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Water exchange of cis- and trans-tetraamminedi-
aqua-, of fac-triamminetriaqua- and of trans-diam-
minetetraaquachromium(III) in a 1 M perchlorate
medium has been investigated. Rate constants at
25 °C for the exchange of one water ligand and
activation energies are:

cis-[Cr(NH3),(OH 2)21“

(592+0.13)x 107 5s"!  951+4+1.9kJmol™?;
trans-[Cr(NH 3)4(0H2)2]3+ :
(1.174£0.03)x 1073s~ !, 98.5+2.1 kI mol™*;
Jac TCHNH ) (OH) T

(5.7840.09)x 10~ 5 s~ 1, 95 1+1.3kJmol™1;
trans-[ Cr(NH ) (OH )]t

(0.997+0.013)x 1075571, 970+1 1kJmol ™.

The rate constants correlate well with data for
aquation of ammine- and halogenidochromium(III)
complexes, and for a fixed set of non-reacting ligands
the following relative aquation rates have been
estimated for five series of complexes:

17(17):1.5(Br7):1(OH,) : 1/11(C17) : 1/280
(NCS™) :1/1400 (NH,,).

The kinetics of configurational changes of chro-
mium(III) complexes have not been widely in-
vestigated. Recently we presented some indirect
evidence in favour of the importance of water
exchange for the occurrence of trans to cis isomeriza-
tion of the chloride ligands in ammineaquadichlori-
dochromium(III) complexes.! More direct evidence
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will have to come from quantitative data for water
exchange and in the present work results for cis-
and trans-tetraamminediaqua-, fac-triamminetri-
aqua- and trans-diamminetetraaquachromium(I1I)
are reported. When combined with literature data
for pentaammineaqua-2 and hexaaquachromium-
(II)3 this completes the series of ammineaqua-
chromium(III) ions with equivalently coordinated
water ligands.

EXPERIMENTAL

Chemtcals [Cr(NH,)sBr]Br,,* c:s-[Cr(NH ):CL
CLH,0,’ trans-[Cr(NH, 4Br2]Br H,0.° and trans-
[Cr(NH;),(OH,),C1,]C17 were prepared by litera-
ture methods. Fac-[Cr(NH;);Cl;] was obtained
from Dr. P. Andersen.® Ag(tos)* was prepared by
the addition of p-toluenesulfonic acid to an aqueous
solution of AgNO,. The precipitate thus obtained
was recrystallized twice from water, and dried in
vacuum over solid NaOH. H, 30 (I.P. ~99 %) was
obtained from ‘Alfa products’. The source of other
chemicals has been described earlier.®

Preparation of oxygen-18 enriched aquachro-
mium( 111 ) complexes. 0.6 mmol of [Cr(NH3)SBqBr2
was treated with 1.9 mmol Ag(tos) in 1.0 ml H,
for 15 min at 30 °C. The reaction mixture was then
frozen and excess H,'%0 removed by sublimation
in vacuum. The remaining solid, which is a
mixture of chromium(IIl) complexes, AgBr and

* tos = p-toluenesulfonate = p-CH,C¢H,SO; .
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unreacted excess Ag(tos), was treated with 0.01 M
HCIO, and excess Ag* precipitated by addition
of a concentrated solution of NaBr. AgBr was
filtered off and the filtrate was charged onto a
10 cm x 2 cm column of Sephadex SP-C-25. Elution
with 0.35 M NaClO,, pH ~2, removed halogenido-
and p-toluenesulfonate complexes, after which the
oxygen-18 enriched pentaammineaquachromium-
(III) ion was eluted with 1.0 M NaClO,, pH ~2.
The eluate, about 25 ml, was diluted with the
appropriate amount of 1.0 M (Na,H)CIO, and
immediately used for the kinetic experiments.

cis- and trans-[Cr(NH3),(OH,),]**, fac-[Cr-
(NH,),(OH,),]** and trans-[Cr(NH ),(OH,),]**
were prepared analogously from cis-[ Cr(NH),Cl, }
CLH,0, trans-[Cr(NH,),Br,]Br.H,0, fac-[Cr-
(NH,),Cl;] and trans-[Cr(NH;),(OH,),Cl,]Cl, re-
spectively. In all cases, an amount of complex which,
when dried at 100 °C, contained 0.6 mmol of co-
ordinated halogenide ions was employed. All manip-
ulations of oxygen-18 enriched complexes, includ-
ing the ion exchange separations were carried out
in the dark and at temperatures below 5 °C in order
to minimize water exchange prior to the kinetic
runs. The ammineaqua complexes thus prepared
had spectral characteristics in complete agreement
with those of ammineaquachromium(IIT) complexes
prepared and purified by other methods.® !

Kinetic measurements. Solutions prepared as
described above were protected from light and
placed in a thermostatted water bath maintained at
the desired reaction temperature with an accuracy

of +£0.05 °C. 10 ml samples were withdrawn at
suitable time intervals and rapidly frozen. They
were next sublimed in vacuum to yield about 8 mi
of slightly acid water, pH ~ 5, which was used for
the mass spectrometric '80/!'®O ratio determina-
tions. The residue from the sublimation was diluted
to 10 ml with water and checked spectrophoto-
metrically to see that loss of coordinated ammonia
had not occurred.

Methods of analyses® and spectrophotometric
measurements ' have been described earlier.

Mass spectrometric measurements. The mass spec-
trometric measurements of the '20/!°0O ratios,
Rympre» were performed relative to V-SMOW
(Vienna Standard Mean Ocean Water)'? at the
Geophysical Isotope Laboratory at the University
of Copenhagen. The results are given as d-values,
defined according to:

o= (Rsample = Ry_smow)/Rv-smow

and the absolute '30/!°0 ratio of V-SMOW:
Ry-smow- has been found to have the value (2005.20+
0.45)x 1075.'3 Experimentally the &-values are
measured most accurately when close to 0. In the
present investigation they were limited to the
range from —15 °/,.to +30 °/,.. At 0°C p(H,'¢0)/
p(H,'80) ~1.018 and it is, therefore, important
that all sublimations to yield the samples for the
mass spectrometric measurements are carried out
reproducibly. The major source of uncertainty was
found to arise from small differences in the amount
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Fig. 1. Reaction kinetic experiments for water exchange in fac-triamminetriaquachromium(IIl). The
experimental points, O, have been corrected for differences in the amount of sublimed water; cf. eqn. (1).
The solid curves have been calculated from the rate parameters of Table 2.
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of sublimed water and an empirical correction to
the measured d6-values, d..,, as function of the
volume of sublimed water, v, had to be used. The
correction was obtained from data for about 100
samples, and could be expressed as:

500" ~

[1. 22+182(exp( 1.56(8.75-0))— 1)] /e 1

valid for 7 mlSv<9 ml of sublimed water.

Method of calculation. The corrected d-values,
Ocorri» as function of time, ¢, were approximated by
a curve calculated from the expression:

0, = 0,+ 0 [exp(—kt)—1]

(¢f. the Appendix) with the three parameters: J,, .
and k estimated by minimization of:

Z {5corr,t - 5!}2/02(6corr,l)

t

by non-linear regression analysis. 6%(Jcr,,) is the
variance of d.,,,,. Some examples of the agreement
between calculated curves and the experimental
data are shown in Fig. 1. The further calculations
to yield activation parameters were carried out
essentially as described earlier.!2

RESULTS AND DISCUSSION

Oxygen-18 enriched ammineaquachromium(I1I)
complexes are most conveniently prepared by

Table 1. Comparison with literature values of some
rate constants for water exchange.

[Cr(OH ,),]**; 398, °C

105 (s~ 1) 206+0.11 2.1140.11
[Cr(IID)] (mM) 1.65 ~95

H*](M) 0.50 ~0.10
[Na®](M) 0.50 —
ECIO4 M) 1.00 ~0.40

80/1 60
monitored in OH, [Ci{OH,)s PO,
Ref. Thiswork 3
[Co(NH,)sOH,]**; 25.1,°C

10%k (s~ 1) 54+03 59
[Co(III ] (mM) 2.49 100

(M) 0.50 0.006—0.010

[Na T1m) 0.50 -
gClO(] (M) 1.00 0.31

80/160
monitored in OH, [Co(NH3)sOH,]Br;
Ref. This work 14
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Table 2. Rate constants for water exchange in am-
mineaquachromium(III) complexes.

Temp. [H*] [Cr(II)] !*O/O8 10°k®
[«c] M1 [mM] [%] [s7]

[Cr(NH;)5(OH,)]**

157, 0.51 3.28 88 1.55 +0.09
256, 051 313 87 6.23 +0.06
348, 051 3.58 88 21.8 +04
cis-[Cr(NH3),(OH,),]**

153 051 3.23 50 1.62 +0.07
256, 051 2.06 49 60 +03
3525 050 2.11 50 229 +1.3
36.1, 051 246 49 24 +3
trans-[Cr(NH,;),(OH,),]3*

150, 0.52 1.60 50 0.316+0.019
199, 0.52 1.86 48 0.63 +0.02
30.1, 051 2.08 52 231 +£0.07
30.3, 022 1.87 51 217 +£0.04
40.5, 0.52 2.11 55 9.13 +0.17
fac-[Cr(NH;)5(OH,),]**

149, 0.52 1.39 80 149 +0.04
2515 0.52 1.44 81 569 +0.12
353, 053 1.45 86 21.6 +03
trans-[ Cr(NH;),(OH,),]3*

15.15 0.51 1.57 49 0.25240.005
249, 052 1.03 56 1.00 +0.04
351, 050 1.12 46 370 +0.08

“ See appendix.

aquation of halogenido complexes in oxygen-18
enriched water. Direct aquation is difficult to carry
out without some loss of coordinated ammonia,
but both silver(l) and mercury(II) may conveniently
be used to accelerate the loss of both chloride and
bromide ligands. To limit isotopic dilution of the
oxygen-18 enriched water it is necessary to work with
non-hydrated reactants and, to maximize the yield
of aqua complex, it is necessary to have salts of
an only weakly coordinating anion. Several salts of
both silver(I) and mercury(1l) were tested and it was
found that, of these, silver(I) tosylate was the best for
the present purpose as it is readily prepared without
water of crystallization and only minor amounts
of tosylate complexes are formed in the concentrated
solutions used for the preparative work. Also these
complexes are robust enough to be separated from
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the aquacomplexes by the ion exchange chromato-
graphic procedure used to purify the aqua com-
plexes.

The oxygen-18 labelled complexes were prepared
from oxygen-18 labelled water which initially had
an isotopic purity of about 99 9. After purification
the isotopic oxygen-18 purity of the aqua complexes
is somewhat lower, but approximately constant for
individual complexes. This is shown in Table 2
where the isotopic purity is seen to be: ~90 % for
the pentaammine-, ~ 50 % for both the cis- and the
trans-tetraammine- and ~85 9, for the fac-triam-
mine complex. The cis- and trans-tetraammine-
dihalogenidochromium(I1I) starting materials may
contain some aquahalogenido complex and this
can also be formed during the heating of the
complexes to remove water of crystallization. The
pentaammineaqua- and the fac-triamminetriaqua-
chromium(III) are, however, prepared from non-
hydrated starting materials. At 5 °C the half life
for water exchange in all the ammineaquachro-
mium(I1T) complexes is greater than 30 h. Prepara-
tion of the reactant solutions usually took about
2—3 h and the lowering of the isotopic purity of the
generated ammineaquachromium(ITI) complexes
compared to that of the reactant water can, there-
fore, most likely be attributed to the kinetic »ig-
nificance of deprotonated complexes at pH ~ 2 the
condition under which most manipulations, includ-
ing the ion exchange separation, were carried out;
¢f. Ref. 16. trans-Diamminetetraaquachromium(I1I)
is generated from a complex ion which already
contains two water ligands of normal isotopic
distribution. This ion is seen to have an isotopic
purity of about 50 % and, therefore, in this case
some equilibration between solvent and coordinated
water must have taken place during the preparation.

Slow water exchange reactions of metal complexes

[ T |
100 _
00 \i Water exchange of
[Cr (NH5)5 OH,1%*
20 -
0
0\
5 . —
™ o This work
e o Ref2
™ o Ref15 p~0IM 7
® Ref 15 p~17M
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Fig. 2. Comparison with literature data of the rate
of water exchange in pentaammineaquachromium-
(IIT). The experimental points have been drawn
with a vertical extent corresponding to +1x the
estimated standard deviations. The solid line is the
basis for the parameters of Table 3.

are usually studied by oxygen-18 labelling and mass
spectrometric monitoring of the 0/!80 ratio in
the complex or solvent after separation, usually by
precipitation of the complex. For the ammineaqua-
chromium(III) complexes this approach is, however,
not generally applicable and it was, therefore, neces-
sary to modify etablished methods. This included
the use of complexes, highly labelled in oxygen-18,

Table 3. Kinetic parameters for water exchange in ammineaquachromium(III) complexes.

Complex 105k%(25 °C) AH* AS**
[s71] [kJ mol~'] [IK 'mol 1]

[Cr(NH,)5(OH,)]**® 5.75 +0.06 99.14+14 +7 +5
cis-[Ct(NH,),(OH,),]** 592 10.13 951419 -7 %6
trans-[Ct(NH3),(OH,),]** 117 +0.03 98.5%2.1 —9 ¥7
fac-[Cr{NH,),(OH,),]** 578 +0.09 95.1%+1.3 7 %5
trans-[Ct(NH,),(OH,),]** 099740013 97.0%1.1 ~15%4
f(OH,)s]** ¢ 0.2461+0.012 109.6 +1.3 +16+5

“See appendix. ® Ref. 2 and this work (see Fig. 2).  Ref. 3.
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Fig. 3. Linear free energy relationships for five
series of chromium(III) complexes. The straight
lines have been drawn with a slope of 1 in accord
with eqn. (3). The data are from Table 3 in this
work and Refs. 2, 3, 10 and 17-25.

in combination with high precision mass-spec-
trometry. Ordinary water contains about 0.20 %,
of H,'80 which is equivalent to a 111 mM solution.
Changes of a few per cent of this value can be
accurately measured, and this corresponds to
changes in H,'®0 at the millimolar level; cf.
Table 1. Fig. 1 shows some examples of kinetic
runs, and in Table 1 and Fig. 2 are given com-
parisons of results obtained using this modified
technique and earlier literature data for hexaaqua-
chromium(IIl), pentaammineaquachromium(III)
and -cobalt(III), all of which were studied by moni-
toring the oxygen-18 content in the complex ion
isolated by precipitation.

In Table 2 are shown data for water exchange of
cis- and trans-tetraamminediaqua-, fac-triammine-
triaqua- and trans-diamminetetraaquachromium-
(IIT) in a 1 M perchlorate medium, and in Table 2
these data have been collected to give activation
parameters for the reactions. The rate of water ex-
change of trans-tetraaminediaquachromium(III) is
seen to be independent of the hydrogen ion con-
centration, and literature data in combination with
the present data show that this is also the case for
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pentaammineaqua-2'® and hexaaquachromium-

(I11)3 at such high acidities as employed in this work.
cis-Tetraamminediaqua-, fac-triamminetriaqua- and
trans-diamminetetraaquachromium(III) have not
been investigated at different hydrogen ion concen-
trations but comparisons with the chromium(III)
complexes cited above, which contain examples of
water exchange trans to both ammonia and water,
make it very likely that the measured rate con-
stants should be attributed to an acid independent
reaction.

Fig. 3 is a comparison of the results for a number
of reactions of the type:

CrLX+OH, - CrL,OH, +X %)

(“CrLs” = “Cr(NH;)5”, “cis-Cr(NH;)4(OH,)”,
“trans-Cr(NH,),OH,”, “fac-Cr(NH3);(OH,),” and
“Cr(OH,)s”; X=1", Br™, C17, NCS~, OH, and
NH;). The present data for X=0OH, are in good
agreement with those predicted on the basis of linear
free energy relationships. The data exhibited on the
figures accord with the division of AG* for process
(2) into two terms, depending on the non-reacting
ligands and the leaving ligand, respectively:

AG* ~AG*(CrLy)+AG% A3)

A summary of the data obtained using this equation
is given in Table 4.

Fig. 3 clearly demonstrates the larger kinetic
trans effect of coordinated ammonia compared to
coordinated water and a further discussion of this
and also of the significantly smaller kinetic cis
effect of these two ligands will be given by us in
combination with the presentation of results for
those ammineaquachromium(III) complex ions

Table 4. Single ligand reactivity parameters, AG%, at
25 °C, for aquation of chromium(III) complexes,
¢f. eqn. (3) and Fig. 3, and the corresponding rate
constant ratios.

X AG—AGYy, kex/kons,
[k mol~1]

I- -7 17

Br~ -1 L5

OH, 0 1

oh +6 111

NCS~ +14 1/280

NH, +18 1/1400
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which contain non-equivalently coordinated water
ligands, i.e. mer-triamminetriaqua- cis-diammine-
tetraaqua- and amminepentaaquachromium(I1I).
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APPENDIX

In the discussion of the relative magnitude of rate
constants, it is customary to apply statistical correc-
tions when the reactivity of two or more equivalently
coordinated ligands have been measured. The
reaction scheme for substitution of two equivalently
coordinated ligands by first order processes:

allows, in principle, the estimation of two rate
constants as all the concentration vs. time relation-
ships can be expressed as linear combinations of
three exponential functions: exp(—2k't), exp(—k"t)
and exp(0-¢). This is, of course, well-known and the
basis for the statistical correction with a factor 2 to
kaps=2k'.

For an exchange process L=L* and therefore
k'=k". For this type of process it is usually only
possible to follow the concentration of label in
either the solvent: [L*], or the complex: {2[L*ML*]
+[LML*]}, and neither of these concentrations
contains any information about exp(—2k’t), as can
be seen from a simple calculation, viz.:

[L*], = [L*],+ (2[L*ML*], +
[LML*],} {1 —exp(—k"1);

and analogously for 2[L¥*ML*]+[LML*].
Observed rate constants from this type of measure-

ment should therefore not be corrected statistically.

This has not always been realized in the literature.
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