CS)ZBr2- --f Au( Cr\')z- 

Xu(CS)lCl- + Br- = Au(CS)3Br- + Cl- 

HSOa- 

The absorption spectrum of HAu(CIV)4*2H20 shows 
clearly the absorption characteristic of H,O+. Thus, at 
least one of the two HzO molecules in H A U ( C N ) ~ . ~ H ~ O  
is involved in proton hydration. Further, i t  appears 
that in solid H30+Au(CN)4-.Hz0 both the Au-C and 
C-iY bonds are stronger than in solid KAu(CN)* or in 
aqueous HAu(CN)4. The Au-C1 bond in Au(CN)&l- 
is apparently slightly stronger than that in trans-Au- 
(CN)2C12-. The Raman and infrared spectra are con- 
sistent with a planar configuration of CzV symmetry for 
AU (CN) &1-. 

(19) J. &I. Smith, L. H. Jones, and I<. A. Penneman, unpublished 
work (1963). 
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Bromide and chloride replace iodide in iodopentaaquochromium( 111) ion. The reaction proceeds without intermediate 
formation of the hexaaquo ion. The rate of decomposition of iodopentaaquochrotnium( 111) ion in the presence of bromide 
ion was found to be equal to the rate in the presence of perchlorate ion of the same acidity and ionic strength. Bromopenta- 
aquochromium(II1) ion is formed along with hesaaquochromium(II1) ion at a concentration ratio of 0.127 (in 1 X hydro- 
bromic acid). Similar results were obtained in the presence of 
chloride. The niechanism is confirmed by the observed retardation of the reaction in the presence of iodide which is char- 
acteristic for a dissociative mechanism (mass law retardation). 

The results are interpreted in terms of an S N ~  mechanism. 

Substitution reactions of octahedral complexes of the 
type MA5X + Y + MAjY + X may be considered to 
proceed by an Srl mechanism if the reaction rate is 
independent of the nature and concentration of the in- 

ever, disprove an S N ~  mechanism). Another char- Cornell University press, rthaca,  s. Y . ,  1953 ,  1,. MZ. 

acteristic confined to Srvl reactions is the so-called 
mass law retardation, i.e., a retardation of the reac- 
tion by X which cannot be ascribed t o  the reversible 
reaction LZ&Y 4- X +- LIXjX + 'Ir. 

coming ligand (a dependence On not' how- (1) C. K. Ingald,  "Stl-uctui-e and Mechanism of 0,-ganic Chemis t ry , "  



Vol. 4,  No. 3, March 1965 SUBSTITUTION REACTIONS OF IODOPENTAAQUOCHROMIUM(III) ION 373 

The application of these criteria to reactions in 
aqueous solutions is often foiled by the participation 
of the solvent (water) in the reaction. It was observed 
that in some cases the reaction proceeds by the inter- 
mediate formation of an aquo complex,2 as in the ex- 
change of radioactive chloride ion with cis-Co (en)z- 
Clz +. 

Co( en)zClz+ + HzO --+ Co( en)s( HzO)C12+ + C1- 

Co(en)z(HSO)Cl2+ + *C1-+ Co(en)z*Clz+ + HzO 

Experimental rate laws cannot be applied to dis- 
criminate between S N 1  and s N 2  mechanisms in con- 
secutive aquation-anation reactions of this type ; 
however, the widely accepted generalization that "in 
water, aquation invariably precedes substitution by 
anions" is hardly justified by the few systems (mostly 
cobaltic and chromic ammines) that were shown to 
follow this scheme.3-5 

Haim and Wilmarth6 have shown that the substitu- 
tion of N3- by NCS- in CO(CN)SN~~-  does not pro- 
ceed with intermediate formation of Co(CN)5H202-. 
Water and thiocyanate were shown to compete for 
the same intermediate, Co(CN)b2-, which was formed 
by loss of azide from the reactant. Haim and Taube' 
found evidence of formation of the intermediate Co- 
(NH3)53+ in substitution reactions of cobalt ammines. 
It has lately been shown that ligand-ligand replace- 
ment occurs in iodopentaaquochromium(II1) ion where 
iodide is replaced by chloride without prior formation 
of hexaaquochromium(II1) ion.8 

The object of the present investigation was to study 
the effect of the incoming ligand on the rate of de- 
composition of Cr(H20)512+ and on the nature of the 
reaction products. The relatively rapid rate of the 
reaction (half-life 50 min. a t  30" in 1 M perchloric acid) 
and the thermodynamic instability of this complex 
ion make this ion especially suitable for this purpose. 

Experimental 
Materials.-Iodopentaaquochromium( 111) ion was prepared 

by oxidation of chromous perchlorate solutions by iodine.s 
Chromous perchlorate (-0.5 M )  in perchloric acid (-0.5 M ) ,  was 
prepared by electrolytic reduction of chromic perchlorate on a 
mercury cathode (current density 0.5 amp./dm.z) and stored 
under nitrogen. De-aerated, acidified solutions of potassium 
iodate with a slight excess of potassium iodide were titrated with 
chromous perchlorate. The resulting solutions, containing Cr12+ 
with some free iodide and traces of hexaaquochromium(II1) ion 
and chromic dimer,"J were absorbed on a cation-exchange column 
of 2-cm. diameter and 5-cm. height, containing Dowex 50x4, 
100-200 mesh. This column was cooled by circulating ice water; 
the temperature within the column was below 1.0'. Elution was 
carried out with 0.4 M perchloric acid, and the resulting solution 
contained CrIZ+ (-0.01 M )  in perchloric acid (-0.25 M ) .  All 

(2) G. W. Ettle and C. H. Johnson, J. Chem. Soc., 1490 (1939). 
(3) D. R. Stranks, "Modern Coordination Chemistry," J. Lewis and R .  G. 

(4) F. Basolo and R. G. Pearson, "Mechanism of Inorganic Reactions," 

(5) F. A. Cotton and G. Wilkinson, "Advanced Inorganic Chemistry," 

(6) A. Haim and W. K. Wilmarth, Inoug. Chem., 1, 573, 583 (1962). 
(7) A. Haim and H. Taube, i b i d . ,  2, 1199 (1963). 
(8 )  M. Ardon, Pvoc. Chem. Soc., 333 (1964). 
(9) H. Taube and H. Myers, J .  A m .  Chem. Soc., 76,2103 (1954). 
(10) M. Ardon and R. A. Plane, i b i d . ,  81, 3197 (1959). 

Wilkins, Ed., Interscience Publishers, New York, N. Y., 1960, p. 136. 

John Wiley and Sons, Inc., New York, N. Y., 1958, Chapter 3. 

Interscience Publishers, New York, N. Y., 1962, p. 551. 

reagents were of A.R. quality. Triple distilled water was used 
throughout. 

Kinetic Measurements.-The change of the optical density of 
the solution a t  650 mM was measured with an Optica Milano 
CF-4 spectrophotometer. Cells of 3-cm. optical path in a thermo- 
stated cell holder were used. The temperature was kept a t  30 
f 0.1" by circulating water from a thermostat. The solutions 
were prepared by addition of 5 ml. of the chromic solution to 20 
ml. of a solution containing perchloric, hydrobromic, or hydri- 
odic acid and their sodium salts at a total concentration of 1.25 
M. The solutions were kept in the thermostat for 2 min. Part 
of the solution was then transferred to the optical cells and the 
rest was kept in the thermostat for product analysis. D ,  was 
measured after a period of seven or more half-lives (its magnitude 
was about 10% of DO). The first-order rate constant k was 
measured from plots of log ( D t  - Dm) os. t .  The reproduci- 
bility was better than 2y0. 

Separation of Products.-The reaction products (10 or 15 ml.) 
were diluted with water (1 : 5 )  after seven or more half-lives and 
absorbed on cooled cation-exchange columns (Dowex 50x8) .  
The halopentaaquochromium( 111) ion was eluted with 1 M per- 
chloric acid and the hexaaquochromium(II1) ion with 2 M acid. 

Analysis of Chromium.-Aliquots of the separated products 
and of the original solution were oxidized to chromate by alkaline 
hydrogen peroxide and the optical density was measured a t  372 
mp with a Beckman B spectrophotometer." The difference be- 
tween the concentration of the original solution and the sum of the 
separated products was less than 1.5% in all experiments. 

Results and Discussion 
The Reaction in Perchloric Acid.-The decomposi- 

tion of Cr12+ is a firsborder reaction a t  constant [H+]. 
The rate constant k ,  measured from the plot of log (Dt 
- D,) vs. t, decreases with increasing hydrogen ion 
concentration. The change of k with [H+] a t  30" 
and ionic strength I = 1.07 M is presented in Table I. 
The rate constant k is a linear function of l / [H+] ,  
k = ko + ka/  [H+]. The values of ko and k,, determined 
from the plot of k vs. l/[H+], are ko = 1.52 X loe4 
sec.-l, k ,  = 8.17 X sec.-l a t  30" a n d 1  = 1.07 M .  

TABLE I 

MEDIUM ( I  = 1.07 M a t  30') 
W+I, M 0.26, 0.46 0.66 0.86 1.06 
104k, sec.-I 4 .65  3.30 2.72 2.42 2.30 

RATE CONSTANTS IN PERCHLORIC ACID-SODIUM PERCHLORATE 

After the conclusion of this part of the work, a de- 
tailed investigation of the aquation of Cr12+ in per- 
chloric acid was published by Espenson.12 His data, 
which also include the enthalpy and entropy of activa- 
tion for the two reaction paths, are in agreement with 
the findings reported here. The values of K O  and k ,  
calculated from data of ref. 12 are 1.65 X sec.-l 
and 7.17 X 10-5 set.-', respectively, a t  30" and I = 
1.00 M .  

Decomposition Rates and Reaction Products in the 
Presence of Halide Ions.-The products of decomposi- 
tion of Cr12+ in the presence of chloride and bromide 
were separated by ion-exchange chromatography and 
were found to contain considerable amounts of chloro- 
pentaaquochromium(II1) and bromopentaaquachro- 
mium(III), respectively. The first-order rate con- 
stants of decomposition of Cr12+ were measured in 

(11) G W. Haupt, J Ris Natl Buy. Sld , 48, 414 (1952). 
(12) J. H. Espenson, Inovg Chem., 3, 968 (1964). 
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Expt 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

no. 

TABLE I1 
DECOMPOSITIOX RATES AND PRODUCTS IN THE PRESENCE OF HALIDE IONS ( I  = 1.07 &' at 30') 

[x-l, Jl 

Br- 1 .00 
Br- 0 .50 
Br- 1.00 
I- 1.00 
I- 0.70 
I- 0.30 
I- 1.00 
c1- 1.00 
c1- 0.80 
C1- 0.60 
c1- 1 . 0 0  

[H+l ,  
'11 

1.06 
1.06 
0.46 
1.06 
1.06 
1.06 
0 .46  
1 .06 
1 . 0 6  
1.06 
0.46 

NO. 

of 
runs 

4 
2 
2 
3 
2 
3 
2 
8 
2 
2 
2 

the presence of varying concentrations of H f  and 
X- (X = C1, Br, I). h constant ionic strength of 1.07 
M was maintained by addition of sodium perchlorate. 

Table I1 presents the results of the kinetic measure- 
ments and the concentration ratio R = [CrXz+]/ 
[Cr(H20)63+] of the reaction products. 

The Reaction in the Presence of Bromide.-The rate 
constants of decomposition of Cr12+ in the presence of 
varying concentrations of Br- and H +  are given in 
expt. 1-3 (Table 11). A comparison with the data of 
Table I reveals that the rate of decomposition is not 
changed by the replacement of perchlorate with 
bromide. 

The products of the reaction contain an appreciable 
concentration of the bromopentaaquochromium(II1) 
ion. This ion is thermodynamically unstable: the 
equilibrium quotient Q = [CrBr2+]/ [Cr3+] [Br-] is 
equal to 2.6 X a t  30" and I = 2.0 The 
equilibrium ratio is Re, - 3 X under the condi- 
tions of expt. 1, whereas the experimental value is 
R = 0.102. This result can be rationalized only by 
assuming a substitution of iodide by bromide without 
the intermediate formation of Cr(Hz0)63++ Part of 
the CrBr2+ formed in the reaction is aquated during 
the time required to complete the aquation of Cr12+ 
(7-8 half-lives). The decomposition rate of CrBr2+ 
is known from the work of Guthrie and King14 (e.g., 
under the conditions of expt. 1 the first-order rate 
constant is equal to 1.01 X 10-5 set.-'). The initial 
product ratio Reo, is higher than the ratio R, found a t  
the end of the reaction, and is equal to 

[CrBr2+] + A [CrBr2+] 
[Cr3+] - A[CrBr2+] R p o r  = 

where A[CrBr2+] is the concentration of CrBr2+ that 
was aquated during the reaction time t (2.4 X 104 sec. 
in expt. 1 and 2 and 1.7 x l o4  sec. in expt. 3). The 
quantity A [CrBr2+] was calculated from 

where k1 and k z  are the rate constants for aquation of 
Cr12+ and CrBr2++, respectively. The corrected values 
Reor are given in Table 11. 

(13) J. H. Espenson and E. L. King, J .  Phys.  Chem.,  64, 380 (1H60). 
(14) F. A. Guthi-ie and E. L. King, I n o i g .  Chem.,  3, H16 (1964). 

10Jk, 
sec. -1 

2.32 
2.33 
3.32 
2 . 0 3  
2.08 
2.22 
3.03 
2 . 4 5  
2.43 
2.38 
3.42 

I< 

0,102 
0.059 
0.085 

0,143 
0.113 
0.089 
0.091 

Kcor k r / h l i 2 0  

0.127 0 .21  
0.074 0.23 
0.102 0.24 

0.24 
0 .23  
0.24 
0.26 

The fact that bromide replaces iodide without chang- 
ing the decomposition rate of CrI2+ strongly supports 
an S N I  mechanism with the intermediate formation 
of Cr(H20)53+. Water and Br- compete for this inter- 
mediate. 

ko 
Cr(HzO)J2+ + Cr(H20jj3+ + I -  

C ~ ( H Z O ) ~ ~ +  + HzO + Cr(H,0)B3+ 

Cr(H,0jj3+ + Br-+ Cr(HzO)jBrZi 

The expected product ratio R is proportional to the 
bromide concentration, in agreement with expt. 1 and 
2. Substitution of bromide is confined to the acid- 
independent path and does not occur in the acid- 
dependent path, which is responsible for 34% of the 
over-all reaction at  [H+]  = 1.06 -W and for 547, a t  
[H+] = 0.46 U. The product ratio varies accordingly 
(expt. 1 and 3). The product ratio of the acid-inde- 
pendent path is equal to kBr/kH,O. By subtracting 
the portion of CI-[H,O]~~+ produced by the acid- 
dependent path from the total chromic products, the 
ratio kBr/kH,O can be estimated (Table 11, last 
column). 

Mass Law Retardation by Iodide.-The concentra- 
tion of free iodide in expt. 1-3 and 8-11 is very small 
( < 5  X X ) .  High iodide concentrations de- 
crease the decomposition rate of Cr12+ (expt. 4-7). 
This effect of iodide cannot be the result of the reverse 
reaction c r ( H ~ o ) ~ ~ +  + I- + Cr(H20)J2+ + HzO 
since this reaction does not occur to any measurable 
extent. The stability constant of CrI2+ is too small 
to be measured and is certainly smaller than that of 
CrBr2+. A decrease in the decomposition rate of Cr12+ 
by iodide under these conditions is irreconcilable with 
an Sx2 mechanism. It is the result of a mass law 
retardation of the rate-determining step and confirms 
the dissociative mechanism 

krr,o 

kBr  

ku 
Cr(H20)612+ + Cr(H20)j3+ + I- 

k i  

(15) A referee has pointed out tha t  the rate constant for water exchange in 
Cr(HsO)8aA by an Ssl mechanism, calculated from k B r / k H , O  and Q,  is much 
smaller than the experimental value of 4X10-6 set.-' (by  afactor of 10). 
This argument may support an S N Z  mechanism for the exchange reaction as 
suggested in ref. 16. 

(16) R. J. Baltisbei-ger and E. L. King, J .  A m .  Chem. Soc.,  86, 795 (1961). 
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kHpO 
Cr(Hz0)b3+ + HzO + Cr(HzO)$+ 

This mechanism accounts for the observed retardation : 
if the steady-state condition d[Cr(H20)63+]/dt = 0 is 
assumed, i t  follows that 

= kH,o [Cr(Hz0)b3+1 = 
d[Cr12+] 

dt 

kH,oko 
k1[1-] f kH,o 

[Cr12+] = k [Cr12+] 

Hence, the rate constant k is decreased by iodide. 
This effect will be negligible only if k I [ I ]  << kH,o; 
this condition is realized in expt. 1-3 and 8-11, where 
the iodide concentration is smaller than 5 X At. 
The results of expt. 4-7 were used to evaluate kI/ 
kH,O: the plot of 1/k us. [I-] yields a straight h e .  
The quantity l/ko measured from the graph is equal 
to l/ko measured in perchloric acid (1.52 X l oF4  
sec.-l). 

The Reaction in the Presence of Chloride.-The 
equilibrium quotient Q = [CrClz+]/ TCr3+] TC1-] is 
equal to 0.086 a t  30' and an ionic strength of 0.959.l6 
Hence the equilibrium ratio is Reg - 0.086 under the 
conditions of expt. 8. Formation of CrC12+ during 
the decomposition of Cr12+ cannot be attributed to 
the anation of C T ( H ~ O ) ~ ~ + ,  since this reaction is much 
too slow-the second-order rate constant16 is -1.6 X 

1. mole-l set.-' under the conditions of expt. 8. 
It has been shown8 that this reaction is not catalyzed 
by the decomposition products of Cr12+, hence i t  was 
concluded that in this case, as in the presence of 

The ratio kI/kH,o is equal to 0.24. 

bromide, CrC12+ is formed by direct substitution of 
iodide. 

Replacement of perchlorate by chloride causes a 
slight but significant increase in the decomposition 
rate of Cr12+ (6.5% in hydrochloric acid, 1 M ) .  This 
specific effect of chloride may be due to the existence 
of ion pairs which weaken the Cr-I bond. Alterna- 
tively, the effect might be attributed to a small contri- 
bution of a bimolecular reaction path. Even if the 
latter assumption is made, the expected product ratio 
[CrClZ+]/ [Cr(H20)63+] should be less than 0.065 a t  
[Cl-] = 1 while the experimental value is 0.143. An 
S N ~  reaction path could not account for the greater 
portion of CrC12+ produced in the reaction, and i t  is 
necessary to assume an s N 1  mechanism similar to that 
operating in bromide solutions. Experiments 8-1 1 
reveal that the dependence of the product ratio on 
[Cl-] and [H+] is similar to that found in bromide 
solutions. No correction for aquation of CrC12+ is 
necessary because of the low rate of this reaction16- 
the first-order rate constant is -13 X set.-'. 
The ratios kci/kH,o were calculated by assuming that 
the reaction proceeds solely by an SNI mechanism. 

Comparison of the ratios kx/kHzo for chloride, bro- 
mide, and iodide (Table 11) reveals that these ions do 
not differ considerably in their ability to compete with 
water for the intermediate Cr(H20)63+. 

The effect of anions on the decomposition of CrBr2f 
and CrC12+ is now being investigated, by following the 
method outlined here. 
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w-Aminoacetophenone-N,N-diacetic acid (AAPDA) and 2-glycylthiophene-N,N-diacetic acid (GTDA) have been syn- 
thesized and the stoichiometric stability constants of their proton and metal complexes have been measured potentiometri- 
cally a t  25' in a medium of constant ionic strength of 0.10 M.  The 1: 1 chelates of both ligands show nearly the same 
stability for the metal ions chosen, and the order of relative stabilities is Cu( 11) > Ni( 11) > Cd( 11) c Zn( 11) > Co( 11) > 
Ca(I1) > Sr(I1) > Mg(I1). The formation of 1 :2  chelates is also observed for Cu(II), Ni(II), Cd(II), Zn(II), and ColII) 
By comparing their stability constants with those of aminoacetone-N,N-diacetic acid (AADA), the formation of a stronger 
coordination bond with carbonyl oxygen is suggested for AAPDA and GTDA than for AADA. 

Introduction In the present investigation, w-aminoacetophe- 
none-N,N-diacetic acid (AAPDA) (11) and 2-glYcYl- 
thiophene-K,N-diacetic acid (GTDA) (111) have been 
synthesized and their chelating behaviors investigated 
in order to understand the effect of the substitution of 
the methyl group a to the carbonyl carbon atom with 
aromatic rings. 

In the previous paper1 the synthesis and the chelating 
behavior of aminoacetone-N,N-diacetic acid (AADA) 
(I) have been reported, and i t  was proved that the 
carbonyl oxygen of the ligand contributed to the co- 
ordination for a certain group of metal ions. 

(1) Paper 11: T. Ando, Bull. Chem. SOC. Japan ,  36, 1593 (1963). 


