Acidopentaamminechromium(IIT) Complexes

feature of the present interpretation is the correspondence of
data for M0y04(C204)22", M0,042%, and VO?*. The behavior
of VO2* is now well established,!” and the high lability of the
trans HoO has been confirmed using EPR!%19 as well as NMR
line-broadening techniques.!4 Structural similarities of V{IV)
and Mo(V) complexes having terminal oxo ligands must again
be stressed.!?
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Rate constants (kaq) for the aquation of six different acidopentaamminechromium(III) complexes, Cr(NH3)sX2*, with
X~ = NCS-, CCI3CO;~, CF3CO,, CI, Br-, and I~, have been determined at 50 °C, I = 1.00 M (LiClO4). Rate constants
(kg) for the corresponding anation reactions of Cr(NH3)sH2O3* have been obtained for all except X~ = I-. Information
regarding equilibrium constants, KosKjs, for the formation of Cr(NH3)sX?* from Cr(NH3)sH»03*, using procedures
involving ion-exchange separation and determination of products, is reported. The values obtained are in satisfactory agreement
with kinetically determined values (kr/kaq) at 50 °C, I = 1.00 M (LiClO4). A graph of log kaq against —log KosKis gives
a slope of 0.91 £ 0.05. A narrow range of formation rate constants, ks, is observed and when allowance is made for the
outer-sphere association constants in cases where Kog has been evaluated (the NCS- study only in this work) values of
ki/Kos are comparable with the water exchange rate constant for Cr(NH3)sH,O3* at 50 °C. The results suggest that
Cr(NH;)sH,O3t exhibits more dissociative character than Cr(H;0)¢3* in the substitution of H,O.

The aquation rate constants for the acidopentaammine-
chromium(III) complexes, Cr(NHj3)sX2*, X~ = NCS-,!
CCl3C0O;7,2 CF3CO;~,2 CI7,4 Br-, and I-,5 have been deter-
mined previously. Different ionic strengths and media were
used, however, and a meaningful comparison of data is
therefore difficult. Duffy and Earley? have determined the
rate constants for water exchange of Cr{NH3)sH,03* as well
as the anation of this complex with Cl~ and NCS~ and have
proposed a dissociative interchange (I4) mechanism. For a
part of their study (the NCS™ anation reaction), NaBr was
used to adjust the ionic strength and the inner- and outer-
sphere associations of Br~ appear to have been neglected. It
has been observed in earlier work that after allowing for
outer-sphere association (Kos obtained from kinetics) the rate
constants for C2042-, HC,047,% and TNH3CH,CO, 7 are
about the same as for water exchange. Hence a dissociative
I4 mechanism has been suggested. Swaddle and Stranks,3 on

the other hand favor an associative interchange, I,, for the
water exchange reaction on the basis that a negative volume
of activation (5.8 cm3 mol~!) has been obtained. It is not
clear therefore from these various studies whether the in-
terchange mechanism involved is associative or dissociative.

The aim of this investigation is to extend previous studies
to include all relevant kinetic and thermodynamic measure-
ments, thus enabling a firm mechanistic assignment to be
made.

Experimental Section

Materials. Literature methods were used to prepare the complexes
[Cr(NH3)sH20](ClO4)3,° [Cr(NH3)5s(NCS)](Cl0O4),,!0 [Cr(N-
H3)s(02CCCl3)](Cl04)»H,0,!! [Cr(NH3)s(02CCF3)]1(Cl04)2, !
[Cr(NH3)5Cl1(ClO4)2,'2 and [Cr(NH3)sI]Cl2.13  The complex
[Cr(NH3)sBr]Br, was prepared by heating [Cr(NH3)sH>0](ClO4)3
(1.0 g) in 50 ml of solution containing 2.5 M NaBr and 0.1 M HCIO4
at 50 °C, Crystals of [Cr(NH3)sBr]Br, were obtained within about
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45 min. After filtering the filtrate was again heated at 50 °C when
more product was obtained. This procedure was repeated three to
four times. The bromide salt was converted to perchlorate by grinding
in a precooled pestle and mortar with 70% HClO4 till no more fumes
of HBr were evolved. The complex was filtered and recrystallized
from 1 M HCIOy4 by the addition of ice-cold 70% HCIO4. Anal. Caled
for [Cr(NH3)sBr](ClO4)2: Cr, 12.5; N, 16.82; total halide, 25.6.
Found: Cr, 12.4; N, 16.55; total halide, 25.6. Elemental microanalyses
for other complexes were consistent with the above formulas. Details
of uv—visible spectra, Table I, are in satisfactory agreement with
published values (wavelengths = 1 nm; absorption coefficients within
3-6%).

Perchloric acid (72%, Hopkin and Williams, Analar) was used
without further purification. Lithium perchlorate was prepared from
Li;CO3 and HCIO4. Solutions of LiCl, LiBr, and LiNCS (all 3 M)
were prepared by metathesis of the potassium salt with LiClOa,
followed by the filtering off of insoluble KC1O4 at 3-5 °C. Con-
centrations of Cl-, Br~, and NCS~ were determined by direct titration,
and total cation concentrations were estimated by exchanging an
aliquot onto an Amberlite IR-120(H) ion-exchange column and
titrating the H* liberated. The agreement between the two estimations
was within 2% indicating that the amount of KClO4 was small. The
determined cation concentration was used in adjusting ionic strengths.
Sodium iodide (BDH, >99.5% purity), trichloroacetic acid (BDH,
Analar), and trifluoroacetic acid (BDH, Reagent Grade) were used
without further purification.

Preliminary Experiments. Aquation of Cr(NH3)sCI?* and Cr-
(NH3)sBr2* at 50 °C, [H*] = 0.10 M and I = 1.00 M (LiClQy),
occurred with retention of isosbestics at 360, 420, and 493 nm (for
Cl7) and 361, 424, and 495 nm (for Br~). Retention of five isosbestic
points was also observed for the aquation of Cr(NH;3)sI2* at 20 °C,
[H*] =0.1 M and I = 1.00 M (LiClO4). Final spectra correspond
with that of Cr(NH3)s(H20)?*. The spectrophotometric changes
in the cases of Cr(NH3)s(NCS)**, Cr(NHj3)s(0;CCCl3)?*, and
Cr(NH;3)s(02CCF3)2t occurred slowly at 50 °C, [H*] = 0.1 M for
NCS™and 0.01 M for CCl3CO;™ and CF3CO;, I'= 1.00 M (LiClO4).
Spectrophotometric changes in all these cases were more significant
in the uv region than in the visible region. Product analyses were
carried out using ion-exchange separations on Dowex 50W-X2 resin,
in order to assess the reaction paths and interplay of side reactions.
The complex, Cr(NH3)s(0,CCCl3)2t, alone gave direct evidence for
another minor reaction product along with Cr(NH3)sH,O3* after
18 hat 50 °C, [H*] = 0.02 M, / = 1.00 M (LiClO4). Using the
micro-Kjeldahl technique and chromate analysis, the minor product
was found to have a nitrogen to chromium ratio of 4.1:1.0. Its elution
behavior is consistent with a 2+ charge. This product is most probably
Cr(NH3)4(H20)(0,CCCl3)2+. Therefore ion-exchange and spec-
trophotometric measurements indicate that the primary reaction is
(1), in all cases except X~ = CCl3CO;~. With Cr(NH3)s(0,CCCl3)2t,

k
Cr(NH,),X** + H,0 —=> Cr(NH,)H,0% + X" )
a modified scheme

Cr(NH,)H,0%*

/ + CCLCO,"

kaq
Cr(NH,),(0,CCCl)* + H,0 )

kl
\ Cr(NH,),(H,0)(0,CCCl,)*
+ NH,*

has to be considered, where k; is the rate constant for aquation of
ammonia. The spectrum of Cr{NH;3)4(H20)(02CCCl3)2* is given
alongside those of Cr(NH3)5(0,CCCl3)2* and Cr(NH;3)sH,03* in
Figure 1.

The reactions of X~ = NCS-, CCl3CO;,~, CF3CO,, CI~, and Br~
with Cr(NH3)sH,03* gave rise to the acidopentaammine as the only
product and identification of products as well as spectrophotometric
‘changes observed are consistent with equilibration reactions as in (3).

ket
Cr(NH)gH,0% + X === Cr(NH;)X** + H,0 3)
aq

The rate constants, kr, could be determined directly, if (3) proceeds
essentially to completion. The rate constants for the equilibration
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Figure 1. Uv-visible absorption spectra of aquopentaammine-
chromium(III) (a), trichloroacetatopentaaminechromium(IIl) (e),
and trichloroacetatoaquotetraamminechromium(IIl) (m) in aque-
ous solution. [HCIO,]= 0.1 M,7/=1.0M (NaClO,).

processes, keq, can be expressed as in (4). For further details on the
keq =k [X7]+ kaq %)

methods of determination of kr and k.q see below.

Determination of Overall Equilibrium Constants by Spectropho-
tometry. This procedure was used for measuring the equilibrium
constants for Cl~ and Br~ complexing with Cr(NH3)sH>03* at 50
°C, [H*] = 0.1 M, and I = 1.00 M (LiClO4). Absorption changes,
AA, were determined at 225 nm for Cl- and 265 nm for Br~as a
function of halide concentration. At these wavelengths both inner-
and outer-sphere complexes absorb. The outer-sphere complexes are
known to form,!4 since there is an immediate increase in the absorbance
on mixing Cr(NH3)sH,03* and halides. The absorbance changes
AA observed are therefore related to the overall equilibrium constant,
Kos + KosKis,!5 where Kos and Kg are as defined in (5) and (6).

Kos
Cr(NH,)H,0% + X~ === Cr(NH,) H,0%, X" (5)
Kis
Cr(NH,),H,0%, X~ === Cr(NH,) ,X** + H,0 (6)

The overall equilibrium constant was obtained from the ratio of
intercept to slope of plots of (AA4)™! against [X]~!. The concentration
of X~ was in large excess over that of the complex, [Cr(NH3)sH203*]
=6 X 10 M for CI~ and [Cr(NH3)sH,03*] = 8 X 1073 M for Br",
It is assumed that second ion-pair formation and changes in activity
coefficients by replacing ClO4~ with halides are not effective.
Determination of Equilibrium Constants by Ion Exchange.
Equilibrium constants, in this case KogKis, (7), were determined by

[C(NH)sX?"] .
[Cr(NHy)H,0] [X] )

the separation of equilibrated products by ion-exchange chroma-
tography and analyzing the distribution of chromium(III) in each
fraction. Solutions were allowed to equilibrate for at least four to
five keq half-lives at 50 °C. The ranges of anion, hydrogen ion, and
initial Cr(NH;3)sH,O3* concentrations investigated were as follows:
[NCS-] = 0.03-0.08 M, [Cr(II)] = (2-3) X 1073 M, [H*] = 0.1
M; [CCI3CO;7] = 0.4-0.6 M, [Cr(IID)] = (5-8) X 1073 M, [H*]
=0.01 M; [CF3COy7] = 0.4-0.6 M, [Cr(IID)] = (2-3) X 1073 M,
[H*] = 0.01 M; [C]"] = 0.1-0.8 M, [Cr(II[)] = (5-8) X 1073 M,
[H*] = 0.1 M; [Br7] = 0.2-0.86 M, [Cr(II)] = (8-12) X 1073 M,
[H*] = 0.1 M. The ionic strength was adjusted to I = 1.00 M
(LiClO4). All equilibrated solutions (with the exception of CF3CO;77)
were first diluted with twice the volume of ice-cold water, and the
products separated using Dowex 50W-X2 (200-400 mesh) ion-ex-
change resin columns (1 cm diameter, 8 cm long) thermostated at
0 °C. The equilibrated solutions were diluted with twice the volume
of perchloric acid at pH 2.0; in the case of CF3CO; ion-exchange
separations were carried out at room temperature (ca. 20 °C) to avoid
crystallization of Cr(NH;3)s(OOCCF3)2*, No direct evidence for
secondary products was seen in the case of CC13CO;7, and keq >>
k1 under these conditions. With I", in an attempt to estimate KogKis,
a modified technique was used. Reaction solutions (25 ml) (which
had [I7] = 0.66 and 0.78 M, [Cr(NH3)sH,03*] = (2-4) X 1072 M,
and [H*] = 0.1 M) were thermostated for 90 min under air-free
conditions then diluted with an equal volume of ice-cold deaerated

KosKis =
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Table VIII. Summary of Equilibrium Constants for Inner- and Outer-Sphere Associations of X~ with Cr(NH,)H,0* at 50.0 °C,
I=1.00M (LiC10,) ;
Ligand X~ KOSKIS’a M-t KOSKIS?b M- Kos,f M Kosg + KOSKIS’e M- Ref
NCS§~ 310 = 15¢ 380 £ 22 0.68 + 0.04 This work
CCL,CO," 5.3 £0.204 3602 This work
CF,CO,” 2.35+0.20 2.7+0.14 This work
crr 0.48 = 0.06° 0.4 +0.02 0.55+0.08 This work
Br- 0.21 £0.03¢ 0.3+ 0.04 0.26 + 0.08 This work
*NH,CH,CO,” 0.55+0.1 7
HC204' 1.16 + 0.06 : 6
C,0,*" 45:02 6

@ Equilibrium constant obtained following 1on-exchange separatlon (and determination) of components in equilibrated solutions.
d [H*]=0.01 M.,

librium constant from rate constants (Kg/kaq).
changes in the uv range.

¢ [H*]=0.10 M.
Obtained from kinetic treatment.

water. The solution was passed down a Dowex 50W-X2 (200-400
mesh) ion-exchange column (10 ¢m long, 1.2 ¢cm diameter) under N»
pressure to reduce the residence time of Cr(NH3)sI2*, The column
was further washed with 25 ml of HyO and with 25 ml of a 0.4 M
NaClO40.1 M HCIO4 mixture. The eluate (total 100 ml) up to this
stage was oxidized to Cr(VI) by the alkaline—peroxide method and
CrO42- was estimated spectrophotometrically. The column was washed
with a second batch of 0.4 M NaClO4~0.1 M HCIO4 mixture (ca.
250 ml) and tested for Cr. The complex Cr(NH3)sH,0* was eluted
finally using a 0.9 M NaClO4~0.1 M HCIO4 mixture under non-
air-free conditions. Assuming that the Cr(VI) detected in the first
100 ml of eluate was due to Cr(NHj3)sI2*, four determinations of
KosKis were made using (7). '

Kinetic Methods. Kinetic runs were monitored on a Unicam SP500
spectrophotometer fitted with a thermostated cell housing, except in
the case of ‘equilibration with CF3CO;~. Due to small absorption
changes in the visible region on CF3CO;~ equilibration with Cr-
(NH3)sHO3, kinetic data were obtained using a thermostated double
beam Unicam SP8000 spectrophotometer with scale expansion. The
aquation of complexes Cr(NH3)sX2+, X~ = CI, Br~, and I, proceeded
to completion and hence measured A~ values were used in the
evaluation of rate constants. First-order plots of log (4« — A4;) against
time were linear to 85-90% completion. Rate constants, kaq, were
obtained from the slopes (X2.303) of linear plots. With the complexes
Cr(NH3)sX2*, X~ = NCS~ and CF3CQ5", calculated A. values were
used on the assumption that the aquation reactions proceeded to
completion, First-order plots were linear to 25-35% for NCS™ aquation
and 60-70% for CF3CO;™ aquation. The aquation rate constants for
Cr(NH3)s(02CCCl3)2* were measured at an isosbestic point, 505
nm, for the formation of Cr(NH3)4(H20)(02CCCl3)2* (see Figure
1). Observed 4. values were used; first-order plots were linear for
two half-lives and gave (kaq + k1). From the spectrophotometric
product analysis (ca. 20% reaction occurs by k1) kaq was obtained.

Anation reactions of Cr(NH3)sH>03* with X~ = CI-, Br~, and
CF3CO;™ proceeded to 5-35% completion for X~ = CI~ and Br‘ and
20-50% completion for X~ = CF3CO;™ (depending on [X~]). The
anation with NCS~ reached completion for all [NCS~] used. Using
the measured A< values, pseudo-first-order plots were linear to 65-95%
completion in all these cases. The anation with CCl3CO,~ was
monitored at 505 nm and calculated A« values were used assuming
complete reaction. The pseudo-first-order plots were linear to 35-40%.
Ranges of [H*] covered were 0.1-0.5 M for X~ = NCS-, CI, and
Br~ and 0.005-0.02 M for X~ = CCl3CO;™ and CF;CO5~, Aquation
and equilibration reactions (except in the case of CCl3CO5") were
monitored at more than one wavelength. The ionic strength was
maintained at 1.00 M (LiClO4). Data for all systems were computed
using ‘a nonlinear least-squares program!é with a weighting factor
1/y2
Results

Equilibrium constants which have been determined for
inner- and outer-sphere associations of X~ with Cr-
(NH3)sH,03* at 50 °C are listed collectively in Table VIII
(see Discussion). Graphs used to evaluate Kos + KosKis for
Cl~ and Br~ are illustrated in Figure 2. The ion-exchange
method for determination of KosKis was considered satis-
factory for all X~ (except iodide); consistent results were
obtained and equilibrium constant estimations were repro-
ducible to within at least £15%. Although using the modified

b Equi-

€ Obtained spectrophotometrically from absorption
10
Br-
‘AO
<
g 5
<
CI-
) L !
0 5, 10
[x7 o

Figure 2. Determination of overall equilibrium constant, Kgg +
KosKis: for the complexing of chloride and bromide with aquo-
pentaamminechromium(III) from uv spectrophotometric measure-
ments at 50 °C,J = 1.0 M (LiC10,). For CI" (e), {H*]= 0.1 M,
[Cr(ID)}= 6.0 X 107*M, A 225 nm; Br™ (a), [H*]= 0.1 M, [Cr-
(III)]— 8.0 X 107M, A 265 nm.

procedure described consistent values of 0.016, 0.023,0.023,
and 0.025 M~! were obtained for the I~ equilibration, there
is no proof that Cr(NH3)sI?* is the 2+ (or only 2+) species
present. The cqu111br1um constant and hence the concentration
of Cr(NH3)sI2* is so small that no colored band was observed
on the column. Prolonged ion-exchange procedures involving
large volumes of equilibrated solution were not attempted
because of the relatively high rate of aquation of Cr(NH;)sI2T,
The solutions collected after the ion-exchange procedure used
could not be identified either by spectrophotometry or from
the rate of aquation and chromium was detectable only by
using the sensitive chromate method of analysis. These values
were not considered further in the assignment of mechanism
although they are consistent with other KosKis values and the

‘correlation with kqq data (see Discussion).

Rate constants k.q for the aquation of all six Cr(NH;3)sX2+
complexes, for the anation with NCS- and CCl3CO;, and keq,
for the equilibrations of CI-, Br~, and CF3CO;™, are listed in
Tables II-VII,!7 respectively. No systematic [H*] dependence
was observed for any of the aquation or anation processes,
[H*] = 0.1-0.5 M for CI~, Br-, I, and NCS~ and [H*] =
0.005-0.02 M for CClI3CO;™ and CF3CO2~. A lower range
of [H*] was selected for the reactions with CCl3CO;~ and
CF3CO3™ to avoid protonation effects (CClIsCO2H, pK, =
0.66;18 and CF3CO,H, pK, = 0.2319).

The dependence of k¢ on [X] for NCS™ and CCl3CO;~
anations is illustrated in Figures 3 (NCS") and 4 (CCI3CO7).
The dependence of keq on [X7] for the equilibration of
CF3;CO,, CI,.and Br™ is shown in Figures 5, 6, and 7, re-
spectively. A marked curvature of kobsq With [X~] was ob-
served only in the case of NCS~. Similar curvature in the
forward step for Br™ equilibration could also be considered (see
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Figure 3. The [NCS™] dependence of the pseudo-first-order rate
constants, kopsq. for the reaction of aquopentaamminechromium-
(I11) with thiocyanate at / = 1.0 M (LiCl0,), 50 °C, [H*]=0.01 M
(v),0.10 M (9), 0.20 M (o).
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Figure 4. The [CCI,CO,"] dependence of pseudo-first-order rate
constants, & gpgq, for the reaction of aquopentaamminechromium-
(LI) with trichloroacetate at [H*}, /= 1.0 M (LiClO,).
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Figure 5. The [CF,CO,"] dependence of the pseudo-first-order
rate constants, ko q, for the equilibration of aquopentaammine-
chromium(III) with trifluoroacetate at various [H*],50°C, /=

1.0 M (LiClO,).

Figure 7). Such curvature is attributable to outer-sphere

association of X~ with Cr(Nil;)sH,03. With X~ =
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107K, q(sec)

5 ! i
05
[cr] o
Figure 6. The [CI"] dependence of pseudo-first-order rate con-
stants, keq, for the equilibration of chloride with aquopenta-

amminechromium(IH} (a), and with chloropentaamminechromi-
um(III) (e) at various [H*], 50°C,/= 1.0 M (LiC10,).

20

0 Ol'_s 0
(Br] (M)

Figure 7. The [Br7] dependence of pseudo-first-order rate con-
stants, keq, for equilibration of bromide with aquopentaammine-
chromium(Il) (4) and with bromopentaamminechromium(II) (c)
at various [H*],50°C,/=1.0M (LiC10,).
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Figure 8. The dependence of £4pgq ™' on [NCS}! for the NCS~

anation of aquopentaamminechromium(Ill) at 50 °C, 7= 1.00 M
(LiClO,).

CCl3CO;, CF3CO;7, and CI, there is no compelling evidence
for deviations of forward rate constants, kg, from a first-order
dependence on {X™]. However, a general scheme, reaction 8,

Kos
Cr(NH,);H,0% + X~ === Cr(NH,),H,0%", X~ ®)

kan
Cr(NH,){H,0%%, X" == Cr(NH,) X** + H,0
aq

could be considered for all the equilibrations. The rate
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Table IX. Summary of Rate Constants for the Formation (k¢)
and (k,p,) and Aquation (k,q) of Cr(NHa)SX("")* Complexes at
50.0°C,7=1.00 M (LiClO,)

10%; 10%,,,2
-1

Ligand X~ M™tg? s 10% ¢, 871 Ref
NCS- 4,16 = 0.08 6.12+ 0.011 20.001 This work
0.55
3.3z0.15¢ 4
CC1,CO," 1.81 £ 0.02 0.51+0.01  This work’
CF,CO,"” 1.37 £ 0.04 0.50+0.02 This work
Cl- 0.69 = 0.02 1.75 £ 0.01 This work
0.53 £ 0.04b 4
Br- 3711 0.34¢ 12502 This work
I 102+ 3 This work
*NH,CH,CO,” 7.82%0.74¢ 142% 7
3.98¢
HC,0, 6.45 5.86 6
C,0,*" 29.1 6.46 6
H,0 13.7¢ 8

@ Temp 45 °C,f= 0.11 M (NaCl0,). ¥ Temp 45 °C,{=1.71M
(NaCl0,). € Computer fit of the kinetic data at 50.0 °C with an
allowance for ion-pair saturation gives ky = (6.32 £ 1.3) X 10™
M5!, Kog=(0.78 + 0.44) M, 4k, =k¢/Kog. € Extrap-
olated data. [ Data for this study further refined following T.
Ramasami and A. G. Sykes, J. Chem. Soc., Chem. Commun., 378
(1976).

constants for the equilibration, keq, are therefore given by (9).
kanKos[X']

at T ®)
1 +KoslX]

When X~ = NCS~ and CCl3COy;, the rate of aquation, kg,
makes negligible contribution to the rate constant, keq.
Therefore (9) reduces to (10). However, only in the case of

Konsd = kanKos[X1/(1 + Kog[X]) (10)

X~ = NCS™ is Kos[X™] significant compared to 1, so that a
less than first-order dependence is observed, Figure 3. The
intercept and intercept/slope ratio of a plot of (kqpsa)™! against
[NCS]! give kan and Kos, respectively, Figure 8. When Kos
<< 1, as in other cases of X-, the forward rate constant, ks,
is given by (11). When X~ = [, the rate of aquation, kaq,

ki =kanKos[X] ' (11)

predominates over the forward step in (9) and so keq ap-
proximates to kaq. The rate constants, keq, were found to be
independent of the identity of the starting complex, whether
this was Cr(NH;3)sH,03* or Cr(NH3)sX2+, with X~ = CI-
and Br~. As the kinetics of the anation with CCl3CO7™ were
monitored at the isosbestic point, 505 nm, for the process
involving the product Cr(NH3)4(H20)(0,CCCl3)2* the term
k1 in (2) does not contribute. Rate constants kr, Kan, and kaq
are listed collectively with those for other comparable ligands
in Table IX (see below).

Activation parameters for the forward rate constants, AH¢*
and ASt*, for the ClI- and NCS™ anation of Cr(NH3)sH,O3*
have been reported by Duffy and Earley# (in the absence of
Br~) and have now been obtained for the anation with X~ =
Br~ and CCI3CO; (see Table X). Activation parameters for
the aquation reactions, AHaq" and AS,q", for all six Cr-
(NH3)5X2* complexes are available in the literature. For X~
= Br~and I, AHaq" and AS,q" have been redetermined.
Discussion

The equilibrium constants for inner- and outer-sphere
associations are summarized in Table VIII. The need to
estimate Kos independently with high accuracy limits the
usefulness of Kos + KosKis. Kinetic measurements also have
been found to be useful only in cases where equilibrium
constants are large. The method involving ion-exchange
separation of equilibrated solutions appears to be the most

keq‘ = a
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Table X. Summary of Activation Parameters for the Forward
Rate Constants (k¢) for the Reactions of X~ with Cr(NH,) H,0°*

AHf*, ASf*,

Ligand X~ kcal mol™*  cal K™ mol™! Ref
NCS§- 24.4 3 4
CC1,CO,~ 2524032 22210 Thiswork
Cl- 25.6 2 4
HC,0, 26.7 9.4 6
C,0,%" 24.9 7.8 6
*NH,CH,CO,”~ 25.3:093 5629  Thiswork
H,0° 232 0 8
Br® 219+1.2 —40%3.9  Thiswork

¢ Activation parameters for water exchange. b From a least-
squares treatment (with unit weighting) of k,,K g values at each
temperature.

realistic for slow equilibrations such as those involved in this
study. Even this technique, due to lengthy procedures,
nonstoichiometric recovery of total Cr(1II) (£3%), and the
possibility of resin catalyzed processes, requires careful as-
sessment.  This same technique has been used to obtain even
smaller equilibrium constants, KosKis, than those encountered
in the Cr(NH31)sX?* series, for example, a value of 10> M™!
for X~ = I in the case of the Cr(H,0)sX?* series.20 Dif-
ficulties experienced in determining small equilibrium constants
have been discussed previously.2!-24 Equilibrium constants,
KosKis obtained by ion-exchange and kinetic methods in this
study, are, however, in good agreement (Table VIII). The rate
constants kf and kaq and the equilibrium constant (k¢/kaq =
Ki1sKos) could be obtained with sufficient accuracy (see Table
VIII) by kinetic methods, though in the case of Br~ uncer-
tainties are involved in kr due to outer-sphere complexing.
Since the ion-exchange procedures used in the separation of
Cr(NH3)sX?* involved only 4-5 h, the aquation of Cr-
(NH3)sBr?* at 0 °C (kag at 0 °C = 4.5 X 1076 s71) is alone
relevant. The inaccuracies even in this case are minimal. This
is supported by the observation that in a blank experiment
performed on Cr(NH3)sBr2*, 98% of Cr(III) could be re-
covered as Cr(NH;3)sBr2* under the conditions employed in
equilibrium constant estimations. The reproducibility of
equilibrium constants estimated by the ion-exchange method
confirms the validity of data, and errors are well within the
accuracy of the technique. -

The results obtained with X~ = NCS~ give direct kinetic
evidence for outer-sphere association in Cr(NH3)sH,O3+
anation studies. It is assumed that a mechanism involving
outer-sphere association also holds for X~ = CCl3CO7,
CF3COy, CI, and Br~ and spectrophotometric and kinetic
data are consistent with this. The outer-sphere association
constants, Kos, obtained by kinetic procedures for NCS™ at
50 °C, I = 1.00 M (LiClOy), Table VIII, compare well with
the previously reported Kos values such as 1.1 M1 at 50 °C
for Cr(NH3)sH,03+ HC,04™ ¢ and 1.0 M~! at 25 °C for
Cr(H;0)¢>*,NCS~ 25 at I = 1.0 M (NaClOy). The outer-
sphere association constants, Kos, reported by Duffy and
Earley* for Cr(NHj)sH203* from spectrophotometric
measurements are around (3 % 2) M~! for Cl- and (10 % 4)
M-! for NCS~at I = 0.16 M (NaClQy), 23.3 °C. As King
et al.26 have pointed out, it is not always possible to obtain
Kos by spectrophotometry for weak outer-sphere complexes.
This is especially true when [X] is large and spectrophoto-
metric contributions from second ion-pairing and activity
changes may also contribute. An examination of spectro-
photometric changes in the uv range for outgr-sphere asso-
ciation of X~ = CCI3CO77, CI, and Br~ with Cr(NH3)sH,O3*
indicated that when [X~] = 0.1-0.9 M, Kog values cannot be
determined accurately since spectrophotometric changes due
to the second outer-sphere association process may also be
contributing. Outer-sphere association constants of about 1.0
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M1 are to be expected for 3+,1- ions from theoretical cal-
culations at I = 0.5 M.527 The value of Kos for X~ = NCS-
obtained in the present kinetic studies is consistent with such
theoretical values. Failure to observe any form of ion-pair
saturation in the kinetic studies with X~ = CF3;CO»™, CI7, and
CCI3CO;™ requires further comment. With the first two, the
experimentally measured rate constants, keq, contain a sub-
stantial contribution from k,q, Figures 5 and 6. Hence minor
deviations in the forward rate constant, kr, may well escape
experimental detection. With X~ = CCl3CO;™, however, the
forward rate constant, ks, was measured independent of kaq
and a Kos value comparable to that obtained for NCS™ would
certainly have been detected. A significantly smaller value
of Kogs seems likely therefore for CC13CO;™ at least. Other
instances are known where from kinetic behavior smaller than
expected Kos values are apparent.?

A summary of second-order rate constants (k,,Kos) is given
in Table IX along with the previous data for Cl~ and NCS~
from ref 4. Very low limits of kan have been set up by Duffy
and Earley,* >3.3 X 10~ 57! for Cl"and =4.4 X 106 57! for
NCS- at 30 °C, possibly due to an overcorrection for ion
pairing. A plot of kaq at 45 °C against [X~] for the data
reported* does not indicate any curvature due to ion-pair
saturation either for Cl- or for NCS~. A statistical treatment
of the reported data does not yield any kinetically significant
outer-sphere association constant. Considering the temperature
and ionic strength differences, the second-order rate constant,
kanKos, 1s in satisfactory agreement with those obtained in
the present study, see Table IX.

Rate constants reported for the acetate, CH3CO;™, anation
of Cr(NH3)sH;03* may or may not correspond to the for-
mation of Cr(NH3)s(O,CCH3)2*. The spectrum reported
(and used) by the authors?? as that of Cr(NH3)s(O,CCH3)2*+
(Amex, 410 and 560 nm) differs significantly from that of an
authenticated spectrum of Cr(NH3)s(O2CCH3)?" (Amax 367
and 494 nm)2. Therefore CH3CO;~ data have not been in-
cluded in the summary of anation rate constants for various
X7 with Cr(NH;3)s;H,03*.

The data summarized in Table IX show that the second-
order rate constants kr (=kanKos) vary by only one order of
magnitude for eight ions of 1~ charge. The value for C;04%"
is understandably bigger and outside this range because Kos
is bigger for 2— charged species. Comparable kanKos values
for the anation of Cr(H,0)s3* give a spread of at least three
orders of magnitude.?® The choice of anions is limited in the
case of the pentaammine series due to interference from
subsequent reactions involving loss of ammonia. Thus in the
anation studies with SO42-, NO3~, F~, and others secondary
processes are involved, which make the determination of k¢
difficult. It has been suggested previously that the ratio of
anation (kr) rate constants for the reactions of NCS~ and Cl-
is diagnositic of the mechanism. The value for Cr(H20)¢3*
is 60 and is believed to support an associative mechanism
whereas values <10 are believed to be more in keeping with
a dissociative process.3! The value for Cr(NH;3)sH,037 is 6.

Anation reactions of Cr(NH;3)sH03* are significantly
faster than those involving Cr(H,0)¢3t. The water exchange
rate constants are also two orders of magnitude different for
the two cations, Cr(NH3)sH,03* (5.2 X 1073 57! at 25 °C)
and Cr(H,0)¢3* (4.3 X 1077 s~1 at 25 °C for one ligand).3?
These water exchange rate constants along with the differences
in acid dissociation constants, Cr(NH3)sH,03* (pK, = 5.2)33
and Cr(H,0)6** (pK. = 3.6),34 are consistent with H20 in
the ammonia ligand evironment being a better leaving group.
Similar reasoning might be invoked to explain why H>O and
not NHj is the leaving group in Cr(NH3)sH,03*,

It is possible to obtain the values of kan in those cases in
which Kos has been determined, X~ = NCS-,

T. Ramasami and A. Geoffrey Sykes
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Figure 9. Linear free-energy plot for the relationship between log
kaq and —log K1gK og for acidopentaamminechromium(III) com-
plexes at/ = 1.0 M (LiCl10,), 50 °C. Numbers in parentheses
indicate the number of equilibrium constant determinations by the
ion-exchange method.

*NH3CH,CO,~, HC,04~, C;04%. Values of k., obtained
in these four cases lie in a narrow range (5-14) X 1074 s7! at
50 °C and are comparable to the rate constant for H,O
exchange on Cr(NH3)sH2037* (kex = 13.7 X 1074 57! at 50
°C). This observation that rate constants k,, for 1—, 2—, and
zero charged reactants as well as the zwitterion are comparable
is indicative of Cr—OH; bond breaking being the dominant
factor.

Dissociative processes have been suggested previously by
Parris and Wallace3’ following their studies on the aquation
of Cr(NH3)sX2*, X~ = CI, Br, and I". Jones and Phillips3¢
have observed that in the aquation of halogenopenta-
amminechromium(IIT) complexes, the rate constants increased
in the order I~ > Br~ > CI~ indicating that the bond strength
of Cr-X is important. However, greater dependence of
aquation rate constants on the nature of the leaving group as
compared to Co(NH3)sX?* complexes has also been suggested
by other workers.37-3 The linear relationship reported by
Monacelli3® between the rate constants of aquation of the
Cr(NH3)5X2t complexes, X~ = CI~, Br~, and I, and pK, of
the strong acids HCI, HBr, and HI has been criticized for its
choice of pK, values.40:41

From the data reported herein, Tables VIII and IX, a linear
relation of log kaq against —log KosKis is observed for
complexes Cr(NH3)sX2*, X~ = NCS-, CCl;CO,~, CF;CO;,
Cl7, and Br-, Figure 9. The slope, 0.91 £ 0.05, of the line
obtained for the Cr(NH3)sX2" series is much larger than the
slope, 0.56, observed for the corresponding plot for the Cr-
(H,0)sX?* series, where the slope of these lines is believed
to be a measure of the degree of bond breaking in the transition
state.

Activation parameters, AH;" and: AS¢", for the anation rate
constants, kr, for Cr(NH3)sH>03* have been tabulated in
Table X. It is evident that a spread of activation enthalpies,
AHY*, for Cr(H20)6%" (5.5 kcal mol™!) and a narrower range
for Cr(NH;3)sH,O3* (3.5 kcal mol™!) are observed. This again
suggests a much smaller dependency on the nature of the
entering group. Activation parameters, AH,q* and ASqq", for
aquation reactions of Cr(NH3)sX2* complexes are given in
Table XI. A bigger spread of AH,q" values is apparent for
Cr(NH3)sX2* complexes again in keeping with a dissociative
process.

The results obtained in this study therefore favor a con-
siderable degree of dissociative character for substitution
reactions involving the formation and aquation of Cr-
(NH3)sX2" complexes. It is difficult to reconcile the kinetic
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Table XI. Summary of Activation Parameters for the Aquation
Reactions of Cr(NH,)X** Complexes

AH 4%, ASyq*,
Ligand X~ kcal mol™! cal K! mol™! Ref
NCS- 24.3 -8 1
CC1,CO," 21.5 ~-11.3 2
CF,CO," 20.2 -13.9¢ 3
Cl- 20.7 -11 4
Br~ 20.9 £ 0.26 ~-72+0.8 This work
I 18.3+ 0.19 -~10.8 £ 0.63 This work

¢ Recalculated value from the data presented in ref 3.

data obtained with the J, mechanism previously proposed on
the basis of AV* for the water exchange of Cr(NHj3)sH,03+
8 and other aquation reactions of Cr(NH3)sX2+ complexes,
X~ = CI, Br, I, and NCS—.42

The assignment of a dissociative process such as Iy for
Cr(NH3)sH,03* reactions whereas an associative process is
favored for Cr(H0)¢>* lends support to the hypothesis that
a metal may not be associated with a single type of mechanism
in all ligand environments. With Co(III), it is now established
that Co(NH;3)sH>03* and Co(CN)sH,02- undergo /4 and
D substitutions respectively.4>4> The comparisons with
Co(H20)6* may not be strictly valid, because the spin state
of Co(III) in Co(H20)63* is not very certain. Rate constants
for the anation of Co(H20)¢>* with NCS~ (86.5 M1 s71)46
and ClI~ (2.0 M1 s71)47 differ by a factor 243 suggesting
some associative character3! in keeping with other tripositive
hexaaquo metal ions, e.g., Ti(III), V(III), and Mo(I1I).31:48:49
Although a dissociative mechanism might at one time have
been envisaged for all Co(III) substitutions, it is now clear that
the ligand environment plays an important role.

The general features of the present study indicate that
Cr(H;0)63* and Cr(NH3)sH,03* differ in substitution
properties. Considering the bonds Cr—-NH3 and Cr-OHp, it
might be expected that since oxygen is more electronegative
than nitrogen the donation of electron density to the metal will
be more favorable in the Cr(III)-NH3 bond as compared to
the Cr(IIT)-OH; bond. As no 7 back-bonding is possible in
the two cases, the net electron density on Cr(III) might be
expected to be higher in the case of pentaammine environments
than in the case of pentaaquo environments. This is likely to
reduce the susceptibility to an associative attack and will tend
to- favor dissociative processes. Langford and Sastri’® from
the correlations drawn by Hunt and co-workers®! on water
exchange of Ni(II)-ammine complexes, have estimated that
five NH3 groups would be expected to labilize one water ligand
by a factor of 103 as compared to an environment of five H,O
ligands. It is not surprising therefore that for such drastic
labilizing effects a change of mechanism is sometimes ob-
served.
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