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The trans—cis isomerization of trans-Cr(C,0,),(H;0),™ and the corresponding hydroxy complexes has been studied at 15, 25, and
35°Cin 0.010 M buffers between pH 3.0 and 11.5 and at u = 1.00 M (NaClO,). The first-order rate constants at 25.0 °C for
the isomerization of trans-Cr(C,0,),(H,0),7, trans-Cr(C,0,),(OH)H,0%, and trans-Cr(C,0,),(OH),* are (4.89 + 0.45) X 107,
(3.93 £ 0.27) X 1073, and (7.70 + 0.38) X 107257, respectively. The values of AH* respectively are 18.1 £ 0.1, 20.3 + 0.6, and
20.4 £ 0.7 kcal/mol. The values of AS* are -12.8 £ 0.4, -1.3 £ 2.0, and +4.7 £ 2.5 cal/(deg mol), respectively. The values
of the acid dissociation constants, 'K, and 'K,,, of the trans isomer are (1.08 £ 0.24) X 107 and (2.28 & 0.34) X 1071 M at 25
°C. The relative values of the activation parameters can be interpreted to imply that the hydroxide ligand stabilizes the ground-state
complex and allows for a more expanded activation complex for the isomerization.

Introduction

The alteration of the reactivity of metal ions, including that
of Cr(III), as a function of the coordinated ligands has long been
of interest in this laboratory.'™ The labilization of Cr(IIT) when
coordinated to a hydroxide ion,>® a porphyrin,'’# an alkyl group,’
a sulfite ion,'? a nitrate ion,!? a nitrite ion,'° an acetate ion,'? a
carbonate ion,'® and some hexadentate ions'! is documented.

The labilization of the Cr(III) ion has added significance in
view of the report of the presence of Cr(III) in the glucose tol-
erance factor obtained from brewer’s yeast.'? If indeed an aquo
Cr(I1I) species is present, the environment in which it is most likely
to exist would be such that the Cr(III) species would exist as a
hydroxy species. The reactivity of the species would be greatly
altered from that in acidic solution if it were to behave as the
reported Cr(III) compounds.

This labilization by the hydroxide ligand had been studied
earlier in the aquation of cis-Cr(C,0,),(N;)H,0% and trans-
Cr(C,0,);(CH;CO,)H,0*.413 It was decided additionally to
investigate in basic solutions some previously studied systems. The
trans—cis isomerization of trans-Cr(C,0,),(H,0),” was chosen
as a first reaction for study. The isomerization of trans-Cr-
(C,0,),(OH)H,0% and trans-Cr(C,0,),(OH),* has been studied
previously.!* However, preliminary experiments demonstrated
that the method used in this previous study of adding 1.1 and 2.8
equiv of sodium hydroxide to a solution of trans-Cr(C,0,),(H,0),
and then observing the kinetics of the isomerization reaction would
give erroneous kinetic results. This is a report of the detailed
investigation of the kinetics of the isomerization of trans-Cr-
(C,0,4),(OH)H,0? and trans-Cr(C,0,),(OH),*.

Experimental Section

All chemicals used were of analytical or primary standard grade,
depending upon the need. The Na[trans-Cr(C,0,),(H,0),]:3H,0 was
prepared by the method described by Werner.'* Sodium perchlorate was

(1) Ashley, K. R.; Leipoldt, J. G.; Joshi, V. K. Inorg. Chem. 1980, 19, 1608
and references therein.
(2) Ashley, K. R,; Shyu, Shaw-Bey; Leipoldt, J. G. Inorg. Chem. 1980, /9,
1613 and references therein.
(3) Ashley, K. R.: Leipoldt, J. G. Inorg. Chem. 1981, 20, 2326 and refer-
ences therein.
(4) Ashley, K. R.; Chen, L. C. Inorg. Nucl. Chem. 1975, 73, 1054,
(5) Espenson, J. H. Inorg. Chem. 1969, 8, 1554.
(6) Thusius, D. /norg. Chem. 1971, 10, 1106.
(7) Leipoldt, J. G.; Basson, S. S.; Rabie, D. R. J. Inorg. Nucl. Chem. 1981,
43, 3239,
(8) Leipoldt, J. G.; Basson, S. S.; Lamprecht, G. J.; Rabie, D. R. Inorg.
Chim. Acta 1981, 51, 67 and references therein.
(9) Bushey, W. R.; Espenson, J. H. Inorg. Chem. 1977, 16, 2772 and
references therein.
(10) Mitchel, M. L.; Montag, T.; Espenson, J. H.; King, E. L. Inorg. Chem.
1975, 717, 2862 and references therein.
(11) Ogino, H. O.; Masuko, A.; Ito, S.; Miura, N.; Shimukra, M. Inorg.
Chem. 1986, 25, 708 and references therein.
(12) Purser, G. H.; King, E. L. Inorg. Chem. 1987, 26, 392 and references
therein.
(13) Casula, M.; [lluminati, G.; Ortaggi, G. Inorg. Chem. 1972, 11, 1062.
(14) Werner, A, Justus Liebigs Ann. Chem. 1914, 406, 299.
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prepared from Na,CO; and HClO,. The buffers used were sodium
acetate (pH 3.5-6.5), 2,6-dimethylpyridine (pH 5.8-7.6), boric acid (pH
7.2-9.6), and sodium dihydrogen phosphate (pH 10.5-11.5).

The kinetic runs were performed by using a Beckman DU equipped
with upgraded electronics and interfaced to an Apple II+ via an Inter-
active Microwave, Inc,, fast A to D data acquisition system. The cell
compartment was fitted with a block through which water at the desired
temperature was circulated. The kinetic runs were made in one of two
ways, depending upon the rate of the reaction. In those reactions that
took longer than 700 s to complete, conventional mixing techniques were
used. A solution containing 0.01 M of the desired buffer, the required
amount of HCIO; or NaOH to give the desired pH, and the proper
amount of NaClO,, such that u = 1.00 M, was thermostated at the
desired temperature. Then, solid Na[trans-Cr(C,0,),(H,0),}-3H,0 was
added (0.010 M) and dissolved. The thermostated cuvette then was filled
and placed in the spectrophotometer. The absorbance~time (4-?) data
at 416 nm were collected, the In (4 = A.) vs. 1 plots were made, and the
pseudo-first-order rate constants were determined. The plots were linear
for at least 4 half-lives. When the time for completion of the reaction
was less than 700 s, a Hi-Tech manual stopped-flow mixing device was
used. This device allowed the unmixed solutions to be thermostated at
the desired temperature. In these cases, two solutions were prepared: one
a solution of 1.00 M NaClO, at pH 4 and the other a solution of the
buffer (0.020 M) adjusted to the desired pH with NaOH or HCIO, with
u = 1.00 M (NaClO,). These solutions were both thermostated at the
desired temperature. Then, Na[trans-Cr(C,0),(H,0),]-3H,0 (0.020
M) was dissolved in the NaClO, solution. Both solutions were loaded
into the syringes of the mixing device and the runs made. The data were
collected and treated as before. The pH of the solution was measured
within 30 s of mixing and found to be constant during the time of the
reaction.

Results and Conclusions

The isomerization reactions were pseudo first order in the trans
isomer. The pseudo-first-order rate constants, kg, Were de-
pendent upon the pH in a complex manner. Figure I is a plot
of the pk,uq—pH data at 25 °C. Similar plots were obtained at
15and 35 °C. At 15, 25, and 35 °C the number of different pH
values studied was 41, 41, and 57, respectively.

The shape of these plots is reminiscent of a pH titration curve
of a weak diprotic acid. Hence, the following scheme is proposed
to explain the data:

trans - Cr(Ca0a)Ha0VZ™ = cis - CriCa04)y(H20)g™

t

Kay -H‘Hm* -H*Hm* ®Kay

trans - Cr(Ca0gp(OHIH02" L2o /s - Cr(C04)2(OHIH202"
Y42

'Kag -H"’H+H"’ —H"”m* Ka,
- K -
trans=-Cr(CaOa2(0H) 2~ == cis- CriCa04)2(0H®

The pseudo-first-order rate constant for this scheme can be
expressed as eq 1. The constants are defined in the above scheme.

ki[H*]? + k'K, [H*] + k'K, 'K,

kobsd = (1)
[H*]? + 'K, [H*] + 'K, 'K,,
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Table I. Acid Dissociation Constants, First-Order Rate Constants, and Activation Parameters for Trans—Cis Isomerization of

trans-Cr(C,0,),(H,0),” and the Hydroxy species

T, °C * .
AH*, AS*,
15 25 35 kcal/mol cal/(deg mol)
ky, st (1.65 £0.29) x 10* (4.89 + 0.45) x 10™ (1.38 £ 0.10) x 1073 18.1 £ 0.1 -128 £ 04
ky, 57! (1.22 + 0.83) x 1073 (3.93 £0.27) x 1073 (1.31 £0.13) x 1072 203 £ 0.6 -13+ 2.0
ks, 57! (2.09 + 0.83) x 1072 (7.70 £ 0.38) x 1072 (2.26 £ 0.15) x 107! 204 £ 0.7 +47£25
‘K,l, M (1.00 £ 0.56) x 107 (1.08 £ 0.24) X 10 (8.43 £ 1.98) x 1077
Koy (3.33 £ 2.56) x 10°1° (2.28 £ 0.34) x 10710 (4.60 £ 0.60) x 10710
00 T T " T ' T T T ! Table II. Selected Acid Dissociation Constants at 25 °C
complex pK,, Pk, ref
¢is-Cr(C,04),(H,0),” 7.1 9.3 a
&° trans-Cr(C,0,),(H,0),” 597 9.64 b
10F . cis-Cr(H,NC,H,NH,),(H,0),** 480 7.0 c
trans-Cr(H,NC,H,NH,),(H,0),** 4.08 1.5 ¢
= cis-Cr(NH;)4(H,0),** 5.1 7.4 d
3 trans-Cr(NH,),(H,0),** 4.2 d
Q
20} y 4 9Harris, G. M.; Klem, H. Inorg. Chem. 1967, 6, 706. ®This work.
‘Woldbye, F. Acta Chem. Scand. 1958, 12, 1079. <¢Bjerrum, J.;
Schwarzenbach, G.; Sillen, L. G. Stability Constants of Metal-Ion
e Complexes; Special Publication No. 7, Vol. II; Chemical Society:
London, 1958; p 8.
30} A 9
entropy of activation. This line of reasoning would imply that
L 3 % P y—t et B in the trans-Cr(C,04),(H,0), isomer the isomerization is oc-

pH

Figure 1. Plot of pK4 vs pH of the trans—cis isomerization of trans-
Cr(C,0,),(H,0),” at 25 °C and u = 1.00 M.

The kqeq—PH data at each temperature were fit to eq 1 by using
a nonlinear least-squares program.'> Table I gives the results
of these calculations. All uncertainties in Table I and elsewhere
are one standard deviation. The solid line in Figure 1 represents
the least-squares fit of the data. The activation parameters were
calculated with the same program, and the results also are in Table
I. The calculations were made with a weighting of (1/kguq)? or
(1/k)2

The values of pK, are reported in Table II. There is a dearth
of similar data to which comparisons can be made, but several
observations are possible. The values of pK,, for the negatively
charged complexes are about 2 larger than for the positively
charged complexes. The direction of the change is what is expected
from a simple charge consideration. The values of pK,, for the
trans isomers are about 1 smaller than those for the cis isomers
whereas pK,, is about 0.3 larger. This would suggest that the
negative charge is more stabilized in the trans isomer than in the
cis isomer. This could result from better solvation of the trans
species since it is more polar. This line of reasoning could explain
the values of pK,, for the cis and trans isomers since the cis isomer
now is the more polar species.

From the data in Table I, it is clear that there has been a
labilization of the isomerization of the trans isomer. At 25 °C,
there are an 8- and a 20-fold increase in the rate constant in the
isomerization reaction in going from frans-Cr(C,0,),(H,0), to
trans-Cr(C,0,),(OH)H,0? to trans-Cr(C,0,),(OH),*". This
labilization is due to a positive increase of 11.5 and 6.0 cal/(deg
mol), respectively, in the value of AS*. The value of AH* increases
by about 2 kcal/mol. These changes can be rationalized in several
different ways. One of the ways is as follows. The formation of
the hydroxy ligand results in an increase in the oxygen—~chromium
bond strength and thus in a stabilization of the ground state of
the trans isomer. This also allows extra electron density to be
given to the chromium when the oxalate oxygen—chromium bond
is either stretched or broken in the activated complex. This allowed
“loosening” of the oxalate oxygen—chromium bond results in a
more expanded activated complex and hence in a more positive

(15) Moore, R. H. Report No. LA 2367 and Addenda, Los Alamos Scientific
Laboratory: Los Alamos, NM, March 4, 1960, and Jan 14, 1963
(modified by N. Roberts, East Texas State University).

curring via a twist mechanism and that it becomes more disso-
ciative in character in the hydroxyaquo and the dihydroxy iso-
mers.!® This idea of a twist mechanism is consistent with the
observation that no oxygen or oxalate exchange occurs in slightly
acidic solutions in 8 days.!”!?

The supposition that the hydroxy oxygen—chromium bond
strength is increased, or at least made more kinetically inert, is
supported by the observation that in two different labile chromium
porphyrin complexes the ligation of the dihydroxy complexes has
not been observed.!”’

These results and conclusions are at odds with the previously
reported ones.!> One can see from Figure 1 that it would be
impossible to measure accurately the isomerization of only
trans-Cr(C,0,),(OH)H,0% by adding 1.1 equiv of NaOH. Also,
it was noted that, above a pH of about 12, a second, consecutive
reaction occurred and then precipitation began. This second
reaction was indeed slower than the isomerization, but it did begin
within 100 s of the completion of the isomerization reaction. This
is probably dimerization of cis-Cr(C,0,),(OH),*."?

The isomerization of trans-Cr(C;H,0,4),(H,0), has been re-
ported to occur with values of AH* and AS* of +30.5 + 0.8
kcal/mol and +17.8 £ 2.5 cal/(deg mol), respectively.? These
values, when compared to the values for isomerization of trans-
Cr(C,0,),(H,0),, were taken to imply that the isomerization
of trans-Cr(C;H,0,),(H,0),” occurred with substaatial length-
ening or cleavage of the malonate oxygen—chromium bond. No
kinetic results at higher pH values were reported.

The present study clearly shows that the hydroxy ligand labilizes
the isomerization of trans-Cr(C,0,4),(H,0),” and that the source
of this effect is a substantial increase in AS*. However, upon
examination of other examples of labilization by the hydroxy
ligand, it is found that the values of the activation parameters do
not vary in any systematic manner. Clearly, the systems are more
complicated than first supposed.

Superficially, it would appear that there is no comparison
between the mechanisms of ligation and isomerization. However,
both reactions require the lengthening or possible breaking of a
bond. Hence, there are similarities.

(16) Langford, C. H.; Gray, H. B. Ligand Substitution Processes, Benjamin:
New York, 1965.

(17) Aggett, J.; Mawston, J.; Odell, A. L.; Smith, B. E. J. Chem. Soc. A
1968, 1413.

(18) Krishnamurthy, K:; Harris, G. M. J. Phys. Chem. 1960, 64, 346.

(19). Grant, D. M.; Hamm, R. E. J. Am. Chem. Soc. 1956, 78, 3006.

(20) Ashley, K. R,; Lane, K. Tnorg. Chem. 1970, 9, 1795.
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The aquation of ¢is-Cr(C,0,),(N3)(OH)?" is 2.3 X 10* times
faster than that of the corresponding cis-Cr(C,0,),(N1)(H,0)*
at 25 °C.* This is a result of an increase in AS* from —18.1 to
+24.6 cal/(deg mol) and in AH* from +18.4 to +26.2 kcal/mol.
These activation parameters imply that the mechanism changed
from associative activation to dissociative activation for the
aquation reaction.

This contrasts the results for the aquation of trans-Cr-
(C,0,),(CH,COO)H,0% and for that of the corresponding hy-
droxy complex.!? In this system, there is a 60-fold increase in
the rate constant. The value of AH* changes from +16.3 to +8.4
keal/mol and that of AS* from —18.8 to —38.8 cal/(deg mol). This
difference in the direction of change of the values of the activation
parameters is very hard to rationalize. It might be that the
CH,COO" ligand is involved in extensive hydrogen bonding in
the activated complex.

The labilization of ligation of Cr(H,0)s(OH)?** compared to
that of Cr(H,0),** is documented.>® It was concluded that the
ligation reactions of Cr(H,0)s(OH)?** were more dissociative than
those of Cr(H,0)¢** and that the coordinated hydroxide stabilized
the transition state.

In the aquation reaction of Cr(H,0)sX"*, where X is CI-,%!
Br-, 2 [,2! N;~,2 NO;~, 2 SO,%,% and a-hydroxyalkyl,? there is

(21) Swaddle, T. W.; King, E. L. Inorg. Chem. 19685, 4, 532.

(22) Guthrie, F. A.; King, E. L. Inorg. Chem. 1964, 3, 916.

(23) Swaddle, T. W.; King, E. L. Inorg. Chem. 1964, 3, 234,

(24) Swaddle, T. W. J. Am. Chem. Soc. 1967, 89, 4338. Ardon, M.; Sutin,
N. Inorg. Chem. 1967, 6, 2268.

(25) Finholt, J. E.; Deming, S. N. Inorg. Chem. 1967, 6, 1533.

(26) Cohen, H.; Meyerstein, D. Inorg. Chem. 1984, 23, 84.

a term in the rate law that is inverse first order in [H*] and that
becomes predominant at higher pH values. Presumably, this term
is due to the reaction of Cr(H,0),(OH)X™*. However, the rate
law is incompletely defined, and hence, no comparisons can be
made.

The ligation of CrTPPS(OH)H,0* by NCS", pyridine, and
imidazole is 6100, 350, and 21 times faster than that of
CrTPPS(H,0),* at 25 °C, respectively.!?"2®  However, the
lability of the hydroxy complex compared to that of the aquo
complex is not reflected in a monotonic change of the activation
parameters. The change in the value of AH* from the aquo to
the hydroxy complex, A(AH*), is —0.1, —13.0, and ~4.0 kcal /mol,
respectively. The change in the values of A(AS*) is +16.9, -25.8,
and -5.7 cal/(deg mol), respectively. In the ligation reaction of
CrTMpyP(H,0),°** by NCS- this increase is 5880 times.>?}
However, the reasons for this lability in these two complexes are
totally different. In the CrTPPS(H,0),> system the lability is
due to a constant AH* (+16.7 £ 0.1 kcal/mol) and a substantial
positive increase in AS* (from -12.8 to +4.1 cal/(deg mol))
whereas in the CrTMpyP(H,0),%* system AH* decreases from
+19.8 to +14.6 kcal/mol and AS* decreases from -5.5 to -7.2
cal/(deg mol). These changes are difficult to explain.

A viable explanation of these observations awaits additional
work.

Registry No. trans-Cr(C,0,),(H,0),", 18954-99-9; trans-Cr-
(C,0,),(OH)(H,0)%, 36444-11-8; trans-Cr(C,0,),(OH),*, 36444-10-7,

(27) Ashley, K. R,; Trent, L; Kuo, J., to be submitted for publication,
(28) TPPS® = meso-tetrakis(p-sulfonatophenyl)porphyrinate. TMpyP?* =
meso-tetrakis(N-methylpyridium-4-yl) porphyrin.
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Tris(acetylaceotnato)scandium(IIT) undergoes ligand exchange with the enolate form of acetylacetone in CD,CN at 30-74 °C.
The observed first-order rate constant, obtained by the 'H NMR method, is expressed by k, = k,’[enol] + k;’ at [complex] =~
0.05 M, [Hacac] = 0.19 - 0.58 M, and [H,0] = 0.026-0.26 M; k' = 52+ 3 M5V and ky’ = 1.5+ 0.9 57! at 56 °C. No water
catalysis was observed. The k,’ term is minor in the concentration region. The AH* and AS* values for k,” are 36 & 5 kJ mol™
and =105 % 16 J K™! mol™, respectively. The deuterium isotope effect k,"(H)/k,’(D) was significant (ca. 5). The I, mechanism
is assigned to the rate-determining formation of an intermediate containing a one-ended acac™ and a unidentate Hacac in the enol

form.

Introduction

Very little information is available for ligand substitution of
tervalent scandium complexes. Only the rate of anation of mu-
rexide to the “aqua” complex in aqueous solution (pH 4) was
reported by Geier (4.8 X 10" M5! at 12 °C).2 However, there
is some uncertainty in the hydration number of the tervalent ion,
which is readily hydrolyzed and dimerized.> There have been
no kinetic data for verified [Sc(H,0)4)**. In trimethyl phosphate

(1) (a) Tohoku University. (b) Present address: Nippon Petrochemical Co.,
Ltd., Kawasaki, Japan 210. (c) Tokyo Institute of Technology. (d)
Present address: Department of Chemistry, Faculty of Science, Oka-
yama University, Okayama 700, Japan.

(2) Geier, G. Ber. Bunsen.-Ges. Phys. Chem. 1965, 69, 617-625.

(3) (a) Biedermann, G.; Kilpatrick, M.; Pokras, L.; Sillen, L. G. Acta Chem.
Scand. 1956, 10, 1327-1339. (b) Cole, D. L,; Rich, L. D.; Owen, J.
D.; Eyring, E. M. Inorg. Chem. 1969, 8, 682-685.
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(TMP), there is the ion [Sc(TMP)4]**,* for which a valuable result
on the rate of the ligand exchange was obtained.**® The A or
I, mechanism was proposed from AH*, AS*, and AV* values.*®
However, it is uncertain whether the mechanism and the lability
are general for Sc!'O4-type complexes, since the ligand is rather
bulky and the related information on [M"(TMP),]** is restricted
to Al'", Ga™, and In"™.% It would be essential for an under-
standing of the kinetic nature of S to compare Sc'™ with various
MU including transition-metal ions, for a single complex.

(4) Pisaniello, D. L.; Lincoln, S. F.; Williams, E. H. J. Chem. Soc., Chem.
Commun. 1978, 1047-1048.

(5) (a) Ammann, C.; Ph.D. Thesis, EPF-Lausanne, 1981. Helm, L.; Am-
mann, C.; Merbach, A. E., to be submitted for publication (cf. 5b). (b)
Merbach, A. E. Pure Appl. Chem. 1982, 54, 1479~1493. (c) Ammann,
C.; Merbach, A. E. Inorg. Chim. Acta 1980, X98 (Abstracts of Vth
International Symposium on Solute-Solute-Solvent Interactions).
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