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The new complex Cr(enH )(OH,)s** has been synthesized from Cr(en)(OH,)s®+ and isolated in aqueous solution; the visible
absorption spectrum has been obtained. This is apparently the first isolation of a chromium(III) complex with a mono-
dentate ethylenediamine ligand. The kinetics of hydrolysis of Cr(en)(OH;)®T to Cr(enH)(OH;)s** and of aquation of the
pentaaquo complex to Cr(OH,)s® T in the dark have been studied spectrophotometrically in 0.03-3 F HCIO; (¢ = 0.15-3 M,

NaClOy) at 60, 80, 85, and 90°.

At 59.90° the first-order rate constant &; for hydrolysis of Cr{en)(OH;)3% in 3.0 F HCIOy is

(3.0 = 0.2) X 107 % sec™!, E, = 27.7 = 1.5 kecal mole™!, and log PZ (sec™!) = 13.7 & 1.1; acid concentration and ionic

strength dependencies are small.

At 59.90° the first-order rate constant k; for aquation of Cr{enH)(OH,)s*+ to Cr(OH,)sd™

in 3.0 FHCIO; is (1.9 == 0.3) X 108 sec™t, E, = 254 == 2.3 kcal mole™!, and log PZ (sec™!) = 10.9 £ 1.5; at 60-90°, ks is
essentially independent of HCIO; concentration from 0.03 to 3 Fat u = 3 M and is independent of u from 0.15 to 3 M in 0.1

FHCIO.

Introduction

The tetraaquoethylenediaminechromium(III) cation,
Cr(en)(OH;).**, has been hypothesized®® as an
intermediate in the hydrolysis of cis-diaquobis(ethyl-
enediamine)chromium(III) cation, ¢is-Cr(en),(OH,),%+,
in acid solution to hexaaquochromium(III) cation,
Cr(OH,)¢*t, based on interpretation of the changes in
the visible absorption spectrum of the reaction solu-
tion. A second intermediate hypothesized in the hy-
drolysis was described? as a complex in which one end
of the ethylenediamine ligand became free, the vacated
coordination site of the central chromium atom then
becoming occupied by a water molecule. Neither
intermediate was isolated, although attempts were
made??® to deduce the visible absorption spectrum of
the tetraaquo complex from the spectral data. An
attempt was made to obtain rate constants for aqua-
tion of the tetraaquo and the monodentate ethylene-
diamine complexes? and the equilibrium constants
for what were assumed to be equilibria involving the
hexaaquo, tetraaquo, and diaquo complexes.?

In 1965, House and Garner*® synthesized tetra-
aquoethylenediaminechromium(III) cation by decom-
position of diperoxoaquoethylenediaminechromium(IV)
monohydrate, [Cr(en)(OH,)(Oy).]-H:O, in 0.5-3 F
perchloric acid and obtained the visible absorption
spectrum. This was similar to the spectra hypoth-
esized earlier?® but was sufficiently different to
raise doubts of the validity of the kinetic and thermo-

(1) (a) Work partly supported under Contract AT(11.1)-34, Project No.
12, between the U. S. Atomic Energy Commission and the university. This
paper constitutes Report No. UCLA-34P12-67 to the AEC. (b) Presented
at the 155th National Meeting of the American Chemical Society, San Fran-
cisco, Calif,, March—April 1868. (c) National Science Foundation Under-
graduate Summer Research Participant, 1985.

(2) H. L. Schlifer and R. Kollrack, Z. Physik. Chem. (Frankfurt), 18, 348
(1958).

(3) M. Ohta, H. Matsukawa, and R. Tsuchiya, Bull. Chem. Soc. Japan, 37,
692 (1964).

(4) D. A. House and C. S. Garner, I'norg, Nucl. Chem. Leiters, 1, 137
(1965).

(5) D. A. House and C. 8. Garner, Inorg. Chem., 5, 840 (1966).

dynamic interpretations referred to above. The
availability of solutions of the pure tetraaquo complex
prompted us to examine directly the kinetics of its
hydrolysis and to attempt to isolate the intermediate
in the conversion of the tetraaquo complex to the
hexaaquo complex.

We report here the successful chromatographic iso-
lation of the intermediate, pentaaquo(2-aminoethylam-
monium)chromium(III) cation, Cr(enH)(OH,);*t°® in
aqueous solution and its visible absorption spectruin.
So far as we know, this is the first isolation of a com-
plex of chromium(III) with a monodentate ethyl-
enediamine ligand. We also report the results of our
kinetic studies of the aquation of this intermediate to
the hexaaquo complex and of the hydrolysis of the
tetraaquo complex.

Experimental Section

Tetraaquoethylenediaminechromium(IIT) Cation.—The
method of Hoffman,” as modified by House and Garner,® was used
to prepare [Cr(en)(OH,;)(O:)} -H;O. The diperoxo compound,
used fresh or after storage in the dark at 1-5° for up
to 3 weeks, was converted to Cr(en)(OH,)*" by a modification
of the method given earlier.48 Ca. 1.9 g of [Cr{en)(OH,)(Os),]
H,0 was dissolved in small portions (ceution®) in 80 ml of 2 F
HCIO; (or sometimes 0.5 g in 50 ml of 1 # HClIO,) and heated at
50° for 2 hr with occasional stirring; then the pink-red solution
was used fresh or stored up to 3 weeks in the dark at 1-5° before
dilution at 0° with water, NaOH, and/or NaClO, solutions for
kinetic runs in 1 F HCIO, or lower acidity. For kinetic runs of
acidity greater than 1 F HCIOy4, each Cr(en)(OH.)s* solution
was chromatographed as follows.? Ca. 10 ml of Cr(en)(OH,)3*

(6) The abbreviation enH is used to denote a monodentate ethylenedi-
amine ligand with its free N atom protonated: ~NH:CH:CH:NH;3™,

(7) K. A, Hofiman, Ber., 89, 3181(1906).

(8) The diperoxo compound is light sensitive and explodes at 96-97° if
heated at 2°/min.® Counsiderable effervescence occurs in the dissolution in
HCI104. Shielding should be used as a precaution despite the fact that we
have never had any difficulty with the procedure.

(9) In preliminary experiments with chromatographed and nonchro-
matographed Cr(en)(OH:)«3* small differences (up to =2 mpu and ca. 109,
in molar absorbancy indices of the absorption bands) were observed in their
visible absorption spectra, and chromatography was used subsequently
where possible as a routine precaution to obtain pure Cr(en) (OHy)43 *.
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(ca. 0.1 F in complex and 1-2 F in HCIO,) was diluted with 10
ml of water and charged onto an 8-cm X 1-cm diameter column
of H* Dowex AG50W-X8 cation-exchange resin (100-200 mesh)
operated at 20-25° with flow rates of ca. 5 ml/min. To remove
any Cr(OH,)s** possibly present, 50 ml of 1.5 F HClO, was run
through the column and discarded. Ca. 50 ml of 2 F HCIO,
was used next to bring the Cr(en)(OH;)** to the bottom of the
resin column. An additional 125 mlof 2 F HCIO, eluted perhaps
75% of the Cr(en)(OH;)*t; a center cut obtained after dis-
carding the first 25 ml of effluent was used at once for kinetic
runs, after adjustment of acidity and ionic strength. The visible
absorption spectrum was recorded routinely as a purity check.
Pentaaquo(2-aminoethylammonium )chromium(IIl) Cation.—
This complex was synthesized and isolated as follows. Non-
chromatographed Cr(en)(OH,)3*, prepared as above in 2 F
HCIO,, was aged ca. 15 hr (ca. 2 half-lives) at 80° in the dark;
25 ml of the aged solution was diluted with 25 ml of water and
charged onto a fresh cation-exchange column of the kind de-
scribed above. Perhaps 809, of the Cr(OHz»)s" produced (gray-
blue band) was eluted with 50 ml of 1.5 F HCIOy, and 70-80 ml
of 2 F HCIO, was used to elute the rest of the Cr(OH,)d* and
some unreacted Cr(en)(OH,)3". Then 20 ml of 3 F HCIO,
eluted the rest of the Cr(en)(OH:)3* (red band) and perhaps 10—
209, of thc intermediate (purple band, immediately above the
red band without a gap between). An additional 100 ml of 3 F
HCIO, eluted the intermediate, typically as a purple solution ca.
6 mF in Cr(enH)OH:)s*" and free of other complexes. Purity
was checked by routine recording of the visible absorption spec-
trum. These purple solutions were normally used in kinetic runs
started the same day, with storage otherwise up to 2 days in the
dark at 1-5°. For certain kinetic runs the acid concentration
was adjusted by careful addition of NaOH at 0° or by use of
the OH~ Dowex AG2-X8 technique at 0° described earlier.1%1

To verify that the purple complex is an ethylenediamine com-
plex, we rechromatographed a solution of the complex using 2 F
H,S0, in place of the 3 F HCIO, eluent to free the complex from
ClO,~ (which interferes with the Kjeldahl method) and analyzed
the resulting purple effluent for N and Cr.

Hexaaquochromium(III) Cation.—~To obtain an accurate vis-
ible absorption spectrum of Cr(OH;)s?* for isosbestic point pre-
dictions, we prepared [Cr{OH;)]{ClO,);-xH,O by the method of
Emerson and Graven!? and then charged 20 ml of a solution 10 mF
in this complex and 0.1 F in HCIO, onto a cation-exchange col-
umn of the kind described above. Ca. 80 ml of 1 F HCIO,
moved the gray-blue band to the bottom of the resin column,
20 ml more was passed and discarded, and then the next 30 ml
was collected for spectral recording and Cr analysis. The ab-
sorption maxima and minimum found in 0.1-3 F HCIO4 at 20-25°
were at 407 (max, ay 15.3), 478 (min, ayx 2.96), 573 (max, ay
13.0), and 665 mu (sh, ey 2.1 M~ cm 1), the same within experi-
mental error as the values reported earlier by Elving and Zemel!3
and by Plane and Hunt,'* and similar to the values of Emerson
and Graven.!?

Other Chemicals.—Other chemicals were CP or reagent grade,
except NaClO4, which was prepared by dissolution of reagent
grade NaHCQ; in a slight excess of CP HCIO; with recrystal-
lization twice from water. All water was doubly distilled, then
passed through a mixed-bed cation-anion-exchange resin and
monitored for purity by electrical conductivity.

Analytical Methods.—Chromium was determined by spectro-
photometric analysis of CrO,2~ at 372 mu with a Beckman DU
iastrument after decomposition of the complexes and oxidation
with hot alkaline peroxide. Nitrogen was determined by a
micro-Kjeldahl method.

Kinetic Runs.—Solutions of Cr(en)(OH,)#* or of Cr(enH)-
OH;);t* were sealed in Pyrex ampoules, wrapped in Al foil to
exclude light, and brought to bath temperatures thermostated

(10) D.J. MacDonald and C. S. Garner, Inorg. Chem., 1, 20 (1962).

(11) D. C. Olsonand C. S. Garner, £bid., 2, 558 (1963).

(12) K. Emerson and W. M. Graven, J. I'norg. Nucl. Chem., 11, 309 (1959),
(13) P. J. Elving and B. Zemel, J. Awm. Chem. Soc., 79, 1281 (1957).

(14) R. A. Plane and J. P. Hunt, ¢bid., 79, 3343 (1937).
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to #0.05°. For 60° runs, ampoules were put in the 60° bath,
and ‘‘zero-time’’ absorbancy readings were taken 10-15 min
later. For runs at 80-90°, the ampoules were agitated for 1-2
min in a hotter bath to bring them 1-5° below thermostated
temperature; then they were put in the thermostated baths and
“‘zero time’’ was taken 5 min later. Ampoules were removed
at known times, quenched in ice, and then stored up to 2 days at
1-5° in the dark prior to recording the absorption spectra at 20—
25° of all ampoules of a given run at one time to improve ac-
curacy in locating isosbestic points.

Some Cr(enH)(OH,)s** runs were initiated by allowing Cr-
(en)(OH,)s** solutions to react, following the optical absorbancy
until appreciable fractions of the chromium were in the form of
the intermediate, and then subjecting the data to computer
analysis (see below).

Spectrophotometry —XKinetic and molar absorbancy index
spectra were recorded in 10.00-cm matched quartz cells with a
Cary Model 11 or 15 spectrophotometer, with identical solutions,
except for the complexes, in the reference cell.

Computer Programs.—Computer analysis of the Cr{en)-
(OH,),8* kinetic runs was required because of consecutive first-
order kinetics with the primary and secondary hydrolysis rate
constants, 2; and k., in a ratio of only 24,

A program which fitted five variables (%1, &5, and the molar
absorbancy indices amy, axn, and ayg of the tetraaquo, pentaaquo,
and hexaaquo complexes, respectively) to the experimental
absorbancies 4 at times ¢ (Cy = molarity of Cr(en)(OH;)#* at
t = 0; d = optical path in cm) with the equation

A/Cd = amae™" + auski[(e™* — e /(ky — ko) ] +
anoll + (k™' — kie™) /(b — k)] (1)

was written in FORTRAN IVG for the IBM 360/75 computer of the
UCLA Campus Computing Network. The program is a modified
version of that of Wiberg,'s in which the output values of £y and %,
from the normal Wiberg program are then varied by 419} onc at
a time and used as new input, and if this reduces the average
deviation, the whole procedure is recycled with the changed
value of %, or k;. This modification guards against false error
minima being found.

Original input %, values were obtained by application of eq 3
(see Results) to solutions of chromatographically isolated Cr-
(enH)(OH,)s**. These values of %,, together with values of %,
estimated from initial slopes of first-order rate plots for Cr(en)-
(OH,):#* hydrolysis, were introduced into a trial-and-error pro-
gram written for an Olivetti-Underwood Programma 101 desk-
top computer, using eq 1 with omission of the term involving ay.
The output &y values then became the input %, values for the
“five-variable’” IBM 360/75 computer program, together with
the above k3 values and the experimental values of the molar
absorbancy indices at 510 mu, the spectral region of greatest
absorbancy change in the primary hydrolysis. Because of slow
thermal equilibration near ¢ = 0, the first three points of each run
(ca. 10-209, reaction) were discarded.

Because the output ayp value differed from the experimental
value by more than the experimental error, the effect on the other
output variables was studied with a “‘four-variable’’ computer
program in which ayg was held constant at its experimental value;
the resulting changes in k; and %; were sufficiently small (see Re-
sults) to satisfy us that the ‘‘five-variable’’ program %, and &,
values were compatible with the experimental molar absorbancy
indices. In fact, a ‘‘two-variable’’ program, in which all molar
absorbancy indices were held constant at the experimental values
gave, except for one poor run, values of k; and k; with only 8
and 249, respective average deviations from the ‘‘five-variable’’
program values. The ‘‘“five-variable’’ values are considered most
reliable because they allow for reasonable deviations of the molar
absorbancy indices from their experimental values. The experi-
mental data are not sufficiently accurate to warrant use of a
least-squares program using a Maclaurin expansion of eq 1.

(15) K. B. Wiberg, “Computer Programming for Chemists,”” W. A. Benja -
min, Ine,, New York, N. Y., 1965, p 185,
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As a final test of the “‘five-variable’’ program, an accurate,
synthetically generated set of absorbancy data for a consecutive
first-order kinetic sequence with reaction from £ = 0 to 2569, C
and with &, = 2k; was fed into the computer. The results were as

shown below. The ratiosama:aup:a@nc are similar to those of the

104k, 105k, aMa 13423 aMc
Input 2.00 2.50 105 47.5 10.5
Output 1.06 4.94 100 52.5 10.4
Correct 1.00 5.00 100 50.0 10.0

experimental system studied, and since the input &; values in the
actual runs were in general not off more than 509, from the output
values, the above results attest to the reliability of the program

for our data.
Results

Characterization of Cr(enH)(OH,);**.—This purple
complex was characterized by its mode of formation
(hydrolysis of Cr(en)(OH;)41), by its aquation product
(Cr(OHy)¢% ), by its N:Cr atom ratio (2.06), and by
its chromatographic behavior (more difficultly eluted
than Cr(OH,)¢*t and Cr(en)(OH,).** and compatible
with a 4-+ charge). As expected for this complex, its
visible absorption spectrum (Figure 1) exhibits d-d
absorption bands at wavelengths intermediate to those
of Cr(en)(OH,),** and Cr(OH,)¢*t. The absorption
maxima are at 396 (ay 21.5 M~! cm™) and 549 mu
(am 22.2 M~! em™1), with a shoulder at 666 my (ay
1.4 M~' em™!) and a minimum at 462 mg (ay 5.70
M-t em~1). These absorption bands agree well with
those reported by Ardon and Mayer!® for Cr(NHj;)-
(OH,);*+, namely, 397 (ax 21.8 M~! ecm™1) and 545
mu (am 22.1 M~ em™?Y), as expected since the two com-
plexes have essentially the same chromophores and
syminetry.

Schlifer and Kollrack? had postulated the intermedi-
ate in hydrolysis of Cr(en)(OH,)** to be Cr(en-)-
(OH,);*t, with the free end of the ethylenediamine li-
gand unprotonated (see Introduction). Although slow
proton uptake by amino groups is not unknown, we
believe the time scale here is adequate for proton up-
take, which would tend to stabilize the pentaaquo com-
plex.” Moreover, the 4+ charge we assume for the
pentaaquo complex is probably more in accord with the
chromatographic behavior than a 3+ charge.

Aquation of Cr(enH) (OH,);**.—Table I gives the rate
constants %, defined by the equation

—d(Cr{enH)(OHy)s**)/d¢ = k(Cr(enH)(OH,)s*+) (2)

for the disappearance of Cr(enH)(OH,):**+ in HCIO4+
NaClO, solutions of several acidities and ionic strengths,
and initially free of other Cr(III) complexes, at 60,
80, 85, and 90°. These values of k, (designated by
footnote e or f, Table I) were evaluated by the relation

In [(Ady — 4a)/(A — A)] = kot (3)

where 4¢, 4, and 4., are the optical absorbancies (at a
given wavelength) at reaction time zero, time ¢, and
at 100% aquation to Cr(OH,)¢®+, respectively. Rate

(16) M. Ardon and B. E, Mayer, J. Chem. Soc., 2816 (1962).

(17) E. Jgrgensen and J. Bjerrum, Acta Chem. Scand., 18, 2075 (1959), have
commented for the same reasons that another reaction intermediate postu-
lated as Cr(en):(en-)OH:2** by H. L. Schlifer and O. Kling, Z. Physik.
Chem. (Frankfurt), 16, 14 (1058), is probably Cr(en)z(enH)OHat +.
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Figure 1.—Visible absorption spectra of some Cr(II1) com-
plexes in 0.1-3 FHCIO, at 20-25°: TAE, Cr(en)(OH,),8+, INT,
Cr(enH)(OH.);*+; HA, Cr(OH,)s**. ‘The molar absorbancy index
am (molar extinction coefficient ¢) is defined by the relation log
(Io/I) = A = axed, where ¢ is the molarity of the absorbing
complex and 4 is the optical path in centimeters,

plots based on this relation generally gave good lin-
earity as far as the runs were followed (to ca. 759, re-
action). A significant contribution to the disap-
pearance of the pentaaquo ion from back reaction to
Cr(en)(OHy),** is ruled out by the existence of sharp
isosbestic points (see Discussion) and the observed
first-order rate law.

Values of k, designated by footnote b in Table I were
obtained from a ‘five-variable” computer program
(see Experimental Section) applied to eq 1 and to
absorbancy data from Cr(en)(OH,)3% reaction solu-
tions (initially ca. 1009, Cr(en)(OH,),*+) in which the
amount of Cr(OH,)e*+ formed at the longest reaction
time ranged from 4 to 95% (most typical, ca. 309%).
In general, these values of k, agree with the directly
determined values within the experimental errors, and
no dependence of %, on the wavelength chosen for rate
analysis is noted.

The “five-variable’” program, however, gave an
average output molar absorbancy index of 17.6 M1
cm~! for Cr(enH)(OHy)s*T at 510 my vs. 15.2 £+ 0.6
M=" em™! determined directly on chromatographically
isolated Cr(enH)(OH,);*t in 3 F HCIO; or in 0.1 F
HC10,~0.05 F NaClO, at 20-25°, whereas the computer
output values of the molar absorbancy indices of Cr-
(en)(OHy)4** and Cr(OH,)s?* at 510 mu were within
5% of the experimental values. Hence, a ‘‘four-
variable”’ program, identical with the “five-variable”
program except for fixing the above molar absorbancy
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TaBLE 1

FIirsT-ORDER RATE CONSTANTS FOR AQUATION OF
Cr(enH)(OHz);** 1n AQueous HCIO; IN THE DARK

Temp, |HC104], Ca, o, 105k,

°c F mM M sec~!

59.90 3.0 3.16 3.0 0.16 %= 0.04%¢
59.90 3.0 3.16 3.0 0.22 £ 0.04%¢
59.90 0.10 4.14 3.0 0.23 == 0.020¢
59.90 0.031 3.30 3.0 0.11 == 0.01%e
59.90 0.031 3.24 3.0 0.16 &= 0.06>¢
59.90 0.10 5.03 0.5 0.22 == 0.09bc
59.90 0.10 3.50 0.15 0.19 4= 0.02%¢
359.90 0.10 3.42 0.15 0.23 £ 0.07%¢
59.90 0.10 3.39 0.15 0.20 & 0.0204
80.02 3.0 5.35 3.0 1.49 &= 0.04%¢
80.02 3.0 3.14 3.0 1.50 &= 0.084e
80.02 3.0 3.09 3.0 1.49 4= 0.15%4
80.02 3.0 2.77 3.0 1.36 &= 0.114e
80.02 3.0 2.70 3.0 1.45 4= 0.30%¢
80.02 3.0 2.64 3.0 1.32 4= 0.114e
80.02 3.0 2.55 3.0 1.25 &= 0.06%¢
80.02 0.10 4.31 3.0 1.54 4= 0.11%¢
80.02 0.10 4.31 3.0 1.62 &= 0,124
80.02 0.10 3.92 3.0 1.63 = 0.36b¢
80.02 0.031 3.21 3.0 1.60 &= 0.11%4
80.02 0.031 3.21 3.0 1.98 &= 0.504e
80.02 0.10 3.97 0.30 1.58 = 0.10b¢
80.02 0.10 4.14 0.15 3.41 == 0.890e
84.91 3.0 6.47 3.0 2.16 £ 0.17de
84.91 3.0 4.90 3.0 2.10 £ 0.05%e
84.91 3.0 4.08 3.0 2.18 = 0, 19b:¢
89.82 3.0 6.21 3.0 3.93 = 0.244de
89.82 3.0 4.00 3.0 4.14 = 0.200¢
89.82 3.0 3.54 3.0 4.19 £+ 0.314¢
89.82 3.0 3.52 3.0 4.35 = 0.34b¢
89.82 3.0 2.41 3.0 4.06 £ 0.144¢
89.82 0.10 4.72 3.0 4.08 = 0.057
89.82 0.10 3.92 3.0 4.50 &= 0.41b¢
89.82 0.095 5.25 2.9 4.07 &= 0.154¢
89.82 0.050 4.53 3.0 3.09 £ 0.63b
89.82 0.031 3.15 3.0 4.67 £ 0.64h¢
89.82 0.031 3.15 3.0 4.33 £ 0.21/
89.82 0.10 3.97 0.50 5.52 = 0.4004
89.82 0.10 4.13 0.15 6.8 = 1.5

« Tonic strength, controlled with NaClQs ° Five-variable
computer program value, 510-mp data. ¢ Error based on per
cent difference from the four-variable computer program value of
k., relative to the five-variable computer program value—see
text. ¢ Estimated standard deviation; for computer values of &
the error referred to in footnote ¢ is less than this estimated stand-
ard deviation. ¢ Run started with chromatographically sepa-
rated Cr(enH)(OH,):*T; weighted average of data at 540 (or
550) and 385 (or 400) mu, which nearly always agreed within the
error given. 7 Same as footnote e, except 510-myp data.

index at the 15.2 M~! cm™! experimental value, was
run. This gave k. (and ky and ay) values still in ac-
ceptable agreement with many of the ‘‘five-variable”
program values of % (and ki and ay); in some runs
per cent differences in k; were 15-609, We have
therefore based the errors of certain of the computer
values of k; (designated in Table I with footnote ¢) on
this percentage difference in %y between the ‘“four-
variable’ and the ‘five-variable” program wvalues.
The errors given by this procedure are conservative
and may well be the equivalent of 2 standard devia-
tions, since the artificial restraint of a fixed parameter
in the ‘“four-variable” program probably leads to a
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less accurate locating of the error minimum in the
computer procedure.

Hydrolysis of Cr(en)(OH,),**.—Preliminaty experi-
ments indicated that the rates of the primary and
secondary hydrolysis of Cr(en)(OH,),3+ were not greatly
different and that a consecutive first-order kinetics
treatment would be necessary te evaluate k;, which
is defined by

—d(Cr(en)(OHy)e**)/dt = =(Cr{en)(OH:)s*) (4)

from spectrophotometric data.

Values of ki, obtained by the ‘‘five-variable” com-
puter program (see Experimental Section), are given
in Table II. Error analysis was made in the same way
as for k.

TaBLE IT

FirsT-ORDER RATE CONSTANTS FOR HYDROLYSIS OI
Cr(en)(OH,)s* ™ 1N AQurors HCIO, 1n THE DARK

Temp, [HCIO:], Ca, Ity 10%k:,

°C Fr mM M sec !

59.90 3.0 3.16 3.0 0.30 == 0.030.4
59.90 3.0 3.16 3.0 0.30 = 0.020.¢
59.90 0.10 4.14 3.0 0.41 £ 0.03%4
59.90 0.031 3.30 3.0 0.42 = 0.03"4
59.90 0.031 3.24 3.0 0.44 4= 0.03%¢
59.90 0.10 5.03 0.50 0.58 == 0.06%¢
59.90 0.10 3.30 0.15 0.58 &= 0.13%¢
59.90 0.10 3.39 0.15 0.35 £ 0,080¢
80.02 3.0 3.09 3.0 2.77 £ 0.,250.4
80.02 3.0 2.70 3.0 3.28 &= (.60%4
80.02 0.10 4.31 3.0 4.31 = 0.85"¢
80.02 0.10 3.92 3.0 4.32 == (0.4204d
80.02 0.031 3.21 3.0 4.41 £ 0.76%¢
80.02 0.10 3.97 0.50 6.0 =£ 1.0b¢
80.02 0.10 4.14 0.15 5.08 &= 0,504
84.91 3.0 4.08 3.0 4.86 £ 0.400¢
89.82 3.0 4.00 3.0 8.50 = 0.80"¢
89.82 3.0 3.52 3.0 8.35 &= 0.80¢
89.82 0.10 3.92 3.0 11.5 £ 1.20d
89.82 0.050 4.53 3.0 12.9 £ 2.5
89.82 0.031 3.15 3.0 13.1 == 2.4bhe
89.82 0.10 4.13 0.50 14.8 = 1 8¢

e~d Footnotes are the same as in Table 1.

Discussion

Figure 1 presents the visible absorption spectra of
Cr(en)(OHy)4*T,'® Cr(enH)(OH;);**, and Cr(OH,)e+
and shows that spectral scans from 700 to 360 mu
during aquation of Cr(enH)(OHsy)s*t to Cr(OH,)¢*t
should give a single isosbestic point at 606 = 2 my (ay
9.9 £ 05 M~ cm™) and a region of near-tangency
around 430 mu (ay 10 M ~'em—!).  Experimentally (see
curves B of Figure 2 for a typical run) we find a well-
defined isosbestic point at 603 = 4 mp {(ey 10.6 %
1.0 M~! cem™) and the expected region of near-tan-
gency over 2-3 half-lives, in good agreement with the
theoretical values for the reaction

ke
Cr(enH)(OHy)st* 4+ H,0 —> Cr(OHy)e* + Hent (5a)
Hen™ + HT 2 Hpen?* (5b)

(18) The average maxima and minima found for chromatographed Cr~
(en)(OHy)4%* in 0.1-3 F HCIO4 at 20-23° are 385 (max, ay 24.3), 433 (min>
ay; 10.7), 512 (max, av 41.7), 660 (min, gy 0.5), and 666 mu (max, 1.4 3 !
cm™1); these values are believed to be more accurate than those reported
earlier by House and Garner.?
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Figure 2.—Change in absorption spectra during hydrolysis:
A, Cr(en)(OHy)3+ (Co = 3.52 mM) in 8.0 F HCIO; at 89.82°,
reading downward at 500 mu, reaction time is 0, 15, 25, 45, 60,
80, 110, and 140 min, respectively; B, Cr(enH)(OHy)*" (G =
2.64 mM) in 3.0 F HCIO; at 80.02°, reading downward at 500
mu, reaction time is 0, 110, 230, 440, 800, 1340, and 1700 min,
respectively. For curves A the positions of the initial isosbestic
points are evident only for the first several scans and cannot be
readily seen in the figure.

Weighted averages of 10%, from the 3 F HCIO,
data of Table I are 0.19 = 0.03, 1.42 £+ 0.15, 2.13 =
0.09, and 4.04 %= 0.18 sec™! at 60, 80, 85, and 90°,
respectively.'® At pu = 3 M, ks is essentially constant
within experimental error over the range 0.03-3 F
HCIO,, thus showing that the reaction is aquation,
without appreciable contribution from base hydrolysis.
Little or no effect of ionic strength on k, is observed in
0.1 F HCIO, over the range p = 0.15-3 M at 60, 80,
and 90°. An Arrhenius plot of the above values of
10%; in 3 F HClO, is slightly curved; from it we cal-
culate E, = 25.4 = 2.3 kcal mole—1, log PZ (sec™!) =
10.9 = 1.5, and AS®*y, = ~—11 =& 7 cal deg~! mole—?.

Schlifer and Kollrack? deduced a value of 0.22 X 102
sec™! for ky (their k3’") and 28 kcal mole™! for E, in
0.1 FHCIO; (u = 0.15 M, NaClO,) at 60°, their max-
imum run temperature. The weighted average of our
ks values under these same conditions is (0.21 = 0.02)
X 107% sec™!, in excellent agreement with their value;
our E, is 25.4 = 2.3 kcal mole™! for these conditions,
The agreement is partly fortuitous. It was possible
for Schlifer and Kollrack to obtain approximate values
of &, despite only a poor knowledge of the pentaaquo
intermediate spectrum?® because most of the pre-

(19) The k2 values from the runs made with chromatographically isolated
Cr(enH)(OHoa)s¢ * were weighted twice as heavily as computer & values from
the runs initiated with Cr(en)(OHz)4**+; a small trend in .z with decreasing
Co at 80° was ignored since it is not greatly beyond the experimental error,
and since no trend was apparent at the other temperatures.

(20) They reported only a single point on their deduced spectrum of Cr-

(enH)(OHz2)s4 ¥, namely, am 20 &= 11 M ~! em~1 at 480 mgy, at which wave-
length wefind oy 7.8 =2 0.5 M ~tem L.
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cursors of Cr(enH)(OH,)s*+ in a cis-Cr(en),(OH,),3+
hydrolysis solution at late reaction times have been
reduced to relatively low concentrations and the prod-
uct Cr(OH,)¢** has a known absorption spectrum.

Figure 1 indicates that spectral scans from 700 to
360 mu in sufficiently early stages of hydrolysis of
Cr(en)OHy)s*+ to Cr(enH)(OH,);**+ should give
three isosbestic points at 402 =+ 2 (ay 21.3 =%
1.0), 434 = 2 (ay 10.7 = 0.7), and 566 = 2 mu
(am 206 = 0.6 Mt em™!), At late reaction times,
the two low-wavelength ‘isosbestic points’ should
become indistinct and progress into a state of near-
tangent curves, and the high-wavelength “‘isosbestic
point’’?! should progress toward higher wavelength
and lower absorbancy until, when essentially 1009, of
the Cr(en)(OH3)* has reacted to intermediate and
hexaaquo complexes, a final value of 606 mu (an 9.9
M-t em™1) is attained. Experimentally (see curves
A of Figure 2 for a typical run up to ca. 1 half-life) this
is the behavior found, the ¢nitial isosbestic points being
within £2 myu and =0.7 M~ cm~! of the predicted
intial values for the reaction

Cr(en)(OH,)* + H:0 (or OH-) — o>
Cr(en-)(OH,)s3* (or Cr(en-)(OH,),OH>*) (6a)

Cr(en-)(OH,)s** (or Cr(en-)(OH,),OH?*) + H™* (or 2H*) —>
Cr{enH)(OHa)s**T (‘““fast” follow reaction) (6b)

and the high-wavelength “‘isosbestic point”’ showing the
expected migration.

Weighted averages of 10%; from the 3 F HCIO,
data of Table IT are 0.30 = 0.02, 2.92 = 0.35, 4.86 =
0.40, and 8.42 = 0.60 sec~! at 60, 80, 85, and 90°,
respectively.

At 60, 80, and 90° and at u = 3 M, plots of k; vs.
1/(H7*), where (H*) is taken as the formal concentra-
tion of HCIO, (3-0.03 F), show an increase in k; with
decreasing acidity. Despite the large errors and con-
sequent uncertainty in shape of each curve, the plots
are not linear and there appears to be a definite tendency
for each curve to level out in the 0.1-0.03 F HCIO,
region. Base hydrolysis is probably unimportant at
these acidities (analogy with related Cr(III) complexes
supports such a conclusion) because, if it were involved,
there would have to be some inhibiting effect of H+ in
the 3 F HCIO, region, which seems unlikely. If hy-
droxoaquo species were produced by proton removal in
the 0.03 F HCIO; region, they probably would be more
labile, and, in order to account for the apparent nearly
leveling off of k4, one would have to assume that they
were less labile and predominate. Moreover, this
explanation appears to be ruled out by the fact that
the visible absorption spectra of Cr(en)(OH,)3+
and Cr(enH)(OHz);** are changed little in going from
3 to 0.03 F HC104. No fully satisfying explanation has
occurred to us. Worthy of mention is our finding that
in Cr(en)(OH,),8+ solutions made basic with NaOH to
pH 9-10 the 512-mu band shifts upscale to 563 mu

(21) By ‘‘isosbestic point’’ we mean here the successive intersections of
successive pairs of spectral scans; because the concentration ratio of the

products Cr(enH)(OH)st* and Cr(OHb»)s3 * is changing with time, there are
no true (fixed) isosbestic points.
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(little intensity change), but the 385-mu band shifts
downscale to 373 mu and increases 15-fold in intensity
in 5 min and still more in 10 min at 20-25°, after which
reacidification to pH 0-1 with HCIO, results in a spec-
trum with absorption bands at 517 and 361 mu (in-
tensities nearly equal). If the reacidification is made
after only 3 min, the spectrum returns nearly to that
of Cr(en)(OH,),*+. Emerson and Graven!? have re-
ported a somewhat similar spectral change of Cr(OH,)s*+
on increase of pH from 2.3 to 4.6, which they ascribed
to formation of Cr{OH,);OH?*, but both bands moved
to longer wavelength (as expected for the proposed
conversion) and the intensity increase of the lower
wavelength band was much less dramatic. Thus, at
sufficiently high pH, Cr(en)(OH,).**+ (or hydroxoaquo
derivatives produced) shows irreversible, or perhaps
slowly reversible, spectral changes which presumably
reflect polymerization; such changes probably have
little relation to the complex acid dependence of % in
3-0.03 F HCIO,.

In 0.1 F HCIO, of ionic strength 0.15-3.0 M, plots
of log k1 vs. V/u/(1 + v/u) at 60, 80, and 90° are not
linear; errors in k; values involved are large, but the
plots suggest an increase of 30-409 in &y on decreasing
ionic strength from 3 to 0.5 M, then (at 60 and 80°) a
decrease in &; of smaller amount on decreasing ionic
strength to 0.15 3. This behavior roughly parallels
the dependence of % on 1/(¥I+), and may imply a
significant contribution from specific salt or ion-
pairing effects. Hence, we refer to the reaction of
Cr(en)(OH,),*t+ in these acid media as ‘‘hydrolysis,”
without any implication that the reaction is all, or
even mainly, aquation. We incline to the opinion
it is largely aquation.

An Arrhenius plot of the above values of 10%; in 3
F HCIO, at 60, 80, 85, and 90° is linear, giving E, =
27.7 = 1.5 kcal mole™!, log PZ (sec™) = 13.7 = 1.1,
and AS®*y; = —3 = 5 cal deg™! mole~!. Within ex-
perimental error, Arrhenius plots at the other acidities
and ionic strengths of Table II give the same E,.

Schldfer and Kollrack? reported at their highest
temperature, 60°, a value of 2.3 X 107% sec™!
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for k; (their k3’) and 31 kcal mole~! for E, in 0.1 F
HCIO, (u = 0.15 M, NaClOy), based on spectral change
interpretations which led them to a kinetic treatment
which assumed k1 =~ 10 k;. The weighted average of
our %; values under these same conditions is (0.56 =
0.10) X 107% sec™!, corresponding to ki/k = 2.7 =%
0.5. The discrepancy appears to be due to errorsin the
Schldfer-Kollrack deduced spectra of Cr(en)(OH,)s3+
and Cr(enH)(OH,);*T; an additional possible source
of error is the fact that, at 25°, partial isomerization of
cis-Cr(en),(OH,)o%* to the frans form occurs with a rate
comparable to that of the aquation of the former and
was apparently not considered. We consider that
Schliafer and Kollrack obtained remarkably good
values of k; and k; considering the difficulties inherent
in any attempted interpretation of the spectral changes
occurring during conversion of ¢is-Cr(en);(OHy)23+ to
Cr(OH,)¢*+ without benefit of direct knowledge of the
spectra of any of the intermediates.

An alternative explanation of the Schldfer-Kollrack
results is that the species they referred to as Cr(en)-
(OHy)t is actually Cr(en)(enH)(OH,)s**, which
we would think may well hydrolyze with the rate they
ascribe to the tetraaquo complex (their k). Their
ks’’ may then be an unresolved rate constant for the
kinetically overlapping primary and secondary hy-
drolysis of Cr(en)(OHs)s+. We plan to attempt iso-
lation of the above postulated intermediate, although the
presence of isomers probably will complicate the isola-
tion.

The fact that &, and k, are nearly equal under the
conditions studied implies that the systems studied
by Ohta, Matsukawa, and Tsuchiya?® were not at equilib-
rium, and that their ‘“‘equilibrium constants’” are
not accurate.
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