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INTRODUCTION

Taube (1) has pointed out that mechanisms of oxidation-
reduction reactions of octahedral transition metal ion com-
plexes can be separated into two classes - inner-sphere
(ligand-bridged) and outer-sphere - depending on whether or
not the first ooofdination spheres of the two metal ions have
a ligand in common at the time of electron transfer. The
identification of a mechanism as inner-;phere is particularly
simplified if the bridging ligand is transferred during the
course of electron transfer, This product criterion is met if
the reactant complex coﬁtaining the brldging ligand is inert
to substitution while the other is labile. After electron
transfer, the initially labile metal ion must be more inert
than the other product metal ion, so that the ligand is trans-
ferred. It must also be sufficiently inert to be detectable
as a complex containing the bridging ligand. Among the metal
ion reactants which satisfy these criteria are Co(III) and
cr2*, since Co(III) and Cr(III) are inert, while Co2% and Cr2+

are labile. The system of reactions of interest here (Eg. l)l
Co(NHg) gX*3-0 + cr2* 4 sEt = Co2* + Crx*3-1 + SNHf (1)
has been studied for a large number of ligands X1~ (e.g., I-,

Br-, C17, F7, HyO, NOB, CHBCOQ, NCS™, N§, SOE', ete.)

lWater in the first coordination sphere of octahedral
complexes will not generally be shown.,



A bridging ligand may function in the electron transfer
process in several ways. An ion of opposite charge reduces
the coulombic repulsion for approach of two metal ions. If
the ligand is an extended polyatomic molecule, there is
added benefit in that the metal ions need not approach closely.
The ligand may introduce a continuous path of orbital overlap
between the metal ioﬁs, 1f it has orbitals of proper symmetry.
However, this is not necessary for a bridged transition state -
the ligand may function merely to bring the metal ions suffi-
clently close to allow metal ion orbital overlap. |

When the bridging ligand is polyatomic, the second metal
ion may coordinate to the same atom (adjacent attack) or to
another atom in the ligand (remote attack). In the reduction
of pentaammine cobalt(III) complexes by Cr2+. remote attack
at the bridging ligand has been suggested as a pathway, but
only recently has definite evidence been provided for ligands
with extended bond systems (2).

If the polyatomic bridging ligand is unsymmetrical,
remqte attack by a reducing agent may lead to the formation
of an unstable intermediate (a linkage isomer), provided
coordination at this remote position is not the stable con-
figuration for the oxidized reducing agent. Formation of
éuch unstable intermed;ates has been demonstrated for reac-
tions of Co(CN)2™ with Co(NHj;)sNOZ* and Co(NH3)sCNZ* (3),

Eq. 2 and Eq. 3, and of Cr2+ with FeNCS2* (4) and Co(en)s



A(NCS)™F (5)), Eq. 4 and Eq. 5.

Co(CN)2™ + Co(NH4) NO3T = Co(oN)5oN0%™ + o™ & sniiy (2)
Co(CN)Z™ + Co(NH3) sCN?* = Co(CN)gNC?™ + Co?¥ + 5Ny (3)
Cr2* + FeNCS2t = crScN®t + Fe?t (4)
cr2* + Co(en),A(NCS)™ = CrSCN?T + Co2t + 2en + AP-2 (5)

In each of these reactions, the immediate product is an un-
stable interﬁediate, postulated to be a linkage isomer of the
oxidized metal complex. At about the same time as these re-
actions were discovered, work was started on the reaction of
cr?* with Co(NH3)50N2+, which follows the same pattern. Pre-
liminary results on this system have been published (6). The
kinetics and mechanism of this reaction and of the decay of
the intermediate produced by this reaction comprise the sub-

- Ject of part of this study.

In addition to the examples cited above, linkage isomer-
iém has been found for a number 6f other transition metal
complexes. BRepresentative examples are nitro and nitrito
isomers of various cobalt(III) complexes (7-11) and of
rhodium(III), iridium(III) and platinum(IV) (12,13); thio-
cyanato and isothiocyanato compléxes of palladium(II) (14-17),
manganese(I) (18), rhodium(III) (19,20) and iridium(III) (19); .

and oxygen- and sulfur-bonded complexes of thiosulfatopenta-

lThe symbol en wlll be used for ethylenediamine, A =
H20, NH3, or NC5-.
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amminecobalt(III) (21). Linkage isomerism was aléo found in
the mixed cyanide polymers KFeCr(CN)é, where cyanide is a
bridging ligand (22). '

Another extensively studied reaction which proceeds by an
inner-sphere mechanism is the electron exchange reaction of

Cr2* with Cr(III) species, Eq. 6.
Crxt3-Nn 4 #0r2t = crét 4+ #gpxti-n (6)

Sincevno net chemical change occurs, these reactions must be
followed by radioactive~chromium tracer techniques. This
reaction has been studied for X"~ = Hp0 (23), OH™ (23), F-
(24), €1~ (24,25), Br~ (24), NCS' (24), and N§ (24,26). As
part of this study, the exchange reaction of Cr2+ with CrcN2t
will be presented. |

The mechanisms of ligand substitution reactions of octa=-
hedral transition metal complexes have received considerable
attention, but are as yet not fully understood. 1In particular,
the degree of particlipation of the entefing ligand in the
activated complex of substitution reactions in acidic solution
is a matter of considerable disagreement. This subject has
been reviewed most recently by Sutin (27).

The reactions of particular interest to this study are
aquation (substitution by water) reactions of chromium(III)
complexes, The kinetics and mechanisis of the aquation of
CrCN2+, Eq. 7, and of the catalysis of this aquation by Hgct

croN2+ + Y = cr3* + HoN (7)



and Cr2¥, will be presented as part of this study.
Previous to the preparation of CrCN2+, reported in a
preliminary account of this work (6), the only known cyano-
chromium(III) complex reported in the literature was KBCr(‘N)é
(28,29)., Since that time, the complexes Cr(CN)E, Cr(CN)B,
Cr(CN)Z.and CrcNeT have been prepared by the stepwise aquation

of Cr(CN)g- in acidic solution (30).



EXPERIMENTAL
Preparation and Analysis of Reagents
Hater
Water used in all reagent purifications and solutions

and in all rate studies was the product of a double redistil-
lation of laboratory distilled water from alkaline permangan-
ate in a tin-lined Barnstead still. Conductance of the water
was 51.):10"6 ohm~1,

Lithium perchlorate

Lithium perchlorate was prepared by dissolving reagent
grade 1ithium carbonate in a slight excess of 72% perchloric
acid, followed by boiling to expel COp. IHydrated lithium
perchlorate precipitated on cooling and was recryétallized
twice. Stock solutions ca. 2 M in LiClOy were analyzed by
passing aliquots through a column of Dowex 50W~-X8 cation
resin in the Hf form., The resin was rinsed with water and
the rinsings were titrated with standard sodium hydroxide.

Sodium perchlorate

Sodium perchlorate was prepared from sodium carbonate
and analyzed in the same manner as lithium perchlorate.

Perchloric acid

Dilutions of 72% perchloric acid were used without
further purification. Solutions were titrated directly
with standard sodium hydroxide.

Chromium{III) perchlorate

Reagent grade potassium dichromate or chromium(VI) oxide



was reduced in perchloric acid solution with an excess of
formic acid or hydrogen peroxide. When KpCrp0Op was used,
KClOy was first removed by filtration through a sintered glass
funnel after the solution was cooled in a dry ice-acetone
© bath. Excess reducing agent was destroyed by boiling and the
hydrated Cr(0104)3 isolated on cooling was recrystallized two
or three times. The solid was stored over CaSO, dessicant.
Nitrogen

Nitrogen gas was purified by passage through a series of
five gas-washing bottles equipped with sintered glass bubblers,
The first two bottles contained Cr2¥ over amalgamated zinc,
the third dilute sodium hydroxide and the fourth, distilled
water. The fifth bottle contained no solution and acted as
a moisture trap.

Chromium(IJI) perchlorate

Chromium(II) perchlorate solutions Wére prepared by three
methods.

(1) Solutions of chromium(III) perchlorate were reduced
electrolytically at a mercury cathode. The anode consisted
of a platinum electrode immersed in ~1.0M HClOy separated from
the chromium(III) solution by a sintered glass disk. The
applied potential was kept £10 volts to avoid reduction of
perchlorate ion. Solutions were tested for the presence of
chloride ion by adding silver nitrate to ailr-oxidized ali-

quots. Only those solutions which gave no detectable precipi-



tate were used. _

(2) High purity chromium metal, obtained from United
Mineral and Chemical Corporatioﬁ,was dissolved in a slight
excess of perchloric acid under a nitrogen atmosphere. The
solution was filtered through a fine sintered glass disk to
remove any undissolved metal.

.(3) Acidic solutions of chromium(III) perchlorate were
deoxygenated and reduced by stirring over amalgamated zinc.
Solutions contained Zn?¥ at concentrations of i[Cr2+],

Chromium(II) concentration was determined by reaction of
aliquots of the solution with excess Co(NH3)5Cl2+ in per=-
chloric acid under nitrogen (31). The Co?t produced was
analyzed spectrophotometrically as the.thiocyanate complex
in 50 vol % acetone at 62302, where the absorbancy index is
leaﬂ‘lcm'l.

Total chromium was determined by oxidation of aliquots
with hydrogen percxide in basic solution. Sclutions were
analyzed spectrophotometrically at 37202, where chromate has
an absorbancy index of 4803M‘1cm“1 (32), Total chromium coh-
centration was generally very close to chromium(II) concentra-
tion.

Perchloric acid was determined by titration of the acid
released when air-oxidized aliquots of the solution were
passed through Dowex 50W-X8 cation resin in the acid form.

The acid concentration was then calculated as the total amount



Qf acid titrated less that displaced by the dimeric chromium
(III) species Crz(OH)LZL+ (33) formed by air oxidation of
chromium(II).

Chromium(II) solutions were stored under a positive pres-
sure of nitrogen in screw-cap bottles equipped with self-
sealing Buna-N rubber disks. Aliquots were removed with a
nitrogen-flushed hypodermic syringe and needle.

Chromium(II) solutions for tracer studies were prepared
in two ways. (1) Chromium~51 in the form of a chromium(III)
solution in hydrochloric aclid obtained from Nuclear Scilence
Engineering Corporation was added to a chromium(II) solution
and allowed to come to exchange equilibrium. The solution was
not used until a day after its preparation and exchange equi-
librium was assumed. (2) Chromium=-51 was added to a solution
of chromium(III) perchlorate which was then reduced electro-~
lytically to chromium(II). The concentration of chloride ion
added with the chrbmium—Sl was sufficiently low that it could
not be detected by silver ion,

Thallium(III) solutions

Cyanide solutions of thallium(III) were prepéred by
three methods:

(1) A slight excess of Ba(ClOy), was added to a solution
of T12(804)3 (~.3M T1) in ~.25M HC1lOy. Precipitated BaSOy
was removed by filtration. Sodium cyanide was added as a

solid until the pH of the solution was 6~7. Nitrogen gas was
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bubbled through the solution to remove dissolved HCN. The
Coy~ /[TL(III)] ratio was probably 2 4. Thallium(III) con-
centration was determined by reaction with excess Cré¥,

Excess Co(NH3)5012+ was added and the Co2+ produced was deter-
mined spectrophotometrically. The T1{III) conceﬁtration was
calculated as one-half the difference between the [Cr2*]

added and the [Coz+] measured., JIonic strength was measured

by titration of the acia released from ion exchange resin.

(2) A mixture of T1203 and NaCN was added to a per-
chloric acid solution in a sealed flask. The mixture Was',
stirred until all the solid had dissolved. The CCN-/[Tl(IIIﬂ
ratio was ~U4.

(3) A mixture of T1(0104)3 (G. F. Smith Chem, Co.) and
NaCN was stirred into 0.8 M HC1Oy solution in a sealed flask.
The Cey~ /LT1(III)] ratio was ~1.0.

trans-Cyanoaquotetraamminecobalt(III) chloride

Preparation of [Co(NH3)4(H20)CN]ClZ was carried out by
the method of Siebert (34). The solid was recrystallized
several times from conductivity water,

Solutions of this and other cobalt(III) complexes were
analyzed for cobalt content by reaction with excess chromium
(II) solution. The.Co2+ produced was analyzed spectrophoto-~
metrically as described for the analysis of Cri¥, The purity
of the complexes was indicated by quantitative agreement of
the visible (and in some cases, infrared) spectra with

published values.
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Cyanopentaamminecobalt{III) perchlorate

Conversion of [Co(NH3),(H0)CN]Cly to [Co(NH3)sCN )
(ClOu)2°%H20 was carried out by the method of Siebert (34),
The solid was recrystallized from perchloric acld several
times.,

trans-Cyanoaquobis(ethylenediamine)cobalt(III) chloride

| Solutions of [Co(en)z(HZO)CN]2+ were prepared by dissolu-~
tion of |Co(en),(OH)CN]C1°2H20 in excess perchloric acid. The
latter solid was prepared by the method of Chan and Tobe (35)
via a series of intermediate trans complexes [Co(en),Cl,]CL
(36), [Co(en)2(803)Cl], [Cb(en)z(SOB)CN] and [Co(en)z(CN)ClJCl.
Difficulties were encountered in the purification of the
hydroxocyano complex and the chlorocyano complex is a probable
impurity.

cis=Dicyanobis(ethylenediamine)cobalt(III) chloride

The complex [Co(en),(CN)5]Cl was prepared from the thio-
sulfate salt by the method of Chan and Tobe (35). The latter
salt was prepared by the method of RE&y and Sarma (37), who
incorrectly identified it as a trans complex (35).

Tricyanotriaquochromium(III) perchlorate

The cis complex Cr(CN)3 is produced in the stepwise
_aquaﬁion of K3Cr(CN)g (30), which was prepared by the method
of Bigelow (38). When K3Cr(CN)6 was dissolved in 3-4 equiva-
lents of HC1lOy of appropriate dilution and allowed to stand
1-2 hours, the resulting solution (generally .01-.15 M Cr(III))
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contained mostly Cr(CN)B, aloﬁg with small amounts of other
Cr(III) complexes., Precipltated KC104 was removed by liltra-
tion and the solution was passed through Dowex 50W-X8, 50-1C0
mesh cation resin in the Ii% form to remove cationic com-
plexes and then through Dowex 1-X8, 50-100 mesh anion resin
in the ClOf form to remove anionic complexes. The absence

of anionic complexes was demonstrated by addition of aliquots
to solutions of ng+, which forms a precipitate with these
species, The resulting solution of the neutral specles
Cr(CN)4(.01-.04M) was flushed with a stream of N2 gas to
remove any dissolved HCN., The chromium content of the solu-
tion was determined by oxidation with alkaline peroxide and
measurement of the chromate absorbance at B?ZOX (32)., The 1T
content of the solution was determined by titration with NaOH
of the washings when an aliquot was passed through H* resin.

The solution was stored at -78°C in a chest filled with Dry

Ice.

cis=Dicyanotetraguochromium(III) perchlorate

Solutions of cis-Cr(CN)E were prepared from K3Cr(CN)g in
the same manner as was Cr(CN)3 (30), using four equivalents of
acid and somewhat longer aquation times., After rinsing the
last remnants of.Cr(CN)B from the cation resin with water,

0.2 i LiC10y was used to elute Cr(CN)j. The solution was
analyzed and stored the ;ame as'Cr(CN)B. Concentrations of

these solutions were quite low (4x10~%*-6x10-3 n.
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cis-Tetracyanodiaquochromium(III) perchlorate

Acidic solutions of K3Cr(CN)g were allowed to aquate 21
hour (30), then éassed through Dowex 1-X8 anion resin in the
C10j, form. The complex Cr(CN);, was eluted with 0.2 M NaClOy.
The solution was analyzed and stored as described for Cr(CN)B,

Cyanopentaaquochromium(III) perchlorate

Solutions of CrCN2* were prepared in two ways: (1)
N2+

Excess Cr2t was allowed to react with Co(NH;) 4C or
Co(NHB)u(HZO)CN2+ (6). The excess Cr2* was destroyed by reac-
tion with air to produce the Cr(III) dimer, CrZ(OH)24+ (33).
The complex wa.s absorbed onto Dowex 50W-X8, 50-100 mesh cation
resin in the Nat form, kept at 0°C in a water jJacketed column.
Separation from other species, including Cog+, was accomp-
lished by slow elution with 0.99 M NaClOy, 0.01 M HClOy.
Solutions were analyzed for Cr(III) and storgd as described
for'Cr(CN)B. Cyanide was determined by heating an acidic
CrCN2+ solution and distilling the liberated HCN into a NaOH
solution. The CN™ was titrated with silve? nitrate solution
to a silver 1odide end point. The [CN~]/[Cr] ratio determined
for one preparation was 0.998 + 0.003.

(2) Chromium(II) catalyzes the aguation of Cr(CN)j3 and
Cr(CN)E, giving CcrcN2*, The mixture of aquation products of
| KBCI(CN)é prepared as described for the preparation of Cr(CN)3
(but containing 5 equivalents of acid) was flushed with Np

gas and a small amount of Cr?* was added. The Cr?* was
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destroyed by air oxidation after several minutes and the com-
plex purified as described above. Stock solutions were
generally 0.01-0.04 M CrCN2t,

Mercury(II) perchlorate

Stock solutions of mercury(II) perchlorate were prepared
by dissolving reagent grade mercury(II) oxide in a slight
excess of perchloric acid. Solutions were analyzed by the
methods described by Espenson and Birk (39).

Ion exchange resin

Dowex 50W-X8 cation resin was cleaned by rinsing with
4-6 M HC1l until free of iron(III) (when the resin is new) or
until free of most chromium complexes from brevious usage.
The resin was then rinsed with solutions of sodium hydroxide-
hydrogen peroxide and generally allowed to stand overnight in
the presence of this solution. - The resin was reconverted to
the acid form by rinsing with 4-6 M HCl, followed by rinsing
- with water to remove all excesslacid and chloride ion.

Anion resin was generally just rinsed with water or with
an acld solution containing the anion in fthe form of which
the resin was desired.,

Qther reagents

All other reagents were of the best available grade and
were used without further purification. Solutions used in
volumetric procedures were prepared and analyzed by accepted

procedures,
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Kinetics Experiments

Reactions with Cro+*

Because Cr<¥ reacts with oxygen to form Crz(OH)247(33),
reactions involving Cr2+ were carried out under an inert
nitrogen atmosphere., O0Oxygen was removed from reactlion solu-
tions by bubbling a stream of puriflied nitrogen gas through
the solution for at least 20 minutes. Reaction vessels were
capped with rubber serum caps and the nitrogen introduced
through a Teflon needle, Generally Cr2+ was the last reagent
added. A calibrated hypodermic syringe and needle preflushed
with purified nitrogen was used to inject the chromiuvm(II)
through the rubber serum cap. If Cr2+ was not the last
reagent added, the other solution was also deoxygenated
and added with a preflushed syringe.

Conventional spectrophotometric rate measurements

Most reaction kinetics were studied spectrophotometrical-
ly with a Cary Model 14 recording spectrophotometer. Reaction
vessels were cylindrical spectrophotometer cells capped with
rubber serum caps., Reaction solutions, complete but for the
last reagent, and flushed with nitrogen when necessary, were
brought to temperature by lmmersion in a constant temperature
water bath for at least 30 minutes prior to injection of the
last reagent with a calibrated syringe. Constant temperature
was maintained during reaction by circulating constant temper-

ature water through coils surrounding the spectrophotometer
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cell holder. The cell holder was made water tight by fasten-
ing a quartz plate over each end window and was filled with
water so that the reaction vessel was immersed in a small
constant temperature water bath. Temperature remained con-
stant to within + 0,01°C except at high temperatures (55~
75°C), where + 0.1°C is probably a better estimate. The
absorbance due to water in the iight path was small and could
- be compensated for by adjustment of the base line.

In some studies of the aguation of CrCN2T at high tem-
peratures (55-75°C), where volumes of room temperature creNet
solution of 0.5 ml or greater were added, the temperature was
measured immediately after reaction was complete, using a

thermistor thermometer.

In studies at temperatures below room temperature, a
continuous stream of dry air was passed through the cell com-
partment to prevent condensation of water vapor on surfaces
in the light path. |

Concentrations of reagents within a series of ruﬁs were
varied in a random order to minimize the apparent appearance
ofAtrends due to systematlic errors. The concentration range
studied was generally as large as possible.

Method of aliguots

Some studies of the aquation of CrCN?* at 55°C were
carried out by an alternate method. Solutions were made up

in darkened, 100 ml volumetric flasks, complete but for CrcN2*
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After the solutions had come to temperature, the CrCN2+ was
added and the solutions were mixed well. Aliquots were with-
drawn at appropriateiinterVals with quick draining 10 ml
pipets and delivered into test tubes immersed in a dry ice-
ethancl bath., The frozen samples were stored for as long as
a week at =78°C, After the samples were quickly melted and
brought to room temperature, the absorbances were read at an
appropriate wavelength,

Stopped~flow experiments

The oxidation-reduction reactions of Cr?¥ with Co(NHg)y,
(OHZ)CN2+ and Co(en)z(OHz)CN2+ are fairly rapid. Since the
concentrations of Cr2+ needed to bring the rates into the
conventionally observable range (10=5 - 10-% ¥) are difficult
to handle without air oxidation, these reactions were also
studied with a stopped-~-flow apparatus,.

| .The apparatus was based on the design of Dulz and Sutin
(40) and was purchased from the Atom-Mech Machine Co., |
Patchogue, New York. A motor-driven block qquipped with a
slip clutch pushed the reagent syringes, driving reactants
through an eight-jet mixing chamber into a 3 mm observation
tube, The transmittance of the solution, which remained
statlionary on filling a stopping syringe, was measured spec-
trophotometrically with a Beckman Model DU monochromator. The
light intensity was measured by connecting the signal from a

photomultiplier tube (EMI 6256B), via a filtering and amplify-
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ing circuit, to the A input of a Tektronix 535A oscilloscope.
The photomultiplier bias voltage was varied between 500 and
600 volts, with the monochromator slit width at 2ﬂ0 mm. The
B input to the oscilloscope was a constant potential, so that
the net input was (A-B), allowing amplification of small
changes in A without amplifying the total A input. An oscil-
loscope trace was initiated electronically shortly before
the stopping syringe was filled and was photographed with a
Polaroid camera. A second trace was triggered manually.

Absorbance changes were kept less than 0.1 so that
absorbance and transmittance were always linearly related.
which allowed the ordinate of the trace to be treated as
concentration. The abscéissa (time) was calibrated with a
time~mark generator. Each solution was prepared at the same
ionic strength, so that density was about the same in each
solution, optimum for best mixing.

Typical oscilloscope traces are shown in Fig. 1.

Measurement of HY concentration

In most kinetic studies, the H+ concentration was calcu=-

lated from the contributions made by the various reagents.
In most studies of the CrCNZ* aquation, however, the amount of

2+ solution was known only roughly.

acld added with the CrCN
In this case, [H'] was determined by direct titration with
NaOH of the spent reaction solutions. The chromium(III)

content was usually sufficiently low to cause no interference



Fig. 1. Typical stopped flow oscillograms
A.: 4.31x10=-% M Co(NHj3)y(Hp0)CN2+,” 6, 11710~ -3 M cr2+,
0.129 M H', I = 0.150 M, 25.0°C;’ 45508, 560
volts bias voltage, 50 msec/cm sweep speed;
Kox = 1500 M-lsec—l

B. 1.31x10"3 M Co(en)p(Hp0)CN2¥, 5. 04x107 3 u cret,
0.129 M HF, I = 0.150 M, 34.2°C; L4508, 600
volts bias voltage, 100 msec/cm sweep speed;
Kox = 1710 Mﬁlsec‘l ' |
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with the titration, and was also sufficlently low that [ET]

.changed negligibly during the run as CN~” was released.

Data Treatment

With the exception of stopped-flow experiments and some
first-order kinetic data, most data were treated with an IBM
7074 or 360 computer. Data were fit to the appropriate
equation with a non-linear least squares programl.

Activation parameters were calculated from the absolute
rate theory expression, Eq. 8, assuming AH¥ and AS* (K = 1)

k = K(kpT/n)exp(as*/R - AE¥/RT) (8)
are independent of temperature. The subroutine used in these
calculations treats all data simultaneously, fitting both
temperature dependence and any hydrogen ion dependence asso=-
ciated with the rate constant,

The weighting scheme used‘in the non-linear least squares
calculations depended on the manner in which the uncertainty
(Ay) of the dependent variable (y) varied with the magnitude
of y. If data are being fit to the felation y = f(x), the
function being minimized is:

f

lThe author is grateful to Dr, T. W. Newton of Los Alamos
Scientific Laboratory for supplying the least squares programs
and some of the subroutines used with these programs. The
programs are based on a report by Moore and Zeigler (41).
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The contribution of each term to the sum is proportional to
wiyiz for a gilven relative‘approximation of 3y to yi. The
following cases may be distinguished:

1) The relative uncertainty of each data point is the
same (4y/y 2 constant). Thus, each term in the summation
should count equally, independent of the magnitude of y.

2, giving W1y12(=1).

This is acc-mplished by setting wy = yi~
Most derived rate data fall in.this category.

2) The absolute uncertainty of each data point is
approximately constant (Ayy constant). The precision in-
creases with the magnitude of y and each term in the summa-
tion should contribute proportionate to the magnitude of y..
With w3y = yi‘l, each term is proporiional to wiy12(=yi).

This welghting scheme was used for the calculation of rate
constants from absorbance-time data.

3) If it is desired to make each term depend even more
heavily on the magnitude of yi,‘the weights used are wy; = 1,
with wiy12(=yiz).

L) When neither the absolute nor the relative uncer-
tainty is constant, it may be desirable to take the.preoision

of each data point into account. Each term should count more,

the smaller the relative uncertainty. This is accomplished

1

with wy = (y348y3)7" giving W1Y12(=y1/0y’1)'



23

Tracer Experiments

Exchange of #*Cr2%T with CrCN2t

Exchange reactions were initiated by the addition of
#Cpet solution to a nitrogen-flushed solution containing all
other reagents and previously brought to constant temperature.
The solution was contained in a 150 ml milk dilution bottle
capped with a self-sealing Buna N rubber disk. These reac-
tions were followed typically for 30 minutes, but in some
cases for as long as 160 minutes. Since repeated puncturing
of the rubber disk to withdraw samples could cause oxygen
leakage, a further precaution was taken. The neck of the
bottle was inserted into a large,one~-hole rubber stopper and
a glass cylinder was placed over the stopper. The glass
cylinder was sealed off except for a nitrogen inlet tube in
the side and a small hole in the top, through which samples
were withdrawn with syringe and needle. Aliquots of 1-5 ml,
depending on the *CplF concentration, were withdrawn at
appropriate times and quenched by delivery into a small beaker
through which a stream of a2ir was bubbled, converting crét to
Crz(OH)g+ (33). The volume of the aliguot quenched was not
critical since the specific activity rather than the activity
of Crz(OH)g+ was measured.

The separation of Crz(OH)g+ from CrCN?T was carried out
by an ion exchange procedure. The quenched aliquots were

transferred to columns of Dowex 50W=X8, 50-100 mesh cation

-
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resin in the HTt form, contained in a piece of tygon tubing
about 12 mm x 8 cm. The resin was then rinsed with about 200
ml of 2 M HClOy. Most of the CrN2* was eluted by the first
10=-20 ml of acid. The length of resin contalning the
Crz(OH)g+ was treated with sodium hydroxide-hydrogen peroxide
solution to remove the chromium.

The specific activity of the chromium(VI) solution

resulting from oxidation of CrZ(OH)g+ was determined by count-

1

ing a 5 ml sample in 4 well-type scintillation counter™ at the

energy maximum of the Cr51 Y-radiation and spectrophotomet-
rically analyziﬁg for chromium as chromate (32) after dilution
of aliquots and heating in a boiling water bath to destroy
excess peroxide., No colored épecies which might interfere
with the chromium analysis could be removed from the resin,.

Since Cr2* is air sensitive and there was a possibility

2+

of some oxidation during the initial addition of *Cr and

during the withdrawal of aliquots, analyses were made twice
during a run, at approximately one and four half-lives for
exchange. Only runs where there was no appreciable change in
Cr‘?'+ concentration were retained as valid experiments.

The hydrogen ion concentration range was limited to
<O.4ﬂ since even at this concentration, aquation is suffi-

ciently rapid to cause changes in CrCN2+ concentration during

lThe author is grateful to Dr. A. F. Voigt for use of
counting facilities.
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the time required for an exchange study (ten minutes to three
hours). No satisfactory method was found for treatment of
data for an exchange accompanied by net reaction.

Exchange of *Cr2T with the intermediate

Tracer experiments were used to determine the role of
Cr2+ in the catalyzed disappearance of the intermediéte
(described below). Nonlabelled crét was used to reduce
Co(NH3)4(H20)CN2+, rapidly producing the intermediate.
Labelled Cf2+ was then added and the reaction with intermed-
iate allowed to proceed for 4-5 half-lives befbre the Cr2t

2+ and

2+

was oxidized in a stream of air. The separation of Cr
CrCN2+ and measurement of the specific activity of the Cr
fraction was carried out as described above. The first 15-20
ml of acid eluant was collected as the CrCN2+ fraction, and
contained most of the CrCN2+ and C02+ produced. The specific
activity of this fraction was measured by counting‘a 5 ml
sample and analyzing for chromium by the diphenylcarbazide
method (42). The alkaline chromate method could not be used
because of interference by Coz+. A blank experiment to
correct for exchange of Cr2+ and CrCN2+ consisted of the same
procedure, except that the disappearance of intermediate was
allowed to go to completion before the tagged cr2* was added.
The blank constitutés an overcorrection, since the concentra-

tion of CrCN2+ was increasing during the tracer experiment,

while it was at the final value throughout the blank experi-
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ment. Mathematical difficulties, as well as some zero-time
exchange, prevented the calculation of a true blank, so that

the results are not expected to he strictly quantitative.

Measurement of Spectra

Visible and ultraviolet spectra of relatively stable
species were obtained by scanning the wavelength region of
interest with a Cary Model 14 recording spectrophotometer.

An appropriate blank was measured in the same cell to account
for any effects due to changes in the baseline setting with
wavelength., _Infrared spectra were measured with a Perkin-
Elmer Model 21 Recording Infrared Spectrophotometerl.

A special procedure was required in the case of the meta-
stable intermediate, which could not be isolated in pure forn.
Repetitive spectra were taken at constant temperature (2—5°C)
of a solution in which ihtermediate had been produced by re-
action of CreT with an excess of the appropriate cobalt(III)
complex., Spectra were taken every 90 sec until the reaction
had gone'about 90% to completion, then every 5 min until con-
sfant readings were observed. Under these conditions, forma=
tion of the intermediate should have always been completed
within one minute or less, while disappearance of the inter-

mediate (forming CrCN2+) continued for much longer times (30~

1The author is grateful to Dr. V. A. Fassel for use of
facilities and to Miss E. . E. Conrad for taking I.R. spectral

data. :
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60 min). The decay of the intermediate followed pseudo-
first-order kinetics (see below). Linear plots of log

(Dy = Doo ) ¥s. time (D = absorbance at the indicated time)
were extrapolatedito zero time to obtain the quantity

(DO - Dq)) at various WaVelengths. The following equations
were used to calculate absorbancy indices for the intermed-

iate:

Do = Do = A€*D*Cysp (10)

€intermediate ~ Sopcn2+ Tt A€ (11)
where b 1s the light-path length and Cj;, is the concentra-
tion of the limiting reagent. Assuming that all CrCN?Y is
formed via a path 1nvolﬁing the intermediate, the initial

concentration of intermediate is Clim’
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RESULTS AND DISCUSSION
Oxidation-Reduction Reactions
Taube and Myers (43) first studied the reaction of Cré+
with Co(NH3)sx*2™™, Eq. 12. |
Cr2*+ Co(NH3) gX*3-R4 5HY = Crx*3-D + Co2+ + SNH] (12)
The formation of CrXT3=1 with many ligands X'~ established an
inner-sphere bridged mechanism for electron transfer. Rate

data for a number of these reactions are presented in Table 1.

Table 1. Rate data for reactions of Cré¥ with Co(NHB)SX*3‘n

at 259¢C

X I k(M-lsec~1) (kcafﬁz;le) (2?:.) Reference
F=  0.1M (2.5+0.5)x107 | (L)

1.0 (9+1)x107 (4h)
€1~ 0.1  (6+1)x10° (4i)

1.0 (2.6_~z_~o.5)xlo6 | (L)
Br™ 0.1 (1.4+0.4)x10° | (k)
I~ 0.1 (3+1)x10° (4s)
NH;® 0.4 8.9x1075 14,7 -30 (45)
H,0 1.2 0.5 2.9 -52 (46)
N3~ 1.0 3x107 - (47)
-NCS™ 1,0 19 6.9 -29 (47)
$0,%~ 1.0 18 6.2 -32 (47)
0Ac™ 1.0 0.18 | (48)
NO3~ 1.0 . 90 (47)

8This reaction is likely outer-sphere, since NH3 is not
transferred, '
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Reactions with cyanide as the bridging ligand have not
previously been studied, although some experiments related to
this work have been published (6,49). Particular interest in
~ this ligand arises because it is apparently the first system

for which there is direct evidence for remote attack by cré*

(2).

"Although the immediate product of the reaction of Cr2+
with Co(NH;) sCN2*, Co(NH;),(H,0)CN%*, or Co(en)p(Hp0)CNZ* is
a metastable intermediate (discussed below), this intermediate
decays to form CrCN2+. The stoichiometry of these reactions
(Eq. 13) was determined by ion exchange and spectrophotometric

Cr2* + CoLgCN?* + SHY = CrCN2* + Co?* + sHLY (13)
techniques. Ion exchange separation of the products of each
reaction indicated that the only chromium(III) product was
CroNZ*,

The addition of various amounts of cr?t to solutions of
Co(III) gave changes in absorbance directly related to the
cr?* concentration when [Cr2*] /[Co(III)]_ was < 1.0. The
absorbance change was invariant, however, when the ratio
[Cr2+]o/[Co(III)]O was > 1.0. This is consistent only with
the 1l:1 stoichiometry indicated in Eq. 13. No attempt was
made to verify the stoichiometry with respect to HT,

Studies of the kinetics of these reactions were carried
out by spectrophotometric techniques (conventional and

stopped-flow) at wavelengths in the ultraviolet region, where
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absorbancy indices of each Co(III)‘complex are large (~20,000
u~lem™l at 21008) and at the maxima in the visible spectra of
Co(III), shown in F.z. 2. There was little interference from
absorbance changes due to decay of the intermediate. Rate N
studies were carried out at 5-35°C and 0.150M ionic strength
over the concentration ranges: Co(NH3)50N2+:4.5x10'5 - 6.5%
1073 1 cr2*, 2,1x1076 - 6.0x10=3 M Co(III), 0.03 - 0.150 X H;
Co(NHy) 4 (Hy0)eN2¥:3.7x1075 = 1.3x1072 1 cr*, 1.5x107° - 6.1x
10~% M Co(ITI), 0.015 = 0.150 M H'; Co(en),(H,0)CN?*:1.5x1075 -
1.3x10"2 ¥ cr2*, 8,0x1077 - 1.3x1072 M Co(III), 0.010 = 0.150
M H*. Experimental results are presented in Tables 2-4.
Although the rate constants are not highly precise, particu-
larly in the case of Co(NHs),(H,0)CN*Y and Co(en),(E,0)CN**
experiments, the fair constancy of second-order rate constants
for a given complex over the quite large ranges of concentra-
tions studied indicates that the rate law is adequately
described by Eq. 14,

[cr?* ][coLsone™] (14)

This rate law is identical with those found for the related

-d[Co(III) V/dt = kgy
systems listed in Table 1. Rate constants for the aquo com-
plexes were greater than that for the pentaammine complex, as
was observed also in work on the reaction of Cr?% with
acetatocobalt(III) complexes (50) and with chlorochromium(III)
complexes (51).

Data for the three reactions were fit to the Eyring
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Fig. 2. Spectra of cyanocobalt(III) complexes
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Table 2. BRate constants for the oxidation-reduction reaction of Cr2+ with

248
Co(NH) 4CN

4 24 s + o Koy (M~lsec~1)

10[cret) 10°[Co(III)] [(E"] . A(A) Temp ox2=
° ° ° (°c) obsd, P calec®

4.5 M 17. 5 M .139 M 2400 5.2  21.3+0.7% 14.5
1.11 495 .150 2100 " 14,0%0.1 "
4.95 2,06 1548 " " 14,470,2 n
1.98 °248 _ 149 " 5.1 15.740.3 14,4

1.98 495 <149 " " 15.0+0.2 "

9.08 4,12 2147 2200 " 14.3%0.4 "
13.8 7.10 J146 2400 5.2 21.1%0.74 14.5

1.98 - .991 .149 2100 5.0 14,0%0.1 14.3
Ly, 9 sz' .129 4400 15.0 21.6+0. 24 22,9
36.4 511, 124 n n 17.5+0,1 "o
60.0 310. .123 n " 22,2%0.2 "
34,7 562, .123 n " 23.6+0.2 "
57.7 281, J12h4 n " 21.0+0. 34 "

3.37 491, 213k " " 33.5+2,34 "
64.9 300. 113 " " 20,8+0.3 "

8Determined with a Cary Model 14 spectrophotometer, I=0.150 M with HC1Oy
and LiCl0y, except as noted. '

bCalculated from absorbance-~time data using a computer program for first-
order or second-order data. Uncertainties are standard deviations and represent
the fit of data to the appropriate equation.

cCalculated from the activation parameters given in Table 5.

drhese data points were not used in the calculation of the activation
parameters (Table 5). .

49



Table 2, (Continued)
fo) - -
10”[0r2+]o 105[00(111)10 [H+Jo A(A) Temp Koy (M 1)
(°c) obsd,.DP calc,
64.9 300, .100 4400 15.0 19.8+0.3 22.9
21.7 599, .125 " n 26.,970.6 "
2.28 1.24 <149 2065 " 25.8%0.2 "
2.28 1.24 .149 2100 " 24,0%0.2 "
3.4 1.90 2149 2200 " 23.7%0.1 "
1.98 2991 149 2100 " 24,9%0.2 "
g .206 .150 " " 20.3%1.5 "
1.98 .2L8 21ho n " 20.130.5 "
4,95 2,06 0148 n n 24, 3+0 1 n
1.98 1495 <149 " " 24.7%0.3 "
9.08 b,12 L1147 2200 u 23.0%0.3 "
34,5 17.5 .139 2400 " 26.3%0.5 n
13.8 7.10 k6 " " 26.6%0.7 "
149 .206 150 2100 25,0 28.4+1,54 35.5
1.98 195 .149 " " 38,3%0.8 "
4,95 2.06 2148 " n 35.6%0.2 n
1.11 95 2150 " " 33.1%0.6 "
13.8 7.10 .1L6 2400 " Lh,7%1.2 "
1.98 2991 149 2100 " 35.4%0.2 n
9.08 4,12 147 2200 n 38.030.5 "
1.98 .2L8 <149 2100 " 36.2%1.1 "
1.98 .991 .149 " " 35.0%0.2 "

S



Table 2, (Continued)
10%[cr2+] 105[00(111)]0 rat] A (R) Pemp  ox(M~lsec=l)
° (°c)  ongqa.P cale.C
40.9 409. .052 L1400 15.0 22,.8°
40.9 409, 0125 " " 32.0
40.9 409, 475 " " s, 1T
1.0 " " 61+68
40.9 409. 035 " " 51541
(1] 1] .104 n n 53.0f
" " 254 " n 53.6f
n 1 .35“, " n 52.2f
" " .50 " n 51.2%
€I = 0.077 M.
f1 =0.53 1
g]'. = 1.00 M under a variety of concentration conditions (6).

7€



Table 3. Rate constants for the oxidation-reduction reaction of Cr2+ with

trans-Co(NH;),, (H,0) CN2+® -
. (o) . . -1 -1\c
109[cr?*]  10M[co(11r)],  [HY]  AMA) Method®  Temp Kox (M "sec™)
° ‘ ° (°c) obsd calc
«257 124 .150 2100 C 15.0 1280 1215
.0371 .0150 " " ' " " 1510 n
549 .251 " n Coom " >12504 "
.0647 .0312 1} n n n 1260 "
.128 .0626 " n - n " 1460 n
.667 .302 " 2300 n n >10504 "
.257 1248 1 n ] n 1170 1
0371 .0150e n . 2100 " " 1620 n
.514,9 '251e " 2100 n " 21250(1 n
.128 .0626¢€ n n n n 1320 "
667 .302¢€ u 2300 " " 210 504 n

a1 = 0,150 M with HC1lOy and LiCl0y. The Co(III) complex was added as the
chloride salt. '

PMeasurements were made with a Cary Model 14 recording specbrophotometer (c)
or on a stopped-flow apparatus (SF).

Cobserved values of kox were evaluated graphically from plots of 1og(D -Qb )
vs. t. Numbers in parentheses are the number of determinations of kg, using the
same solutions, The uncertainties given are average deviations, representing the
precision with which experiments could be reproduced. Calculated values of kpx
were obtained from the activation parameters given in Table 5,

dReactlon was complete on mixing. The 1limit was placed on kyy by assuming

that ti < 1 sec. These values were not used in the calculation of activation
parameters,

®To show that the rate was independent of [C17], 0.01 M Cl” was added to
these solutions.
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Table 3. (Continued)

103[Cr2+]0 10”[00(111)]0 [H+]o A(A) Method®  Temp Koy (M lsec1)C
(QC) obsd cale
5.95, L, 31 .129 L550 SF 15.8  1290+57(8) 1231
12.5f 6.13 .0887 n " " 1180+84(11) n
12.9 6.13 .0156 n " " 1217+108(9) "
6;11f 4,31 .129 " " 25.0  1532+113(8) 1420
10.2f 4,09 .101 n n n 1547+78(7) "
13.1 4,90 L0156  4h4so " " 1299%27(8) "
6.08 L,31 .129 4550 " 34.2 1720+179(8) 162
10.2ff 4.09 .101 " " " 1594465(7) w2
13.2 4.90 .0156 L4450 n " 1614+43(7) "
. %

These solutions contained Zn2* of concentration s[Cr

2+].



Table 4, BRate constants for the oxidation-reduction reaction of Cr2+ with trans-

Co(en),(H,0)CNZ+? .
-1 -1l,c
103[cr2+] 10“[00(111)]0 (B9, MA) Methoa®  TCRP Kox (M “sec )
i (C) obsd calc
L0467 02441 .150 2200 c 15.0 1024 769
0933 0482 " " " L 1076 "
0933 .0482 " 2100 " " 1031 oo
.lLlfO '0?24 n " n 1] 123? n
.0156 .00804 " " " " 988 "
0469 S .0241 " n " n 966 u
<0234 .0121 S " " " 1160 "
.0ué7 0241 L " " " 1024 "
13.1¢ 5.25 .0890  Lh50 SF 15.8  917+49(8) 791
7.25 3.75 ~.0100 n " " 8L42549(8) n
5.00 13.1 ©.129 " " " 702%33(7) n
9.66 10.3 101 " " n 6L1%LL(7) n
1.05 5.15 o144 L " oo 706+37(5) "
7.97 5.15 0199 " " B 750+60(5) "
.375 1.03 145 " " " 1123%81(8) n

81 = .150 M with HClOy and LiClOy.

PrMeasurements were made with a Cary Model 14 spectrophotometer (C) or with a
stopped~flow apparatus (SF).

CObserved values of kpy were evaluated graphically. Numbers in parentheses
are the number of determinations of Kgx, using the same solutions. The uncer-
tainties given are average deviations, representing the precision with which
experiments could be reproduced. Calculated values of k,y Were obtained from
the activation parameters given in Table 5.

dThese solutions contained Zn2+ of concentration %[Cr2+]n

LE



Table 4, (Continued)

-1 -1 ¢
103[Cr2+]O 10“[00(111)10 [u*1, AM(&) Method® Temp Koy (M7 "sec™ )

(°¢) obsd calc

13,24 6.56 .0886 L4550 SF 25.0 1001+51(7) 1089
7.28 3.75 .0100 " u " 1185+56(8) "
5.13 13.1 .129 " " " 1122%23(8) "
9.77 1003 .101 n n ] 11431_8(5) 1]
1.08 5.15 L4k " " " 983+40(5) "
8.01 5.15 .0199 n "o " 1095+53(7) v
U415 10.3 <145 " " " 1340+150(6) "

13.3¢ 6.56 .0886 "o no 1267+49(8) 1472
7.28 3.75 .0100 n n n 1751+53(8) "
5.0L 13.1 .129 " " " 1560%82(8) "
9.79 10.3 .101 n n " 1515+48(5) "
1.13 5.15 <1k u u " 1250+49(5) "
8.01 5.15 .0199 " " " 1531385(8) "
433 10.3 J145 n n " 1732%112(6) n

8t
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equation (Eq. 8) with a non-linear least squares computer
program. Activation parameters, as well as pbserved and
calculated rate constants at the temperatures studied, are

given in Table 5.

Table 5. Activation parameters for the Cré¥-Co(III) oxidation-
reduction reactions®

— 1o

Co(III) ruF As* Temp Koy (M lsec™d)
complex (kcal/mole) (e.u.) (°c) obsd calc
Co(NH;) 4CN?*  6,92+0.35 -28.3%1.2 5.1 14.5+0.5 14,4
15.0 22.8%2.0 22.9
25,0 35.8%1.3 35.5
Co(NH3)y 2.07+0.26  -37.2+0.9 15,8 1230480 1231
1.0 ONZ+ 25.0  1450%130 1420
(H0)C 3b.2  1670%110 1625
Co(en), 5.36+0.30 -26.741.0 15.8 7704120 791
2+ 25.0  1120%90 1089
(Hz0)CN 3h.2  1490%160 1472

81 = 0.150 M with LiClO4 and HC1O4. Activation parame-
ters were calculated with a non-linear least squares computer
program. Weighting was carried out as k=2,

Pobserved values of Kox are weighted averages (weight =
k'z) and uncertainties are weighted average deviations. Cal-
culated values of kgx Were determined from the activation
parameters,

Values of koy at 1.00 N ionic strength for Co(NHg)gCN®"

were determined to be 61 + 6 M~tsec™l at 15°C (6) and 100 =+
20 M~ lsec™! at 25°C (49). Estimates of the activation
parameters based on these values of kgyx, AH* ~ 9 kcal/mole
and A-S:t= ~ =30 e.,u., are similarlto those calculated for solu-

tions of 0.150 M ionic strength, where kox = 22.8 + 2.0
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i\/l_"‘]-sec"'l at 15°C and 35.8 + 1.3 ﬂ'lsec“l at 25°C, and ARF =
6.92 + 0.35 kcal/mole and ASF = -28.3 + 1.2 e.u. (see Table
5).

The effect of ionic strength on the values of X,y for the
reaction with Co(NHB)SCN2+ is shown in Table 2. The ionic
strength effect is adequately described by an extended Debye-

Hiickel equation (Eq. 15). In Eq. 15, k, is the rate constant

2.% =
AN(Z ) it + BI (1
1+/T 2

at infinite solution, A is a constant which is characteristic
+
)

log k = log k, +

of the solvent, A(22 is the change in the square of the

charges of the species involved in the net activation process,

2% yith

and B is an empirical constant. For the reaction of Cr
Co(NH3)5CN2+, A = 0.50 and A(Zz)* = 16=U-4 = 8, The best fit

of data to Eq. 15 is obtained with B = -0.55, giving k, = 6.7.

Identification and Kinetics of Disappearance
of the Intermediate

Evidence for an intermediate

Evidence for the existence of an intermediate in the
reaction of Cr2t with CoLSCN2+ is as follows. At some wave-
lengths (€.g., 32702 for Co(NH3)5CN2+) the absorbance decreases
rapidly with rate constant kyy, reaches a minimum, and then
slowly rises to a éonstant value. At other wavelengths (e.g.,

2+

MUOOK for Co(NH3)5CN ), there is an initial rapid decrease in

absorbance with rate constant kgy,» With very little change in
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absorbance after this. At still other wavelengths (e.g.,
52002 for Co(NH3)50N2+), the absorbance increases somewhat
during the time required for the first stasge réaction,‘then
continues to rise considerably to a constant value. Similar
observations were made with the other two complexes, Co(NH3)4

2% and Co(en)z(HZO)CN2+. Absorbance behavior for

(Hy0)CN
Co(NHB)u(Hzo)CN2+ at 52002 is shown in Fig. 3. These observa-
tions are inconsistent with the occurrence of a single reac-
tion. Since the slower reaction occurs subsequent to the
initial reaction and with eilther reactant in excess, it must
necessarily be a reaction involving the product(s) of the
initial rapid reaction, i.e., a metastable intermediate is
formed.

Although there may be other possibllities, two logical

2+

choices for an initial product of a reaction between Cr and

CoLsCN?*, which reacts further to give CrCN?¥, are the iso-
cyanide CrNC2+ and the binuclear complex CrNCCoL54+. The
spectral observations on a given Co(III) complex are con-
sistent with either of these formulations.

The problem remains to distinguish between the two formu-
lations for the intermediates or to uncover any other possi-
bilities., The most convincing e#idence for the identification
“of an intermediate would be its isolation and chemical analy-
sis. An intermediate for which isolation was achieved is

6

(NC) gFeCNCo(CN) 5™, formed in the reaction of Fe(CN)g ™ with



Fig,

3.

Stopped flow oscillograms showing the presence of
an intermediate in the reaction of Cr2* with
Co(NH3) y(Hp0)CN?*; 5,25%1073 M Cr2*, 9.65x10-% K
Co(III), .995 M H', I = 1,00 M, 25°C, 5200%;
sweep speed; A = 50 msec/cm, B = 2,0 sec/cm,

C = 16.4 sec/cm
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CO(CN)53' (52)., However, the short lifetime of the intermedi-
ate(s) 1involved here pfecludes this method of identification,
A second technique 1s the production of the Same intermediate
by several reactions. As indicated above, the reactions of
cr?* with Co(NH3) CN?F, Co(NH3)y(Hp0)CN?* and Coen) ,(H,0)CN?*
each produce an intermediate. A common intermediate, as demon-
strated by identical properties, would eliminate the formula-
tion as a binuclear complex, since variation of the non-
bridging ligands on Co(III) should cause chahges in properties
of the intermediates. The properties to be investigated are
kKinetics of disappearance of the intermediate, reaction of

intermediate with tagged Cr2+, and spectra of the intermedi~

ate.

Kinetics of decay of the intermediate

The rate of disappearance of the intermediate formed from
the three Co(III) complexes was studied at 1.00 M ionic
strength (maintained with LiClOy) under the following condi~
tions: 15.0°C, 4x1073 E Co(III), 0-.042 N Cr2t (in excess of
Co(III)), 0.400 M HY (Table 6); 25.0°C, Lx10~3 M Co(III),
8.1x10™% - 4.1x1072 M cr2* (excess), .05-.91 ¥ H™ (Table 7).
More experiments were performed at 15.0°C and 0.40 M HY, with
0-.056 N cr?t and .002~,015 M Co(III), but are not reported in
Table 6 since the Co(III) solutions used in those experiments
probably contained impurities, as indicated by changes in rate

after recrystallization. However, data qualitatively con-
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Table 6. Rate constantc for disappearance of intermediate at

15.0°9¢2
SourceP? 103[Cr2+]xs ki(sec"l)c

obsd calc
A 8.15 .0159 + .0003 .0159
B 8.23 .0167 + .0003 .0159
C 8.21 L0147 ¥ 0002 .0159
A 36,96 .0269 ¥ ,0006 . 0296
B 37.04 L0341 ¥ .0002 .0296
c 37.02 .0377 % .0008 .0296
A 2.41 .0114 ¥ .0003 0131
B 2.49 .0117 ¥ .0003 .0131
c 2.47 .0098 ¥ .0002 .0131
A 16.61 .0180 + .000k4 .0199
B 16.69 .0182 ¥ ,0004 .0199
c 16.67 .0201 & .0002 .0199
A 0.0 ¢ .0166 T .0002 .0120
B 0.0 ¢ .0176 ¥ .0001 .0120
c 0.0 d .0142 ¥ .0002 .0120
A N1, 54 .0300 ¥ .0009 .0318
B 41.62 .0306 ¥ .0010 .0318
C - L41.60 .0326 ¥ .0007 .0318
A 0.83 .0125 ¥ .0004 L0124
B 0.91 .0132 ¥ .0004 .0124
C 0.89 .0109 ¥ .0005 L0124
A 4,01 .0112 ¥ ,0002 0139
B 4,09 .0121 ¥ .0003 .0139
C 4,07 .0115 + .0002 ©.0139
A 26,91 .0255 T .0004 .02L8
B 26.99 .0263 ¥ .0005 .0248
C 26,97 .0233 ¥ .0006 .0248

0.400 M HT, Spectrophotometric

8l = 1.00 M wit§ LiCloy;
using a ten-fold expanded scale slide

measurements at™ 5200
wire.

by
B
c

Co(NH )1, (H20) CN2+

Co(NH3) 5eN2* (3, 593x10=3 1)

(3.85x10~3 M)

Co(en)z(Hzo)CN2+ (3.87x10-3 M).

Cobserved values of ky were obtained from absorbance-time
data with a computer program for first-order kinetic data;
welghting was carried out as 1/D (D=absorbance). Calculated
values were obtained from the best fit of the data to the

equation: ky = ké + ki [Cri+] (Table 8).

SCobalt(III) was in excess by .00192,
respectively in these three experiments.,

.00184, and .001863
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Table 7. gate constants for disappearance of intermediate at

5.00¢8
Source® [H+J(ﬁ) 103f0r2+st(ﬂ) lOzki(sec"l)C
. obsd calce
A .oﬁ93 2.38 5026 + 14 5.22
.0 . A7 + 04 s
.0482 _ ;.gg 2.87 F .20 2.01
. 0499 9.53 8.23 + .35 6.25
. 0495 12,81 7.61 + .30 6.72
LoL9L 15.96 7.35 % .12 7.17
. 0458 26,14 8.17 T .41 8.61
.0505 29.28 5.28 + 40 9,06
.0501 39.97 11.97 + .61 10.56
.0999 3.93 booh + .21 5.26
.1003 9.53 5.50 + .49 6.03
.0998 15,96 6,16 + 47 6.91
.0998 16.13 8.19 + .49 6.93
.0993 29,28 1L.46 + .66 8.74
.201 3.93 5.65 + 14 4,90
.200 9.53 - 6.22 % .27 5.62
201 15.96 7.13 + .24 6,40
.201 16,43 6.85 * .35 6.46
.200 29.28 10.25 * .19 8.14
400 .81 5.01L + .05 3.97
400 2.39 L,46 + .11 h,15
401 3.98 3.90 + .16 4,33
400 7.87 4,79 + .19 b.77
0399 - 9.53 4,99 + .14 Lb.,96
400 15.96 5.61 + .09 5.68
400 16.13 5.42 % .15 5.70
. 399 26,19 - 8.57 * .13 6.83
400 36,22 8.60 + .08 7.96
400 LO.71 8.27 + .21 8.46

&1 = 1,00 M with LiClO4; spectrophotometric data taken in.
5 cm cells at 52004, using a ten-fold expanded scale slidewire.

A = Co(NH3)sON?* (3.93x10-3M).
B = Co(NH3)y(H20)CN?* (3.85x10-3H)
C = Colen),(Hp0)CN2F (3.87x10-3M).,

CObserved values of ky were determined from absorbance-
time data using a computer program for first-order kinetic
data., Weighting was carried out as l/absorbance. Calculated
values were determined from the best fit of the data with
sources A and B to the equation: k = (ky+ kl[Cr2+])

Q/(Q+[H*]) (Table 9).
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Table 7. (Continued)

Source? (ut1(M) 103[Cr2+]xs(ﬂ) 10Ky (sec™t)®

obsd calc

A 601 3.93 4,03 + .09 F.66
.600 29.28 6.85 + .21 6.41
.800 2.38 3.82 + .05 3.35
.801 3.93 3.17 + .16 3.49
.800 7.78 3.85 ¥ .12 3. 64
. 799 9.53 3.76 + .09 4,00
.800 12.81 L,ob + .07 L.30.
.800 15.96 L.ok7 + .10 L.59
.800 16.43 L.32 ¥ .06 .60
. 26.17 L6+ .26 .52
. 88 29.2 2.9@ F .15 %.Zo
.800 39.97 5.65 + .18 6.77
B .0505 4,01 2.19 + .14 5,47
- 0504 7.86 7.21 * .39 6.01
. 0493 9.61 6.90 + .32 6.27
.0505 12,89 5.76 £ U6 6.73
. 0504 10.04 B.45 ¥ .19 7.18
.0508 26.25 8.95 + U3 §.62
. 0499 29.36 10.27 + .76 9.07
.0992 L.o1 10.26 * .36 5.27
0997 9.61 7.11 % .20 6.04
.1008 16.04 7.77 * .87 6.91
.1008 16.21 7.62 + 48 6.94
.200 L.o1 5.12 + .20 L,92
.200 9.61 5.35 + W46 5.63
.200 16,04 6.15 + .11 6.45
.200 16,21 7.99 + .30 6.47
.199 29.36 9.20 + .19 8.16
. 400 | .89 6.13 * .18 3.98
<403 L,o6 L,85 + .24 4.33
400 7.95 4,08 + .25 4,77
<400 9.61 b,31 + .19 4,96
400 16.04 S.hb + .16 5.68
400 16.21 644 ¥ .13 5.70
1400 26.27 6.92 ¥ .27 6.84
4ol 36.30 8.48 + .13 7.96
400 2.47 3.82 ¥ .06 4,16
400 40.79 8.53 £ .23 8.47
.600 4,01 3.82 + .11 3.87
» 599 29.36 5.73 + .14 6,42
.800 2,46 3.92 + .10 3.36
.800 4,01 3.15 + .10 3.50
0800 7.86 4095 j_: 015 3085
.800 . 9.61 3.40 + .15 4,01
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Table 7, (Continued)

source®  [g*)(¥)  103[cr?r1 (M) 10%ky (sec™1)®

. A obsd calc

B . 800 12.89 L.kl + .08 L.31
. 800 16,04 L,48 + .10 L.59
. 800 16.21 L,4E ¥ .09 L,561
.800 26,25 5.17 * .26 5,52
- 799 29,36 5.39 % .1k 5.61
.800 40.05 6.31 + .21 6.78
C .200 9.59 3.93 + .15 5.63
. 200 16,02 5.62 ¥ .12 6.45
.200 16.02 5.58 ¥ .09 6.45
. 400 9.59 b.52 ¥ .23 b.96
400 16.02 4,76 + .06 5.68
. 400 16.02 5.27 * .05 5.68
.600 3.99 2.91 + .07 3.87
. 600 16.02 L.77 + .04 5.08
.« 599 29.34 6.76 + .14 6.42
.800 2,44 2.80 + .02 3.36
.800 3,99 2.97 + .03 3.50
. 800 . 7.84 3.50 * .09 3.85
. 800 9.59 3.40 £ .12 L.ol
.800 9.59 3.76 + .08 L,ol
. 800 12.87 b,41 + .05 L.31
.800 16.02. 3.66 + .06 L.59
.800 16.02 3.41 + .10 b.59
.800 16,02 3.87 ¥ .06 L.59
.800 26,23 5.08 & .14 5.52
. 799 29.34 5.47 * .17 5.81
.800 4L0.03 6.50 + .08 6.77
.910 16.02 2,63 + .16 b.36
930 9.59 3.09 £ .13 3.77

formed to the kinetic behavior to be described below through-
out the concentration ranges given. All expefiments reported
here were carried out at 52002, but preliminary experiments

and data taken in the measurement of spectra (described below)
indicate that the rate of disappearance of the intermediate is

independent of wavelength.
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"All kinetic data conformed to the pseudo-first-order

rate equation (Eq. 16), |

-d In(Dgp = Dg)/dt = ky - (16)
where Dt is the absorbance at the indicated time. The
observed rate constant ky was found to increase with increas-
ing concentration of Cr2t, Plots of ky vs. [crl*] (Pig. 4 and
Fig. 5) at constant [H+] are linear with non-zero intercept,
indicating the rate law given in BEgq. 17.

ky = kg o+ kjree?*l (17)
This rate law reveals two parallel paths for decay of the
intermediate, one intramolecular and the other catalyzed by
cr?*, Data at 15°C and 0.4 M HY were fit to Eq. 17. Results
are presented in Table 8.

Table 8., Derived rate constants for disappearance of the
intermediate at. 159C2

H
Data usedP ké (sec‘l) ky (E‘lsec'l)
A,B,C .0120 + .0007 478 + .056
A,B .0129 % .0007 b2 T 055
A .0121 ¥ .0014 411 F L091
B 0137 + L0014 JA62 + 101
C .0104 + .0010 .555 + .089

8I = 1.00 M with LiClOy; 0.400 M H*. Data were fit to
the equation: ki = k4 + k{[Crét], where k&=k @/ (Qr[E*]) and
ki:le/(Q+[H+]) according to the complete rate law determined
at 25,09C, Weighting was carried out as (k&)-1i,

b 2+ 2+ .
A = Co(NH3)<CN%T, B = Co(NH3)y(H20)CN?T, C = Co(en);
(Hp0)CN2T, 375 ’
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Fig. 4. Plot of k3 vs. [Cr2*] for decay of the intermediate
at 15.0°C, 0.40 M H*, I = 1,00 M

O Co(NHy)gCNZ*
B Co(NHj),(Hp0)CN*
& Co(en)p(Hp0)CN2T



Fig. 5. Plot of kj vs. [Cr2*] at constant [HT] for the
cdecay of the intermediate at 25, O“C I =1.,00 M;
lines were calculated from the best fit of the
data to the equation, k; = (]rco-i-kl[:Crz'*'j Qe+ "t

O Co(Nisy)sCNZF
O Co(NHj),(Hp0)CNEF
A Co(en)p(Hy0)CN2*
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With constant [Cr2+t], ks increases with decreasing [H+].
Plots of log ki vs. log [H+] at constant [Cr2+] have slope
which decreases with increasing [HT] (Fig. 6). Such benhavior
indicates a sum of terms in the denominator of the rate law.
In this case, the slope changes from 0 to -1, indicating two
terns, one zero-order in [H¥] and the other first-order in
[5%]. Since plots at various [Cr?*] are parallel, both reac-
tion paths must have the same [HT] dependence. A further
verification of the [H*] dependence is provided by plots of
kzl vs. [H+J at constant [Cr2+] (Fig. 7), which are linear
wilith non-zero intercept. These observations are consistent

with the rate equation (Eg. 18):

2+
Ky = a + b[Crc™l (18)
c + [H*]

Data at 25.0°C for the three. sources of intermediate were fit
to this equation separately and in various combinations of
source, as shnown in Table 9. The terms used in this table
correspond to a = k,Q, b = k1Q, and ¢ =.Q and arise in con-
nection with the interpretation of these data to be described
below.

Data from all three Co(III) complexes fit these equations
about equally well. However values of k3 recalculated for
Co(en)Z(HZO)CN2+ from the parameters (Table 9) derived with
all the data were low more often than they were high. Since

the Co(en)z(HZO)CN2+ solutions used contained at least small



Logarithmic plot of ki vs. [H'] at constant [Cre*]
for decay of the intermediate at 25.0°C, I = 1.00 ¥;

ines were calculated from the best fit of the data
to the equation, ki = (ko+ky[Cr2+t])Q(a+[at])-1

© Co(NH3)sCNZ+
@ Co(NHg)y(Hp0)CNZ*

& Co(en),(H,0)CN?*
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Fig. 7. Plot of ki'l vs. [H*] at constant [Cr2*] for decay
of the intermediate at 25.0°C, I = 1.00 M}; lines
were calculated from the best fit of the data to

the equation, ki = (ke+tkj[Cr2+])Q(Q+[at])-1 }

o CO(NH3)5CN2+
T T 24
A Co(en),(H,0)CNZ*
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Table 9. Derived rate constants for disappearance of the
intermediate at 25,0°0C%

Data . usedP koQ(M sec—1) le(sec'l) Q(H)

A,B,C(102) .0522 + .0049 1.69 + .19 1.06 + .13
A,B(79) .0653 + .0087 1.89 + .27 1.28 7 .20
A1) .0636 ¥ .0078 1.57 * .23 1.14 ¥ .17
B(38) .0686 ¥ .0197 2.50 ¥ .71 1.56 % .51
c(23) .0550 ¥ .0098 2,14 % 47 1.0 ¥ .36

8] = 1.00 M with LiClOy. Data were fit to the equation:
ky = (ko + kl[Cr2+7)Q/(Q + [HT]). Weighting was carried out
as (kox)-1,

PA_= Co(NH3)5CNZ*, B = Co(NH3)y(Hz0)CN2*, C = Co(en)s
(Hp0)CWN<*, NumbeTs in parentheses are the number of data
points used in the calculations.

amounts of Co(en)gClCN*, which gives CrC12t on reaction with
Cr2*, the best values of the parameters (Table 9) are probably
those derived from data for Co(NH3) 5CN?* and Co(NHsg)y(Hp0)CNZT,

Due to the 1arge number of constants in the rate law and the
relatively large amount of scatter observed, a complete study

of temperature dependence was not attempted.

Tracer experiments on the intermediate

The role of Cr?+ in the catalyzed disappearance of the
intermediate was investigated to elucidate further the mech-
anism and the identity of the intermediate. The Crét catalysis
is most reasonable if the intermediate is CrNCz+, and arguments
will be presented here in terms of this formulation. On the

basis of this formulatiqn, it is possible to make predictions
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concerning the exchange of Cr2+ with the intermediate.
Tracer experiments were carried out in an attempt to verify
these predictions, which are presented below.

The exchange of *Cr2+ with CrCN2+ complicates the tracer
experiments, necessitating a blank experiment, described in
the experimental section, which only approximately represents
the appropriate correction, Correcﬁion of measured specific
activities, using the blank, should result in a number which
is too small for the CrCN2+ fraction, and too large for the
Cr+ fraction. Results of two experiments, where intermediate
was generated by reaction of Crl* with Co(NH3)4(H20)CN2+, are
presented in Table 1of Tagged Cr2+ was added at a time when
the rapid oxidation-reduction reaction should have been
nearly complete and the second-stage reaction should have been
barely started. Experliments were not carrled out with
Co(NH3)5CN2+, since the first-stage reaction is relatively
slow, or with Co(en),(Hp0)CN2*, due to the probable presence
of Co(en),(CN)C1*, which produces CrCl?t on reaction with
Cr2+, The experiments would be complicated by the rapid
exchange of Crt with CrCi®t (24,25). t

Four models for exchange can be considered. Derivations
of the equations used to calculate specific activities are
presented in the Appendix, In these equations; ag is the
initial specific actiﬁity of *Cr2+, acp2+ 1s the specific

activity of #Cp2+ after the intermediate has decayed complete-



Table 10. Exchange of #Cp2+ with the intermediate?®
Expt  107[crNc2+]®  103[crew?+1°  [xcr2+]

1? 5§)spe§1§10 activityd
cpm/mmole
Cri+ frgction CrCN2+ fraction

A 9.98 0 .0111° 5.46 4,78
A 0 9.98 .0111° 6.84 2.55
B 9.98 0 0204 7.57 6.7k
B 0 9.98 .0204% 8.83 3.66

I = 1.00 M with LiC104; 0.400 M ut; 15.0%.

PIntermediate was generated by the rapid reaction of Cr2+ with
Co(NH3)y (Hp0) CNZ+,

24 °Generated by allowing the intermediate to decay completely before adding
#Cret

dSpecific activity = counts per minute of 5 ml solution 1n a standard cell/
mmoles of Cr in 5 ml solution.

€Initial specific activity of *Cr2t was 9.91x105 cpm/mmole.

fInitial specific activity of #Cr2+ yas lO.?OxlO5 cpm/mmole.,

09
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ly, and acpreN2+ is the corresponding quantity for product
CrCN2*, The latter quantity can be calculated from agp2+ by
the relation given in Eq. 19.

[cren2t] (19)

ao[Cr2+]o = aCr2+[Cr2+] +

total T Zcron2+ total

Model I: Exchange occurs by the ko, path but not by the
kl path., A possible mechanism by which this could occur is

written in terms of the CrNC2+ formulation.

CrNG2+ —R0,  ngpyg2tn (20)
MCrNC2th 4+ #Cr2+ = ¥CrCN2+ + Cr2t (rapid) (21)
"CrNC2t" 4+ Cr2+ = CrCN2+ + Cr2+ (rapid) (22)
crNe2t & *cor2t(or cr2t) XK1, cron2+

+ *Cr2t (or Cr2+) (23)
aop2+ = 8¢ exp(-[CrNCz*]o/[Cr2+]tot) (24)

In this model "CrNC2+" represents some unspecifiéd transforma-
tion of CrNC2*, This species would be present only in steady
state concentrations.

Model II: Exchange occurs by the k3 path, but not by the
ko, path. This model appears to be the most reasonable for the
CrNC2* formulation and would have been predicted on the basis

of the rate law for decay of intermediate.

crNc2t —Xo, cron2+ | | (25)
crNc2+ 4+ #cr2+t K1, wscren2t + crlt (26)
crNc2t + cr2t___Xl , crow2t + cr2t (27)

acp2+ = 8¢ exp[-kl[CrNC2+]o/(ko+k1[Cr2+]tot)] (28)
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Model III: Exchange occurs by both the kg and ki paths.
The mechanism corresponding to this model is given by COom=
bination of Eq. 20-22 with Eq. 26 and 27. |

acr2+= 8o expl-k,[CrNCZ¥ ] /[Cr®¥ 1, 4 (kovky [Or2¥], )1 (29)

Model IV: Exchange does not occur by eilther path. In
this case, acp2+ = ao;

Results of these calculations as well as corrected
observed values are presented in Table 11, The corrections
were made by the relations presented in Eq. 30 and Eq. 31.

aCr2+(corr) = aCr2+(obsd) +ag - aCr2+(b1ank) (30)

aopon2+(corr) = an.u2+(obsd) - ay m2+(blank) (31)

Table 11, Interpretation of tracer studies on the intermedi-

‘ ate
Expt2 ModelP &op2+ acprenNét
(10~5cpm/mmole) (lO'5cpm/mmoleé
calce obsd® calce obsd
A I 5.15 8.06 5.29 2.23
1T 7.76 2.34
ITI 4,03 6.54
IV 9.91 0.0
B I . 8.29 9. 4L 5455 3.08
: II 8.77 3.96
III 6.56 8.46
v 10.7 0.0

8These experiments are described in Table 10.

brpe models are described in the text.

CThese values of the specific activities are corrections
of the values given in Table 10. The corrections are
described in the text,
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Since [CreN2*+] was at its maximum value in the blank experi-
ment, but was increasing throughout the tracer experiment,
a0r2+(corr) is expected to be somewhat high and aCrCN2+(°°rr)
somewhat low, Within experimental error, the results pre-
sented in Table 11 are consistent with Model II, exchange by
the kq path but not by the ko path.

Spectrum of the intermediate

It was difficult to measure any of the properties of the
intermediate, due to 1ts transitory nature. However, the
absorption spectrum was measured by extrapolation of changes
in absorbance at a given wavelength to zero time, as described
in the experimental secfion. The spectra were measured at
2-5°C, where the rate of disappearance of intermediate is
sufficlently low that measuremeﬁts could be‘made on the same
solution at all waveléngths by taking repetitive scans,
rather than by measuring absorbance changes on a different
solution at each wavelength.

These spectra were measured to provide additional inform=-
ation for the identification of the intermediate. The long
wavelength maximum in the visible spectrum of_Cr(III) and
Co(III) complexes provides a measure of the ligand field
strength of the ligand, since the wavelength aﬁ which this
maximum occurs is determined by the difference in energy

between the tZg and e_. orbitals, The spectrum of the inter-

g .
mediate should distinguish between Co(III) and Cr(III) and



64

should help establish which end of cyanide is bonded to the
metal ion, If the intermediate is a binuclear complex, the
spectrum should vary slightly with the Co(III) complex used
to produce it. |

" The wavelengths and absorbancy indices at the maxima in

the visible spectra are presented in Table 12. Spectra taken

Table 12, Spectra of the intermediate®

Source® [BY] A (K)_ e (m~lem=l) A €

max max = max max

A .913 5420 19.8 3920 23,2
.906 5390 19.6 3950 22.5

.907 5360 19.4 3960 22,3

.201 5300 23.0 3930 20.9

B .922 5300 21,6 3980 25,2
.923 5310 21.2 3960 24,8

.501 5300 21.7 3940 25.6

.201 5170 24,6 3940 2L, 2

.201 5200 24,2 3950 25,3

c .917 5320 22,4 3940 22.5

2] = 1,00 M with LiCl0y, 2-5°C, Measured by extrapola-
tion of log(D~Dg ) vs. t plots to time t = 0,

= Co(NH2 SCN?T, B = Co(NHj)y(Hy0)CN?*, ¢ =

Co(en)z H,0)CN2

as a function of EH+] for the intermediate produced by the
reaction of Cré+ with Co(NHB)u(HZO)CN2+ are shown in Fig. 8.
The precision of these data is lndicated by the duplicate
N2+

experiments shown. The spectrum of CrC , 8lven in Fig. 9

and Table 13, was used in the calculation of the spectra of

the intermediates. Spectra of Cr(iII) and Co(III) complexes



Fig. 8., Spectra of the intermediate formed in the reaction
of Cr2+ with Co(NH3)y(HpO)CN?*; precision of the
data is indicated by duplicate experiments at
0.922 M and 0.201 M H*
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Table 13. Spectrum of Crcn2+2

A(£) e (n-lom=1) A(R) e(u-Lom1)
7000 0.42 + .0b 4500(min) 6.89 + .27
0.69 + .01 7.51 * .26
1.04 ¥ .01 9.75 + .36
1.35 % .03 13.3 * .41
1.69 + .03 ' 16.89 + .40
6500 2.16 + .12 4000 | 19.43 + .39
3.09 + .Ob 3930(max) 20.04 * .40
L.,0l ¥ .06 3900 19.96 * .42
5.19 ¥ .03 18.07 ¥ .43
6.61 ¥ .07 14.31 * .45
6000 8.13 + .33 10.04 + .49
9.4 + .63 3500 6.56 + .54
12.36 + .31 : b.27 + .71
15,11 + .39 3.03 + .75
18.27 ¥ .55 2.31 % .75
5500 21.28 + .38 2.10 + .84
| 23.76 + .34 3000 2.24 + .86
5300 25,07 + .35 10.2 + 1.4
5250(max) 25.23 # 36 - 10.8 + 1.4
5200 24,94 + .33 10.7 =+ 1.4
23.11 * .30 23.1 % 4.5

5000 20,02 + ,32 2500 58 + 7
16.24 + .31 189 + 14

12,50 * .23 Lyl ¥ 18

9.41 + ,24 990 + 30

7.53 £ .23 2000 % 65

2000 3900 * 80
1900 k720 =+ 320

@Unless otherwise noted, each entry is at a wavelength
100A shorter than the previous entry.
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are presented in Table 14 for the purpose of comparison.

Nature of the intermediate

The results presented above have uncovered no additional
formulations for the intermediate. The fair quantitative
agreement of rates of dlsappearance of the intermediates pre-
pared by three different reactions indicates that the kinetics
are very. similar for the second stage of reaction for each of
the three cobalt complexes., Within experimental error the
kinetic data are consistent with a single common intermediate.
It cannot be stated that three distinct cobalt-containing
intermediates are not involved, however, since there is no
reason to insist that thelir kinetic behavior would be differ-
ent, although it seems probable that it would. The reactions
of Cré* with cis-Co(en)z(CN)2+, Cr(CN) o™ and Cr(CN)B each pro-
duced an intermediate, but unfortﬁnately these intermediates
did not conform to the kinetic behavior observed for reactions
with CoL5CN2+. Results of the reactions with higher cyano
complexes will be presented below. However, in addition to
the agreement of rates, it is difficult to postulate a mech-
anism for the decomposition of a binuclear intermediate which
is consistent with the observed rate law without resorting to
an extremely complicated series of elementary reactions.

A mechanism consistent with the formulation as CrNC2* is

given in Egqs. 32-35.
CoL5CN2+ + Cre*t + sgt = Cco?* 4 sput + CrNc2t (32)



Table 14, Spectra of some Cr{III) and Co(III) complexes®

xn-3 | , trans—Co(NHB)u trans-Co(en)o
Cr(Hp0) sX™* Co(NH4) gX™F (Hp0) X0 (2,0) X0+
A € Ref., A € Ref, A € Ref. A € Ref.,
1- 6500 36 (53) 5800 80  (47)
Br~ 6220 20 (43) 5500 53 (47) 6130 35  (5%4)
Cl= 6090 16 (533) 5330 49 (47) 5900 31 (55)
F- 5950 12 (53) 5100 b (47) _
N~ 5850 68  (56) 5200 265  (47) 5500 240  (57)
OHp 5740 13 b 4900 47  (47) = 5120 (58) 5500 32 (59)
Nes= 5700 32 (60) 4970 192 (47) | 5400 190  (61)
NH; s470 20 (62) 4750 55  (47) 4900 (47) 4B0OO 48  (63)
CN- 5250 25 b 4400 58 b 4550 66  _b b4s50 79 b

—

04

o
aWavelengths. given in A, are for the long wavelength maximum in the visible
spectrum. Absorbancy indices are given in M~ cm—1,

bThis work,
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crNcHI* =2  cpnc2* 4+ gt (rapid) (33)

crnc2t —Xo L cpon2t (34)
*

CrNC2* + *Cr2+-—££L+ Cr---NC---*Cru{} (35)

—3  Cr2t 4 wcron?t
The rate law (Eq. 36 and Eq. 37) derived for this mechanism

corresponds exactly to the empirical rate law,

(ko+kq [Cr2%])Q Copyo2+ )

Copyo2+ = [CrNC2*] + [CrNCH*] (37)
Rate constants derived for this mechanism are presented in
Table 9., This mechanism is similar to that postulated for
the isomerization of CrSCN4* (4,5), where an intramolecular
path and a cret catalyzed path were observed.

Results of the crod tracer experiments are consistent
with identification of the intermediate as CTNC2T, but are
difficult to explain if the intermediate 1s a binuclear com-
plex. The appearance of Cr2+ catalyst in the CrCN2+ product
indicates that Cr2t and Cr(III) exchange during the catalytic
process and that cyanide in the intermediate must be avallable
to act as a bridging ligand. In addition, the quantitative
agreement of observed specific activities with those calcu-
lated if exchange occurs by the kl path but not the k, path
is consistent with the mechanism proposed; The Cr+ catalysis

is then interpreted as a second electron transfer step, Eq. 38.
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sCr2* 4+ crNe2t —Ely xcron?t + cr2t (38)
Spectra of the intermediate favor the ldentification as
CrNCZ+. One possible formulation of a binuclear intermediate,
a Co(III)-Cr(II) complex, can be ruled out. Such a formula-
tion would require the first-stage reaction to be an assocla-

tion of Cre™

with CoLSCN2+. Since the formation of an associ-
ation complex is a substitution on Cr2+, which would be quite
rapid due to the substitution lability of Cr2t, the rates
(Xox) should be much larger than observed., In addition, the
rates would not be expected to vary much with changes in the
non-bridging ligands on Co(III), which would correspond to
slight structural changes in the ligand CoL5CN2+. The spectra
of such binuclear intermediates should look like those of
Co(III) complexes., Addition of Hg2+ to solutions of CoL5CN2+,
forming stable complexes CoLSCNHg4+ (34), does not shift the
wavelength of maximum absorption, and increases the absorbancy
index by only 2=3%. Thus such an intermediate should have a
maximum absorbance at 4400-46002 and absorbancy index 60-80.
The observed maxima (Table 12) occur at 5200—54002 (e = 20-25
ﬂ“lcm"l), depending on acid concentration, and to some extent,
on the source of the intermediate. Comparison of spectra of
the intermediate with those of CQ(III) and Cr(III) complexes
(Table 14) indicates that the intermediate probably contains
Cr(III).

The other formulation for a binuclear intermediate is a
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Co(II)=-Cr(III) complex. The decay of the intermediate would
be aquation of a Co(II) complex, with CrCN2* or CrNC2* as the
ligand displaced by HyO. In this formulation, if CrNC?* were
the displaced ligand, the isomerization would have to occur
sufficiently rapidly to prevent the detection of this species,
Although no data.are available for the agquation of the Co(II)
complexes CoL5X+‘2'n in acidic solution, changes in the ligands
L cause significant differences in the rates of aquation of
Co(III) and Cr(III) complexes.

In the reaction of Cr?* with Co(NH3)5X+3'n, CO(NH3)52+
has been postulated as an immediate product of transient
stability, but it has never been detected and the substitution
lability of Co(II) makes it very unlikely that the amine
ligands would remain in the first coordination sphere of
Co(II) in acidic aqueous solution. It is probably equally
unlikely that Co?* would remain bonded to cyanide in a bi-
nuclear intermediate'CoCNCru+. The effect of [H+] on the fate
of disappearance of intermediate for this formulation would be
quite difficult tb interpret in terms of currently fashionable
ideas in inorganic mechanlsms.

The effect of [H*] on the spectrum of the intermediate
(Fig. 8),although not very large or‘known very precisely, is
consistent with an equilibrium between CrNC2+ and CrNCH3+, in

accord with the [HY] dependence found in the rate law. On the

basis of spectral changes with [H*] (Eq. 39), it should be
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€ 2+Q + e [H*]
CrNC CrNCH3+ (39)
Q + [H*]

®obsd =

possible to calculate the acid dissociation constant for
crNcrI*t (known independently from kinetic data) and the
‘absorbéncy indices for the acidic and basic forms of the
intermediate, Although data at many wavelengths were not
sufficiently precise to fit Eq. 39 well, at those wavelengths
where the fit was reasonable, Q fell in the range 0.02-0.4 N,
with most values around 0.2 M at 2-5°C. This is reasonable in
comparison with the value of 1.3 M obtained from kinetic data
at 25°C. Derived values of the absorbancy indices were not
sufficiently complete to calculate spectra of the two forms
of intermediate.

An alternative explanation for the spectral changes with
[H*] should be examined. In the reaction of Cr2* with
CoLgNCSM* (5), both CrNCS2T and the intermediate CrSCN2* were
formed as immediate products. If CrCN2* as well as CrNC2+
were formed directly in the reaction of Cr2+ with CoL5CN2+,
the dependence of spectrum on [H*] could arise from a depend-
ence of [CrCNz*]o/[CrNC2+]O on [HT]. This would mean that in |
the equation used to calculate the absorbancy index of crNce+
(Eq. 40), L'CrNCz'*’]o rather than Ae is a function of [HT].

Dy = D = beaee[CrNC?*], (40)

The ratio of absorbance changes at two different [H'] should

then be independent of wavelength, contrary to observatlion.



75

Haim and Sutin (5) were able to determine the amount of
CrNCS2% formed directly since Hg?t reacts with CrNCS2* to
glve CI‘NCSHgb’+ but with CrSCN2+, the products are Cr3+ and
HgNCST., Reaction of Hg?T with CrNC2* gives the same product
as does reaction with CrCN2+. A very stable complex, pre=-
sumably CrCNHg*t (described below), 1is formed. No other
reaction could be found to distinguish bvetween the two iso-
mers, so it is not known whether any CrCN2+ is formed directly.
In any event, the reactions of Cré+ with CoL5CN2+ all form
quantitative yields of CrCN2+ eventually and these yields are
not a function of [H¥].

The long wavelength maximum in the absorption spectrum
provides a measure of the ligand field strength of a ligand.
Shriver, et al. (22) estimated from the spectra of solids
containing two different arrangements of bridging cyanide
ligands that the nitrogen end of cyanide lies between Hp0 and
NH3 in the spectrochemical serles. For the complexes
Cr(Hp0) X%, Ay = 5740& for X = HpO and Ay, = 54708 for
X = NH3. Thus the spectrum of the intermediate in ~1 ¥ H*

( Aggy ~ 54008), where if @ ~.2M, about 85% of the complex
should be in the form CrNCH3+. is consistent with that of a
nitrogen-bonded bridging cyanide ligand.

Alternate mechanism for isomerization

Another mechanism, also consistent with the empirical

rate law, can be proposed for the isomerization of CrNGZ*
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(Eq. 41-44). This mechanism differs from that involving
CrNCH3+ (Eqs 33-35) only in the way that the acid-base equi-
librium is assigned.
crNC2+ =% cr(oH)NCt + HT (rapid) (41)
Cr(OH)NCT —Xo y cr(oH)CNT : (42)
cr(oH)NCT + %Qplt ~—El—$ *Cr(OH)CN2+ + Creét (43)
CcreN2t == cr(oH)cNt + ¥t (rapid) (L)
With‘the concentration of the basic form Cr(OH)NCR+ given by
Eq. 45, the rate law derived for this mechanism (BEq. 46) is
[er(om)NCt] = QCcrnc2+/(Q+[HT]) (45)
ky = (koQ + kyQ[cr2+])/(a+[HT]) (46)
exactly the same as the empirical rate law,

This mechanism is inferior to that involving CrNCHI*
(Eq. 33-35) for two reasons.

l. While the Cr2+ catalyzed isomerization of Cr(OH)NC+
- but not CrNC?*+ can be explained by the lower energy of a
double~bridged activated complex, it is difficult to explain
the uncatalyzed isomerization of Cr(OH)NCT but not CrNCZ+.

2. The value determined kinetically for Q was 1.3 i at
25°C. The corresponding.value for Cr3+ is l.5x10’u M. It is
~ very unlikely that the ligand -NC~ would raise the acid dis-
sociation constant by a factor of 104, since the ligand Cl~

lowers Q only by a factor of 20.
Reaction of Cré¥ with cyanothallium(III) complexes

The identification of the intermediate as CrNCZ* would

be firmly established 1f a completely independent source of
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intermediate could be found. For this reason, the reaction
of Cr2+ with cyanothallium(III) complexes was investigated as
a possible source of an intermediate which could not contain
cobalt,

The product of oxidation of crt depends on the ;ature of
the oxidizing agent. Some one-electron oxidizing agents,
which.react by a ligand=bridged process (e.g., Co(NH3)5Xn+,
Can+), produce Can+, Other oné-electron oxldizing agents
(e.g., Fe3+, H202) produce crlt, Many two-electron oxidizing
agents (e.g., 0o, T13+) produce Crz(OH);u+ (33)s The mechan-
ism proposed for the Tl3+ oxidation involves a Cr(IV) inter-
mediate:

713+ + cr?t = m* + cr(1v) | (47)

Ccr(Iv) + cr2* = crp(om),™* + 2m* (48)
However, the oxidation of cr2t by solutions of T13* contain;
ing CN= produces no Crz(OH)2a+. With Cay- Z Cqpq. where the
major species is probably T1CN2*, only Cr2T could be found.
With Coy- = 4Cny, where the major species are probably Tl(CN)3
and T1(CN),~, most of the product is Cr2*, but some CrcN®*
(<10%) is also formed.

Spectral behavior is consistent with the formation of an
intermediate. At 3500, 3950 and MMOOX, the absorbance rises
quickly to a maximum, then decreases more slowly. At 52002,
the absorbance rises throughout the reaction, with change in

slope inconsistent with the occurrence of a single reaction.
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These observations are analogous to those made for the systems
Cr2* + CoLgCNe*, |

Reaction kinetiecs in solutions with CCN‘/CTI': 4 were
investigated at 25.0%}and 1.00 M ionic strength (maintained
with LiCl0y) over the concentration ranges: 7.7xiO'3—
2.2x1072 N T1(III), 0-.028 N Cr?* (in excess of TL(III)),
0.20-0.82 M H*, Results for the second reaction (disappear-
ance of intermediate) are presented in'Table 15. The observed
rate constants increase with increasing [Cr2+]. but decrease |
with increasing [H*]. The rate equation is apparently.the
same as observed for the disappearance of the intermediate
formed in the reactions of Cr2* with CoL5CN2+, Eq. 49,

X = a+blCr2+l (49)
c+[HT]
However the rate constants observed for the Cr2+-Tl(III) inter-
mediate are consistently larger, by a factor of 1.3-1.8, than
those observed for the Cr2+-CoL5CN2+«intermediates.

The form of the rate law favors the interpretation of a
common intermediate (CrNC2T), but the lack of agreement of
rate constantsvwith those from the cyanocobalt complexes
detracts from this interpretation. These experiments have
the disadvantage that with the higher cyanothallium(III)
complexes, more than one pyanide could be transferred, and
that thallium(III) could still be reacting as a two-electron
Ut

oxidizing agent, even though no Cr,(OH),"” was found. The



Table 15, Rate constants for reaction of Cr2+ yith T1(III) at 25.O°Ca

5 -1,b
[riczin)],  [er?¥], [cr?*], . [u*] A(A) k(see™)” 216 for
_ ) : obsd CrNCcet

01105 .02945 00735 200 5200 .0972 + ,0037 .0534
.02210 02363 0.0 400 o .0605 ¥ .0016 .0388
.01105 " .00153 " " .0721 ¥ ,0008 .0L05

" .02945 .00735 " " .0840 ¥ ,0015 0470

" .05037 .02827 " " .1135 + .0033 .0707

" .029L5 .00735 .800 " 0554 ¥ .0013 .0380

" L " 796 " .0517 ¥ ,0009 0382

" L " " 4400 0490 ¥ .0009 .0382
00776 " .01391 .824 5200 .0551 ¥ ,0018 .0L35

" : " " " L5400 .0573 ¥ ,0064 .0435

81 = 1.00 ¥ with Licloy, [cv~J1/[T1(III)]~%.

Observed values were calculated with a computer program for first-order
kinetics, using absorbance~time data. Calculated values were obtained from the

relation k = (koQ+le[Cr2+])(Q+[H+])‘1 using the parameters derived for the Cr2t +
CoLSCN2+ reactions (Table 9).

64
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reaction of Cr2+ with Pt(NH3)5013*, a two-electron oxidizing
agent, gave only Cr3*t and crc12t.l  The results were inter-
preted as a two-electron oxidation of Cré* to a transient
Cr(IV) intermediate which reacted with Cr2* to form a Cr(III)

dimer. An analogous mechanism for the thallium(III) reaction

would be:
T1(CN),~ + Cr?* + 35T —s T1F + or (1) en3* + 3aCN (50)
Cr(IV)CN3*+ + Cr2+ —s "Cr,CNS*n (rapid) (51)
NCroONStU + HY o=k nerpoNgb*v  (rapid) (52)
nerpoeNS*tr X1, cr3+ 4 cron?t (53)
NCrpCNS*H + Cr2t —%25 cr3+ 4 crow®t 4+ cr2t (54)

The rate law corresponding to this mechanism (Eq. 55), where

afcren2+]/at = (ky+kp[cr?®])ey o/ (1+Q[H]) (55)
Cint 1s the concentration of dimer, is just a rearrangement of
the observed rate law. This mechanism does not account for
the poor yield of CrCN2+, however, but neither does a mechan-
ism consisting of two one-electron oxidations with CcrNcet as
an intermediate. In the Cr2+-Pt(NH3)SCl3+ reaction at low
acidities, the ylield of crc1ét wés considerably decreased.,
This was attributed to a conjugate base form of Cr(IV), which
rapidly lost Cl1l<.

In view of the fact that Co(III) has always been found to

be a one-electron oxidizing agent in reactions with Cr2+, an

lJ. K. Beattie aﬁd F. Basolo, Evanston, Illinois. The
reduction of chloropentaammineplatinum(IV) ion by aquochrome
ium(II) ion. Private communication. 1967,
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analogous mechanism for the Cr2+-CoL5CN2+ reactions is highly

unlikely.

Aquation of CrCN2*
Results

In acidic solution, CrCN2+ loses cyanide ion slowly (Eq.

56) relative to the rate of decay of the intermediate. The

cren?t 4+ gt = cr3t 4 HoN (56)
product of the decomposition of CrCN2* was identified as Cr3+
on the basis of its visible spectrum (Fig.‘lo).

The aquation of CrCN2* was studied at ionic strength 1.00
M under the following conditibns:

(1) 1Ionic strength maintained with NaClOy (Table 16):
35-75°C, 0.02-~1.0 M H*., The reaction was studied by a variety
of techniques as indicated in Table 16. Kinetic results were
independent of the method used toc follow the progress of the
reaction,

(2) 1Ionic strength maintained with LiClOy (Table 17):
45-65°C, 8x10~%-1,0 M H*., A1l rate studies consisted of con-
tinuous absorbance measurements on solutions of purified
cron2t,

At constént hydrogen ion concentration, the rate of
aquation follows the pseudo-first—order rate law:

~dafereN?+]/dt = kyq[cron?t] (57)
As with previously studied pentaaquochromium(III) complexes,

kaq was found to have a hydrogen ion dependence of the form
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Table 16. Rate constants for the aguation of CrCN2+ in
NaCl0y, media2

103[cren+] ) [E*J(M)®  Temp Vave- 107k, (sec™1)
(°c) length obsd calc
.260° 058  35.0 22008 .107 * .002  .120
n .110 L n .156 T .002  .168
n . 211 n " .26l ¥ ,007 .26l
n .289 n " 2349 ¥ .011  .338
n .508 e .550 ¥ .013  .5L6
n 611 " w 634 ¥ 017 LGL2
.2854 .607 34.9 n .668 + ,010  .631
" | .759 35.0 " .788 ¥ 011  .782
n .857 A " .882 £ .025  .B74
" .973 34.9 " .912 ¥ ,028  .,984
634¢ .110 34,2 2300 .136 + .002 .153
634f .210 34.3 " .259 ¥ 004  .2Lk2
. 310 34,4 v .333 ¥ .006  .33L
n -510 34.3 n 497 ¥ .003  .505
" .606 3.4 .552 % .006  .595

87 = 1,00 M with NaClOy and HC1lO4. Observed values of
Kpg were calculated from absorbance time data with a computer
program for first-order data. Calculated values were obtained
from the activation parameters given in Table 18.

PDetermined by direct titration of aliquots of the spent
reaction solutions with NaOH,

Caliquots were withdrawn from a darkened vessel and
frozen in test tubes immersed in a dry ice-methanol bath.
These were later melted and the absorbance measured in a
2 cm cell.

ds continuous recording of absorbance was made, with
the cell contained in a cell holder modified to operate as
-—a -constant temperature bath,

CIntermittant readings of absorbance were made. The
cell was in the cell holder described in (d).

fIntermittant readings of absorbance were made, The
cells were kept in a constant temperature air bath between
readings. Temperature control is probably not as good as
with the other methods,



 Table 16, (Continued)

Bl

109 cren®*], [EY)(M)°  Temp  Wave- 107k, (sec™t)
(°c) length obsd calc
L6726 0539 45.0 23008  .365 x .007  .393
6724 .10L 0 " .530 ¥ .005 .528
" . 204 n n .79 ¥ .01 .797

. . 304 " " 1.02 % .0l 1.07

L .502 " " 1.64 T .02 1.60

" .602 n " 1.92 F .02 1.87

" .601 " L 1.94 ¥ .04 1.87

" .750 " n 2.10 I .ok 2.27

1] 0750 " 1 2.37 .i .OLJ' 2.27

" .852 " " 2,82 I .05 2.54

" .967 L n 3.03 * .02 2.85
5,364 0735 " 5200 .369 + .003  .hl45
n 419 " " 1.38 ¥ .01 1.38

" .685 L L 1.92 ¥ .05 2.09
5.198 .050 53.5 5250 1,22 + .01 1.04
n .100 53.4 " 1.61 + .01 1.3k

" .200° 53.5 L 2.54 ¥ .02  1.98

" .300 [ L 3.29 ¥ .03 2.60

" .600 " " 5.15 I .12 4,47

" .940 53.4 " 6.91 * .06 6.52

! 940 53.5 " 7.37 + .05 6.59

L 940 53.6 " 7.56 * .0k 6.65
.295° 0215 544 2200 0.880 + .026  .960
" .110 " " 1.58 T .03 1.56

" 212 " " 2.3 ¥ .03 2.26

" 2314 " " 2,69 ¥ .14  2.95

n .31k " " 2.95 % .07 2.95
.261° .609 " " 5.91 + .26  4.95
L .759 n " 6.20 ¥ .12 5.97
S .857 ! n 7:31 F .21 8.6k
.2854 .021¢g " " J943 + 021 963
" 111 " " 1.66° ¥ .06  1.57

n .211 " l 2.51 T .06 2.25

&crCN2* was generated in the cell by reaction of Cr2+
with Co(NH=)=CN2*, Any excess Cr2* was quenched by addition

of several ml of air,

Continuous absorbance readings were

made, with the cells in the cell holder described in (d).
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Table 16, (Continued)

109(cron?*] ) [E¥](M)®. Temp Wave- 107Kg 4 (sec™1)
(o¢) length obsd calc
.2854 .311 54.3 2200 3.56 + .08 2,90
" 391 544 " L.L2 + .05 3.47
n L1 " n 4,26 T .09  3.61
n 511 54,5 n 5.01 F .11  L.33
" 607 Sholh " 5.83 + .12 4,94
n .857 54,3 L 6.0L ¥ .12 6.57
" .857 54,4 " 7.05 + .16 6.64
" .969 " " 7.66 + .20 7,40
L6724 .025 65.0 2300 3.51 + .061 3.35
n .061g n n L.52 ¥ .09 k.02
n .113 ] L} 5.05 i _25 4.95
n .213 n n 7.25 ¥ .19 6,76
n .311 " n 8.52 : .19 8.54
n .510 " n12.1 % .30 12.2

n .607 n i 14.6 + .3 13.9
" .757 " " 15,4  + .4 16,6

" 857 " " 17.5 + .3 18.4

n 970 n " 19.Fh ¥ .3 20.5

n .028g 75.0 " 10,5 * .2 10.1

" 062y " " 11.8 + .4 11.6

L 112 " 134 ¥ .7 13.8

n .212 n o 16,2 ¥ .7 18.1

" 311 " " 19.3 * .6 22.4

n « 509 " " 27. + 9 31.1
n _606 n n 32,0 + 1.7 35.3

" «759 " " 38.0 + 1.2 41.9

" .857 " n 39.8  + 1.1 46,
" .968 " no L5727 ¥ .12 51.0
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Table 17. Rate constants for the aquation of CrCN2+ in
. LiCl0;, media?®

10%[ crond+ ], [8*]®  Temp(°C) 103kgq (sec=1)®
« obsd calc
1.60 .0503 L5.0 429 + .009 422
" .0967 n .512 + ,008 0577
n OZOL" " L] + 'OO ) o 3
n 0286 ’ n 10%83 E 0029 10219
" 405 n 1.78 + .02 1.61
" 4595 L 2.27 * .03 2,25
" 793 " 2,52 % .06 2,91
n .898 " 3.38 1 .26 3.27
! «993 " 3.89 + .08 3.59
" .995 " 3.28 % .05 3.60
1.00 .00078 55.0 1.91 ¥ .02 1,734
" .00097 n 1.54 + .01 © 1,584
" .00165 " 1.33 * .02 1,344
" 00254 " 1.11 ¥ .01 1.224
" .00435 " 1.21 * .02 1,144
" 00462 L 1.15 ¥ .ol ©1,14d
" .00815 L 1.13 * .02 1,114
2.00 0101 55.0 . .973 * .013 1.08
" .0518 n 1.48" ¥ .02 1.41
" .0978 " 1.92 * .03 1.77
" .201 " 2,93 " .04 2.59
" «299 " 3.79 + .07 3.36
" «395 " b.52 + .08 L,12
" JLo1 " L.56 * .06 L.16
" 500 n 5.01 ¥ .10 L,oL
" .702 " 6,69 + .06 6.53
" 0799 " 7.33 + .09 7.30
" .890 " 8.22 * .12 8.02

&I = 1,00 M with,LiCl0y and HClOy; continuous absorbance
measurements at 2100 A,

bMeasured by direct titration of aliquots of spent ﬁeac-
tion solution with NaOH. Chromium(III) content was ~10- M,

sufficiently low to allow direct titratiom.,

Cobserved values of kaq were calculated from absorbance=
time data with a computer program for first-order data.
Calculated values were obtained from the activation parameters

given in Table 18,

dThese data were not used in the calculation of activa-
tlon parameters. Calculated values of kg were obtained from
the best fit of _all 55.0°C data_to the equation:
Koq = ka1[HV]-1 + ko + Ky[HY].
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Table 17. {(Continued)

10 cren2+], [g*]®  Temp(°C) 107kgq (sec™1)®
: obsd calc
2.00 T 992 55.0 7.30 + .14 8,82
" .996 L 8.76 T .09 8.85
" 996 " 8.35 * .25 8.85
" .00986 65.0 3.87 * .06 3.8L
" . 0491 " L.35 ¥ .09 k.53
" - ,0981 " 5.36 ¥ .11 5.39
" 204 " 6.89 T .23 7.24
" 2296 n 9.79 * .20 8.86
" «393 " 11.7 F .2 10.6
" <593 " 3.4 + .3 4.1
" .79L " 16.8 ¥ .2 17.6
" .889 " 18.9 ¥ .2 19.3
" .992 " 21.0 % .3 21.1

Kaq =k, [(H*]L. A plot of log Kgq ¥S. log [HT] for the
NaClO, media over thé range .02-1.0 M H* is shown in Fig, 11.
The increase in slope with increasing [H*] indicated a sum of
terms in the numerator of the rate law. In this case, the

slope changes from 0 to +1, corresponding to a rate law

(qu 58)3
Kaq = ko * k3 [HT] N (58)

This rate law is further verified by linearity of a plot of
Kaq ¥s. [H'], shown for LiClOy media in Fig. 12,

Systematic de#iations of observed data from the calcu-
lated lines in Fig. 11 for NaClOy media at 54.4°C and 75.0°C
arise from the manner in which the data were treated. The
calculated lines were determined from the activation

parameters which were calculated by simultaneously considering



Fig. 11. Logarithmic plot of kzq vs. [H'] for the aguation
of CrCN2+ in NaClOy media; lines were calculated
from the activation parameters
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Fig. 12. Plot of kzq vs. [H'] for the aquation of CrCN2+
in LiClO4 media; lines were calculated from the
activation parameters
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data at each [H'] and temperature. These lines then repre-
sent a compromise between fitting the data to the [H¥]
dependence exactly at each temperature and fitting the data

-
4

to the Eyring equation (Eq. 8) exactly at each [H+ .
Activation parameters for the paths corresponding to kg
and kp are presented in Table 18 for both the LiClOy and

NaClO), media.

Table 18, Activation parameters for the aguation of CrCNZ*a

Path Medium AH*(kcal/mole) AS*(e.u.)
¥o LiC10y 27.9 + l.b 12.7 + 4.2
Xk LiC10y, 17.05 + 0.75 -16.4 + 2.2
X, NaCl0y 25.6 + 1.0 5.4 + 3.1
Xq NaC10y 19.7¢ + O.hg -8.3 + 1.5

&I = 1.00 M maintained with LiClOy or NaClOy as indi-
cated. Welghting for the calculation of AH¥ and AS¥ was
carried out as 1/kZ2.

In LiC104 media at 55°C, the [H¥] range was extended
below 0.01 M (Table 17). A plot of log kpq ¥s. log [H']
(Fig. 13) for all data at 55°C reveals another path for aqua-
tion with an inverse [H'] dependence:

-1
Kaq = k_l[H+] + kg ot kl[H+] (59).
This path was relatively unimportant in studies at other

temperatures and in the NaCl0y media, where no experiments

were carried out with [H*] £ 0.01 M. Fit of all the 55°C data



Fig. 13. Logarithmic plot of kaq Vs. [H‘"] for the aquation of CrCN?t in
LiC1l0j media at 55.0°C, showing fit of data to the equation

kagq = koa[H']™Y + ko + ky[H*]



Kaq
(SEC™)

.020

005

.002

010

001

%6



95

from Table 17 to Eq. 59 ylelded values of the rate constants:
107%_1 = 5.8 + 1.1 M sec™t, 107k, = 0.972 + 0.052 sec™!, and
103k1 = 7.99 % 0.28 ﬂ‘lsec"l. These compare well with the
rate constants calculated from the activation parameters
(Table 1E€) for the two paths: 103ko = 1.001 sec~!l and 103k1=
7.88 g"lsec"l.

Discussion of results

In studies of the [H™] dependence of the rate of a reac-
tion involving ionic species, it is common practice to main-
tain constant ionic strength with NaClO, or LiClOy. Since
the replacement of HY by Nat or Li* changes the medium,
changes in the activity coefficlients of HT may occur. An
indication of the changes to be expected can be obtained from
a study of the activity coefficient of HCl in solutions of
HC1l-MCl at constant ionic strength (64). When M = Li, the
activity coefficient of BT was found to be relatively inde~
pendent of [HY] compared to solutions with M=Na, where the
activity coefficient degreased significantly with decreasing
(5],

In view of these results, it is not surprising that the
rate constants for aquation of CrCN2+ change on going fronm
NaClOy to LiClOy media (Tables 16 and 17). Since the activ-
ity coefficient of H' probably varies less in the LiClOQy
media, the rate constants in these media would seem to pro-

vide a better description of the [H*] dependence.
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The rate law for aquation of CcrXxt3-N complexes has
invariably been found to be of the form: kgq = ngi[H+]i,
with one or more terms in the sum. Rate laws for all conm-
plexes for which data are presently avalilable are summarized

in Table 16.

Table 19, Rate laws for aguation of chromium(III) complexes

Ligand Rate law terms observed (1)@ Reference
CN™ -1 0 +1 This work
SCN~ -1 0 (5)

NCS- (=2) -1 o (65)
N3 (=2) -1 0 41 (5%)
F= (-1) 0 +1 (53)
ci- -1 0 (53)
Br- -1 0 (66)
I= -1 0 i (53v67)
HpPOp™ +1 (68)
HpO 0 (69)

8Rate laws are of the form Kgaq = E:ki[H+]i. Terms in
parentheses are doubtful.

It has been postulated that in substitution reactions,.
the partial molar entropies of the entering and leaving
groups are relevant in determining the entropy of activation
for the reaction, i.e., the partial molar entropy of the

activated complex (70). Thus, there should be a linear

ﬁ and §°(X') for the aguation of a

relationship between AS
series of Crxz+ complexes, by a path independent of [H+],

w2+) ¥

with activated complex {Cr(H»0) . This is expected,
2¥/54n

since the transition state 1s Intermedlate between reactants
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and immediate products, assuming the partial molar entropies
of a series of reactants Crx2+ are nearly the same. The
presence of such a relationship.was previously demonstrated
for the halo complexes (53) and is extended here to include
all complexes aquating by an acid-independent path (Table 19)
for which data are presently avaiiable (Fig. 14). Partial
molar entropies were obtained from Latimer (71), except for
the value for fluoride ion, which came from Stephenson, et
al. (72). Using three complexes (Cl-, Bf', IT”) to define the
linear relationship as before (53), all ligands of appreci-
able basicity fall above the line, although the value of

i for CN™ in the NaCl0Oy, medium is not significantly high.

AS
This is consistent with an "internal acid catalysis", with
activated complex {pr(HZO)u+n(OH)XH2+}:% having immediate
products CroH2* and HX. A more positive entropy of activa-
tion is to be expected for such a transition state than for
one in which there is development of more charge separation
(products Cr3* and X~). The negative deviation of crNcset
has not been explained, but may indicate a greater wvalue of
n, i.e., greater participation of the entering ligand Hy0 in
the transition state.,

A similar correlation between AS%& and §O(X‘) should
hold, but is not as good (Fig. 15). This has been discussed
by Swaddle and King (53), who point out that the values of

AS$ depend on the manner in which these values are calculated,
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Fig., 14, Plot of 4s% vs., §°(X”) for the complexes Crx2*
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For the k3 path, the distribution of prctons in the
transition state is probably {?;(HZO)5+HXH34} * rather than
{ér(H20)4+n(H30)X3f} *, since there is no apparent advantage
to the latter transition state over that of charge +2, and
only complexes having a ligand which is appreciably basic
(CN=, N5=, F~, HpPOp”) have a term k;[HT] associated with
them. This is true also for the aquation of the iron(III)

complexes, FeXT3=M (27). A correlation of AST

with S, (EX)
should hold for this path (Fig. 16). The negative deviation
of CrH2P022+ is striking. It has been suggested that one
more water molecule may be involved in the transition state
for this complex than fdr the others (68).

An attempt has been made to correlate the relative mag-
nitude of the acid-dependent term (k3/k,) with the basicity
of the ligand (68), but was not successful.

Based on the above arguments, the mechanism for aquation

of CrCN2* would apparently be:

CroN2+ == cr(om)cNT + Ht (60)
Cr(OH)CN*—Jﬂ;L+ CroH?* + CN” (or Cr(OH) + HCN) (61)
cren2+ —X0 5 croE?t 4+ HON | | (62)
croNZt + HY — L ordt 4+ moN (63)

The rate equation derived from this mechanism is:
-d(1nferen®*])/at = k1 Q[H"]™Y + ko + ky[ET] (64)
Recent results of Wakefield and Schaap (73) on the aqua-~

tion of CrCN2t are in slight disagreement with the results
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presented above, In solutions of 2.0 M ionic strengtn main-
tained with NaClOy, over the temperature range 15-400C, they
found a rate law:

(kg + X1K..[at]cC 2
-aCopoy2r/dt = 2 1eql ") Corcy (65)
1 + KeqlET]

The mechanism proposed fdr this rate law is given in Eq. 66-

68.
24 . o+ _Teq 3+ ,
CrCN4™ + H' &= CrCNH (rapid) (66)
k!
CrCN2t ==L cr3+ 4+ cn- (67)
H3F —Ly 3
CrCNHT ——=» (Cr/T 4+ HCN (68)

Values of the parameters at 25°C were k; = 1.1x10"Jsec™1,
KiKeq = 5.9x107% ¥ tsec™l and K q = 0.18 ¥, These parem-
eters can be compared with those for solutions of 1.0 M ionic
strength derived fron the activation parameters given in
Table 18: k, = l.53x10'5560'1 and kj = 3.10x10‘4 ﬁ'lsec'l.
Activation parameters derived by Wakefield and Schaap (73)

are: X. AH* = 27 kcal/mole, AS* = 9 eol.; kiKeq’ AH* =

0'
20 kcal/mole, AS* = -6 e.u, These are similar to the values

obtained in this work (Table 18): AHﬁ = 25,6 kcal/mole,
s5¥ = 5.4 e.u.s aH] = 19.8 keal/mole, 25T = -8.3 e.u.

Since the experimental data of Wakefield and Schaap are
not available, it is difficult to decide whether there ié
significant disagreement between the two studies., However,

several points can be made, The acid association constant
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Keq is quite small and would be even smaller in the solutions
of 1.00 M ionic strength studied here. The decrease in slope
of a plot of kaq vs. [H+] calculated from thé parameters of
Wakefield and Schaap is not very large for [H7] £1.0 I, and
with a normal amount of experimental scatter, a straight line
could probably be drawn through the experimental data. The
deviations do become larger at higher [E¥], but as can be
seen from the data in Fig. 11, there are no significant devi-
ations for solutions of 1.00 M ionic strength.

A second point is that the activity coefficient of KT
in solutions of Na¥t at constant ionic strength probably does
not remain constant on changing [H+] (64)., The deviations
from linearity could possibly be attributed to changes in the
activity coefficient of HT, Data calculated from the empir-
ical rate parameters of Wakefleld and Schaap were fit to Eq.
69, where A is an empirical parameter used to account for

Kaq = o * K1 [(EJexp(alHT]) (69)
nonlinearity. The calculated data fit this equation quite
well, and yielded values of the parameters: Xk, = 1.14x102
sec‘l, kK = 5.77x10'4sec‘1, énd A = ~0.,150 ﬁ'l. This value
of A is reasonable in view of the magnitude of changes in the
activity coefficient expected in solutions of NaClQy at
,conétant ionic strength (74). The question of which empirical
paramete?, Keq or A, should be used to correct for nonlinear-

ity in plots of k,, vs. [H¥] could possibly be answered by

Q
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studies of the aguation of CrCN2t in solutions of 2,0 V]
~lonic strength maintained with LiCl0y, where the acti#ity
coefficient of HT is expected to vary somewhat less than in
solutions of NaClOy (64). |
At any rate, a third parameter is not needed to ade-
gquately describe the data presented here in solutions of

1.00 M ionic strength maintained with either NaClO, or

LiCl0y.

Catalysis of CrCN?% Aquation by Cr27
Results ,

Taube and King (25) first observed the Cr2+ catalysis of

the aquation of crclet, Eq. 70.

crC12* = cr3* + c1- (70)
This catalysis has now been observed for a number of chromium
(III) complexes (Table 20) (23,62,75,76), including CrCNZ*,
which is reported here. Data at 55° are presented in Table
21.

According to the principle of microscopic reversibility
(77,78), the reverse of this reaction, the catalysis of the
formation of Cr(III) complexes, must also exist. This has
been observed for a number of ligands X~ by Hunt and Earley
(79), but not for any of the ligands reported in Table 20.
They interpreted thlis effect in terms of a non-bridging
ligand effect on the chromium(II)-(III) exchange reaction:

cré* + X7 =2 crx*2-n (71)
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Table 20. Rate constants for the CréT catalyzed aquation of
some chromium(III) complexes

Complex kza(sec'l) kja(g‘lsec'l) Temp. Eigzr'
Cr(Hy0)¢ %  10.4x10-5 1.94x10"5 25° (23)
CrNH43t 5.92x1075 2.39x207° 25° (62)
cri2* 2.2x1072 - 250 (75)
CrBré+ 2x10~3 - 25° (75)
cro1ét Lx10~Y —- 25° (75)
2.6x10™H ——- 25° (76)

Crenet 2.68x10"3 - 559 Thi s
work

8Dpefined by Kopg = kspont + k2[0r2+][H+]-1+ k3[Cr2+] .

Crxt2 Ny #opdt ey cyxt3-N 4 wop2+ (72)
The order of increasing rate of catalysis paralleled the
apparent order of stabilities of the chromium(III) complexes

formed,

The rate equation for the agquation of CreN2+ in solutions

of Cr2* is given by Eq. 73 and Eq. 7L.
~a(1nfCren2+])/dt = kgpony + ko[or?*I[E*]71 (73)

Kspont = k_1[HT]-L + ko + ky[HY] (74)

The value of ks at 55° and 1.0 M ionic strength is (2.68 %
O.lS)xlO“Bsec‘l. The data presented in Table 21 are ade-

quately fit by Eq. 73 (Fig. 17), but are not sufficiently



Table 21, Catalysis of CrCN?t aguation by Cr2+2

103[CrCN2+]0 [cr*t]  [®'] 103kaq(sec“1)b 103kspont(sec"1)0 103kaq, calc
(sec-1)d
3.04 .0324 .0332 3.422 + 0.075 1.255 3.868
6.08 .0168  .0098  5.233 + 0.093 1.068 5.685
3.04 0429 . 0L80 4,061 + 0.084 1,368 3,758
3.0k .0168  .0159 3,056 + 0.043 1,136 3.958
9.14 0429 .0358 5.231 + 0.194 1.275 L. u79
6.08 .0L29 .0L19 Lb,064 + 0.073 1.321 4,058
3.04 .0429  .0293 5.655 + 6.156 1.226 5.138
3.04 0168  .0096  5.925 + 0.228 1.110 5.795

O
2] = 1.00 M with LiClOy; 55.0°C; 5250A.

bealculated from absorbance-time data by a computer program for first-order

kinetic data,

CCalculated from the equation for spontaneous aquation

Kgpont = K LET]-1 + ko + ky[HT].

dealculated from the equation:

' 247 -
Kag,cale = Xspont +kp[ Ccr=*][H*] 1, an
data were weighted equally when fit to this equation with a non-linear least
squares program to determine ka.

901
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precise to rule out an additional term k3[0r2+]. A1l of
the reactions listed in Table 20 have obeyed a similar rate
equation:

Keat = kpl0r?*[HT]"1 + Ks[Cr?*] (75)
with the kp term much more important than the k3 tern.

Discussion of results

The most reasonable mechanistic interpretation of the
catalysis is as an electron transfer reaction between Cré*
and Cr(III), having, for the k, path, a transition state
{Nccif(OH)cﬁ*} * . The observed ky is then k,Q, with Q being
the equilibrium constant for the acid dissociation:

croN®* == cr(om)cN* + H' (76)

The catalysis observed here, and the similar V2t cataly-
sis of the formation and aquation of Ccrclet (80), can be
contrasted with the ng+ catalysis of the aquation of CrClz+
(39) and CrCN2+-(described below). The former reactions are
examples of oxidation-reduction catalysis, proceeding by an
electron transfer mechanism; the latter are examples of
coordination catalysis, where displacement of the aquating
ligand is assisted by coordination to the catalyst.

The relative efficiency of nonbridging ligands in
promoting electron transfer by a hydroxide bridged path
follows the order, I™ > Br~ > C1- > Hpy0 > NH3 > CNT (Table
20). The position of cyanide in this series is somewhat

uncertain since measurements were made only at 55°C, where
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kNH3 = 1069x10'33ec'1 (62) and kgy- = 2.68x10"3sec~1. How-
ever, since the CrNH33+ aquation was studied at higher ionic
strength (2.0 M compared to 1.0 M for CrCN2*) and the charges
of the two complexes are different, CN~ very likely belcngs
at the end of the series. This_series'follows the inverse of
the spectrochemical series for chromium(III) complexes, sug-
gesting a significant contribution of the crystal field
stabilization energy to the energy of activation. A higher
field ligand trans to the bridging hydrokide ligand raises
the vacant Cr(III) eg orbitals to a higher energy, resulting
in a higher activation energy for electron transfer. This
"trans effect" has been used previously to explain rate

correlations (51,62,81,82).

Exchange Reaction of Cr2¥ and CrCN27

Results

An electron exchange reaction may be defined as an
oxidation-reduction reaction involving two different oxida-
tion states of the same element, with no net chemical change,
so that 1sotopic tracers must be used to study the reaction.
In electron exchange reactions of metal ilons proceeding by an
inner~sphere mechanism, the bridging ligand, if present in
the first coordination“sphere of one of the metal ions, must
be transferred for the reaction to qualify as an electron

exchange reaction.
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Data for the exchange reaction of *Cri¥ with CrCNZ+

2+

(specific activity of Cr as a function of time, at) were

fit to the McKay equation (83):

(77)

- 2 - T2
-atnfa-rl) /s = -aal 52 Y/a - n L EG
o~ r

where f is the fraction of exchanged atoms and R 1s the rate
of the exchange reaction. An exchange reaction should follow
'the McKay equation to isotopic equilibrium, regardless of the
rate law for exchange (R). The form of R can be determined
only by varying the concentrations of the exchanging species.

Except in those experiments where aquation of cyano-
chromium(III) ion was a competing reaction (2 .4 M H¥), McKay
plots of log (at-ae /ag~2e0 ) VS. t were linear. By varying
the concentrations of exchanging species, the exchange rate
law at constant‘hydrogen ion concentration was determined

to be:

. 693 [er2ticren2+] . .
= = kK Cr CrCN ] (78)
t%(ex) [cr2+]+[ cron?+] ex[ I

where t%(ex) is the half-time for exchange. The exchange
reaction was studied between 5-35°C over the concentration
ranges: *Cret, 5,17x10~3-5.02x10-2 M; CrcN2*, 3.83x1073-
2.65%10~% M; H, 0.01-0.35 M (Table 22). The effect of [H]
on the exchange rate, shown in Pig. 18 and Fig. 19, conforms
to the equation:

Koy = ko + kog[EFTT (79)



Table 22.

' + a
Rate constants for exchange of CrcN2 with *Cr2+

TTT

[cren2t])  [cr2+]® 2 cr?t  [5t] Temp 103k, o (M tsecml)
oxid. ( C) ( ~1yc a :
initi- sec™) obsd calc®
ally

.00800 M  .01B05 M 13 0224 M 5.0 2795+.045  ,0361+.0020 .0358

.01333 .02581 18 0487 n 1.125+.023 °0287+ 0006  .0282

.01600 .03334 12 .0997 n 1.092+.069  .0221+.0014  ,0249

.01600 .02380 37 «200 n .862+.059 .ozaoi.0015 .0233

.00765 .01825 8 .050 15.0 1.84 *.19 .0710+.0073  .0632

. 00452 .01039 5 .050 n .622+,081  .0417+,0054  ,0632

.01037 .01774 15 .050 " 1.78 ¥ .47 ,0633%.0167  ,0632

. 00689 201924 8 .050 " 2.41 ¥.95 .0922%,0363  .0632

.01145 .01706 5 .050 n 1.64 +,26 .0575+,0091  .0632

.02648 .01715 i .050 u 2.39 +.12 .0548+.0028  ,0632

.01630 .01663 6 .050 " 2.05 +.14 .0623+,0043  ,0632

.00815 .01352 24 .050 "o 1,48 +.12 °0683+ 0055  .0632

.01177 .00946 12 100 woio1,52 +,06 .0716%+,0028 - .0539

00516 .00517 3 .0115 " 1.09 +.05 .1055+.0048  ,126

201290 .03096 40 .100 " 2.52 .49 .0575%.,0112  ,0539

.01290 .02860 3 .100 " 2.27 +.17 .05u7i.0041 .0539

81 = 1.00 ¥ with LiCl0y and NaClOy.
%nalyses were made at approximately one and four half-lives, Invariably
any Crét

oxidation occurred early in the experiment, probably on mixing.
CEvaluated by a computer program; kj = .693/t3.
dg,(obsd) = ky/([cron?+]4[*cr2+]),

€Calculated from the activation parameters given in Table 23,



Table 22. (Continued)

[cren2¥]° [cr2+]® g cr2t  [g*] Temp 103kl ko (l~lsec1)

oxid, (°c) o a

initi- - (sec-1) obsd calc®

ally '
.01290 .05016 2 .200 15.0 L.24 4,78 .0672+.012L 0492
.01290 .02436 17 . 200 " 2.02 +.23 .0542+,0062 0492
.00516 .00521 3 .0115 " 1.32 +.05 .127 +,005 .126
.00674 .01520 1 .050 " 1.62 +,09 .0738+.0041  ,0632
.00571 .00712 L .0157 " 1.62 +.08 .126 +.006 104
.00732 .00882 6 .0199 oo 1.73 +.12 .107 +.007 .0915
»00999 .02394 3 . 0997 25.0  3.90 +.34 .115 +.010 .113
.00713 .01041 1 .0498 n 3.85 +.37 .219 +.021 .139
. 01427 .01394 6 .1995 u 3.19 +.17 .113 +.006 .100
.00459 .00936 L .0200 " 3.66 +.33 .262 +,027 - ,216
.00698 .01358 8 . 0499 " 3.41 +.29 2166 +,014 «139
.01552 .01975 52 . 349 n 2.85 +,96 .081 +.027 .09u8
.00383 .00358 10 .0198 35.0 3.36 +.27 453 +.036 499
.00582 .00691 19 . 0496 " 4,11 +.20 .323 +.016 .298
.01019 .00717 24 . 0996 " 3,60 +.21 .207 +.012 .231
.00919 .00691 31 .212 n 2.64 +,19 164 +,012 .195

21T
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Fig. 19, Plot of kex Vs. [#%]~Y for the exchange reaction
of Cr2+ with CrCN2+, showing fit of data to the

equation kex = kgtk.q[HY]-1
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Activation parameters calculated for the two paths are given

in Table 23.

Table 23. Activation parameters for the exchange of #Cri+
with CrCN2+ &

Path AH#(koal/mole) As¥F(e.u. ) Temp kP
(°c)
X, 10.9£1.0 -26.8+3.6 5 .0220 M lsec~!
15 .0L52
25 . 0886
35 1663
k_q 16.7+2.2 ~14,4+7.5 5 3.132x10"Ysec~!

15 9.255x10%
25 2.5L7x10"3
35 6.570x10-3

8 = 1,00 ¥ with LiClOy and NaClOy. Welghting was
carried out as 1/k2+k/Ak, where Ak is the standard deviation
of the rate constant.

bThese rate constants are calculated from the appro-
priate activation parameters.,

While LiCl0y was added to maintain constant ionic
strength, NaClOy (in concentrations of 0-0.9 M, usually<0.3
M) was also added with the stock solution of CrCN2*, Since
the activity coefficient of BT is probably more constant in
solutions of LiCl0y than in solutions of NaClOy (64), and
since there was considerable scatter of data at constant
[#7], it was necessary to determine whether the rate constant

for exchange depended on the concentrations of Li* or NaT.

Data at 15°C and 0.05 ¥ ut were treated according to Harned's

Rule:
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k = ko exp(AlM™]) (80)

obs
When MT = Li*, A = -0.017 + 0.25 N~! and when N* = Na¥,

A = 0.03y + 0.22 ﬂ“l, indicating that such medium effects
were not of importance.

Discussion of results

For all chromium(II)-{(III) exchange reactions

#Cr2* 4 Cryt3-n = wCrx*t3-n 4 cr2+ (81)
which have been studied (Table 24), the rate law has been of
the form:

R = kgy[Cr?T][Crx*3-n] (82)

For all complexes Crxt3=-n, Koy Was found to be independent of
[5*], except for CrH2P022+l, with K., = k_lLH+J-l, and
Cr(Hy0)g3™ (23), with key = ko + k_q[#%]™L. The inverse [E"]
dependence in the CrH2P022+ excnange was explained in terms
of (1) a structural isomerism of ligand HyPO0,”, necessitating
acid dissociation previous to formation of a bridged activated
complex; or (2) acid dissociation of a water molecule in the
first coordination sphere of chromium(III), giving a double-
bridged activated complex, involving HZPOZ' and a cis 0H” as
bridging ligands. The double-~bridged activated complex was
invoked to maintain a symmetrical activated complex, requir-
ing less expenditure of energy to equalize the electronic

energies of the two metal ions so that electron exchange may

1k, A. Schroeder and J. H. Espenson, Ames, Iowa. Kine-
ties and mechanism of the inner~sphere election exchange reac-
tion of hypophosphitochromium(III? and chromium(II) ions in
acidic solution. Private communication. 1966,



Table 24, Rate data for exchange reactions of Cr2+ with Crx*3-n

xn= ky (M lsec™) g%%é%/ Afgiuo) k_p(sec™t) Aﬁfi ASfl 2222?—
c1- 9.1(0°¢C) (24)
Br~ 60(0°) : (24)
F- 2.6x10~3(0°) 13.7 =20 (24)

2.6x10~2(27°)

_NCS™  1.2x107%(240) (24)
-SCN-%  L40(25°) 2(25°) (4,5)
A i:§§§2§%> 9.6  -22.8 ‘ | ()
HyO  1.94x105(24.5°) 21 -8 10.0x1075(24.5%) (23)
OH~ 0.66(24,5°) 21 12 (23)
H,PO; | -  6.11x107%(25°)  19.7  -7.2  _b
-CN” .0886(25°) 10.9 -26.8 2.55%x10"3(25°) 16.7 -14.4 This work

-Nc=® 1.5(25°) This work

8These are not strictly exchange reactions since net reaction (isomeriza-
tion) occurs.

bK. A. Schroeder and J. H. Espenson, Ames, Iowa, Kinetics and mechanism of

the inner-sphere electron exchange reaction of hypophosphitochromium(III) and
chromium(II) ions in acidic solution. Private communicstion. 1966.

ARS
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occur (84). Although an unsymmetrical activated complex
might require greater adjustments of bond lengths in the
first coordination sphere, it cannot be ruled out. The prin-
ciple of microscopic reversibility does not exclude mechan-
isms which lack a symmetric activated complex, but requires
only that the activated complex for the reverse reaction be
a mirror image of that in the forward reaction, i.e., the
energy vs. reaction coordinate diagrams must be mirror images
(77).

An acid dependence formally like that of the CrCN2+
exchange was observed for the Cr(H20)63+ {(23) and crsen?t
(5) exchanges. However reaction of Cr?t with CrSCN?T is not
strictly an electron exchange reaction, since a net chemical

change, isomerization, occurs.

The Cr2+t-Cr3+ exchange differs from that of CrCN2t in
that the ligand OH™ produced by the acid dissoclation process

presumably acts as the bridging ligand,
The two term rate equation for the CrCN2+ exchange indi-

cates activated complexes with probable structures:
+
{}HZO)5+nCr---CN---Cr(H20)§I%} and
¥
gHZO)LHn( OH)Cr---CN---Cr(HZO)gIm} or

~Cr(H,0) } .
~ CN“ 2 5+m

- OH

The latter two activated complexes cannot, of course, be

distinguished, and the configuration of cyanide ion in the
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activated complex cannot be determined., The path inverse in
acld concentration presumably becomes operative either be-
cause of decreased repulsive forces with a decrease in charge,
or because of a lowering in the activation energy by double
bridging.

Because of the absence of an acid dependent term in
previous studies of chromium(II)-(III) exchange reactions
(24,26), the acid dependence observed for CrCN2* was not
expected. That the acid dependence was not due to separation-
induced exchange at low acid concentrations was demonstrated
by quenching aliquots of exchange solutions into acid through
which air was bubbled., No effect was observed. The absence
of an acid dependent term in previous studies may be due to
conditions of [H*] and temperature unfavorable to its detec-
tion. Under most conditions for other studies, the term
would not have been observed for CrCN2*, The exchange of
CrC12+ was studied with [HY] as low as 0.05 M, while the
lowest [H'] studied in the CrCN?¥ exchange was 0.01 H. How-
ever, no other exchange reactions were studied with [E¥]
< 0.10 M and most studies were at [H'] = 0.5-1.0 M. Alter-
natively the lack of a [H+] dependence in other exchange
reactions could be real and the exchange of C:r'CN2+ by the
path inverse in [H'] may be a special case, i.e., double
bridging in the activated complex.

Using data from Table 24} it is possible to compare the
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rates of Cré+-crxt3-n exchange reactions by the acid inde-
pendent path over the temperature range 0-25°C. The exchange
rates follow the order:

Br">(-SCN-)>C1‘>N§>(—NC‘)>OH‘>—CN‘>F‘>-NCS‘>H20 (83)
The ligands SCN™ and NC= do not properly belong in this
series inasmuch as they are not.strictly exchange reactions,
since a net chemical change (isomerization) occurs. If k_jp,
the acid dependent term of the CrCN2+ exchange, 1s ldentified
as k:lQa, where Qg is the equilibrium constant for the acid
dissociation (Eq. 84),

crCN2* =2 cCr(oH)CNT + HY | (84)

then the exchange of Cr(OH)CN+ occurs at a rate slightly
YT

lower than does CrN32+ (assuming Qg = 1.5x107 " M, the value

for Cr(H20)63+),
The above series roughly parallels the spectrochemical
series:

Br‘<-SCN'<Cl'<F'<N3‘<OH‘<H20<—NCS‘<(—NC')<-CN‘ (85)
The ma jor deviations from the spectrochemical series are
those ligands which contain multiple bonds and should there-
fore be relatively good ligands for electron transfer. This
suggests that both the crystal field stabilization energy and
the ability of the ligand to act as an electron conductor are
influential in determining the activation energy for electron
"transfer. This ligand-field correlation differs from that

made previously for the Cr2* catalyzed aquation of Cr(III)
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complexes in that different bridging ligands on each complex
are involved here while the same ligand (OH™) was involved in
the catalyzed aquation.

" Although an additional path involving adjacent attack
may exist, the reaction of Cr2% with CoL5CN2+ must occur at
least partially by remote attack since CrNC2t is formed. The
exchange reaction of cr2t with CrCN2+ may occur by remote
attack or adjacent attack or both. Since‘the isomerization
of CrNC2+ proceeds more rapidly than the exchange reaction,
any CrNC2+ formed would be present only in very low, probably
steady~-state, concentrations, so no direct evidence (e.g.,
detection of CrNC?*) for remote attack is available. How=
ever, it may be constructive to examine the kinetic data more
closely to see 1f a detailed mechanism for exchange éan be
deduced. |

The first possibility to be examined is that only remote
attack occurs. The exchange rate law then requires that the
reactions given in Eq. 86-88 occur.

CreN2+ 4+ #cret —L5 worNcB* 4 cr2t (86)
cron2+ ;:2;2 cr(oH)cNt + gT (rapid,Q; << 1) (87)

cr(0H)ON* + *Cr* —2- xcr(OH)NCT + Cri* (88)

These reactions are followed by the isomerization of CrNC2+,
Eq. 89"‘91.

Q
crNCH* =22 crNe2* 4 gY (rapid,Qp~1.3) (89)
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CrNc2t —23 cpendt (90)
CrNC2t 4 cr2t —p cpowdt 4+ crlt (91)

Application of the principle of microscopic reversibility to
the reaction given in Eq. 88 indicates that another path for
isomerization must exist (Eq. 92 and Eq. 93).

CrNC2+ é__ Cr(omNC™ + ¥ (rapid,@3<< 1) (92)

Cr(OH)NCT + Cre*t ~=2- Cr(OH)CNT + Cr2* (93)
The rate law derived for thls mechanism for the isomerization
is:
-aCcrnc2+ fk3Q2+(kuQ2+k5Q3Q2[H+]“l)'[Crz*] } CerncR+
at - Qz + [H*]

(94)

Microscopic reversibility makes the further demand that
ks/ky = ky/ky. At 25°C, k; = 0.0886 N-lsec-l (Table 23),
koQq = 2.55x10‘3sec'1 (Table 23) and ky = 1,48 ﬂ_"lsec"l
(Table 9). Assuming that Q3 X Q1 k5Q3Q2::k2Q1k4Q2/kl =
(2.55%x10=3)(1.48)(1.3)/(.0886) ~,055. Data for the isomeri-
zation reaction were fit to the above Eq. 94, as well as to

Eq. 95, which lacks the ternm k5Q3Q2[H+]'l.

-dCcrnc2+ _ (k3Q2 + kqu[Cr2+])Ccrch+ (95)
dt ez + [HY] |

Values of the derived constants, using various portions of

the data, are given in Table 25.
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25. BRate constants for two possible mechanisms for the isomerization

of CrNc2+

Data k3Q2 | kyQo k5Q3Q2 Q2

used® Eg. 94 Eq. 95 Eq. 94 Eq. 95 Eq. 94 Eq. 94 Eq. 95
A B, .0497+,0063 ,0522+,0049 1,66+.,19 1,69+.19 -,012+.020 .98+.17 1,06+.13
A,B  ,0616+.0097 .0653+.0087 1.85+.24% 1.89+.27 -,012+.022 1.19+.24 1.28+.20
A .05253;007? «0636+,0078 1.514,19 1.57+.23 -.034+.016  .88+.17 1.14+.17
B .0891+.,0479 .0686+,0197 2.9441.35 2.50+.71 ,077+.136 2.16+1.38 1.56+.51
C

.0469+.0199 .0550+.0098 1.97+.57  2,14+.,47 -,104+.226 1.08+.78 1.40+.36

A = Co(NH3)sCN2*, B = Co(NHg)y (Hy0)CNZY, C = Colen), (H,0)CN2Y,

AN
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Within experimental error, k5Q3Q2::O, rather than 0,055 as re-
quired by the postulated mechanism (Eq. 89-~93). This indi-
cates that the reactions given in Eq. 92 and Eq. 93 do not
contribute significantly to the isomerization of CrNCz+.
Microscopic reversibility then requires that the exchange of
Cr2* with Cr(OH)CN* must occur predominantly by adjacent
attack, Eq. 96.

*Cre* 4+ cr(og)cnt —Z, *Cr(OH)CNT + Cret (96)

These arguments do not exclude the possibility that the

acld-independent exchange of Cr2+ with CrCN2+ proceeds by
remote attack however, The principle of microscopic reversi-
bility, applied to the cret catalyzed path for isomerization
(Eq. 91), requires that at least part of the exchange of -Cré+
with CrCN2t must occur by remote attack (Eq. 86). Exchange
by adjacent attack (Eq. 97) may also occur, but the above

#cr2+ 4+ cren2t —L, #cront 4 cor2t (97)
arguments provide no information regarding the existence of
this pathway. Adjacent attack could be the predominant path
for exchange, since microscopic reversibility requires only
that an exchange path involving remote attack must exist, but
not that it be predominant. On the other hand, no evidence

is avéilable to indicate that adjacent attack must occur,

even as a minor pathway.
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Reactions of Cr2¥ with Cr(CN)Z and Cr(CN)3

Aquation of the cyanochromium(III) complexes cis=-

Cr(cN)} and 1,2,3-Cr(CN) 3 is catalyzed by crat;

cr(cy)y + H = cron®* + HCN (98)

cr(cy)5 + 28% = CrCN2* + 2HCN (99)
This catalysis is not observed with the other known cyano-
chromium(III) complexes, Cr(CN)a and Cr(CN)g', where a pre-
cipitate forms on addition of Cr2+, |

These reactions were of interest to the present study

because they were possible sources of the intermédiate CrNCzﬁ
and because they presumably represent a case of a cyanide-
bridged electron transfer between Cr2t and Cr(III). Quali-
tative observations on the kinetics of the catalyzed agua-
tions are as follows. First-order kinetics was followed at
some wavelengths, especially at wavelengths in the vicinity
of the long-wavelength maximum of the reactant complex. At
most wavelengths there was a fairly rapid change in absorb-
ance, followed by a slower change. It was generally possible
to draw straight lines through the initial and final portions
of a plot of log (Dy-Dgo ) ¥VS. T, buﬁ the slopes of these
lines were quite dependent on wavelength. The initial
slopes were similar to those observed at wavelengths where
first-order kinetics was followed throughout the reaction.

These observations are consistent with the production of an
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intermediate (or intermediates), but the secondary reaction
procge@s too slowly to be the isomerization of CrNCZ+.

Experiments carried out at wavelengths where first-
order kinetics was observed (46002 for Cr(CN); and MMOOX for
Cr(CN)B), are summarized in Tables 26 and 27,

Table 26, Rate constants for the Cr2T catalyzed aquation of
Cr(CN)3 at 25°C%

107[ cr2+] Latl, kobs(sec'l)b kcalc(sec“l)C
8.35 M .399 M L0416 + 0005 .0375
1.99 401 01033+ .00009 ~.01086
3.92 400 .0205 + .0001 .0189

21.39 « 399 .0907 + .0039 0921
21.39 100 .0851 + .0020 0921

8 = 1.00 ¥ with LiCloy. [Cr(cN)3] = 9.6x10~% .
Spectrophotometric observations at 4600%.

bCalculated from absorbance-time data by a non-linear
least squares computer program. All data points were
weighted equally.

CCalculated from the best least squares fit of the

observed rate constants to the equation: Xk = kg + ky[Cr2*].
Weighting was carried out as 1/k<.

The Cr(CN)Z aquation was studied at 25°C over the concentra-
tion ranges: 9.6x10~% M cr(cm)}f, 2x1073-2x107% ¥ cr®*, 0.10-
0.40 M H*.‘ The corresponding ranges for the Cr(CN)3 aqua-
tion at 25°C were: l.3xlo‘3-2.2x10'3 Ju Cr(CN)3,‘4.7xlo'u-
5,0x10~2 M Cr2+, 0.05-0.40 M HY., The rate equation is

apparently adequately described in both reactions by Eq. 100.
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Table 27. Rate constants for the Cri+ cataleed aquation of
Cr(CN)3 at 25°ca

103(cr(en) 5], 1070cr®*]  [H¥],  kgps®(sec™l) Kp1o®
: (sec-1)
1.33M b.25M .100M  .0234 +.0005 .0230
" 1.00 .100 .00859+.00029 . 00819
" 16.24 .100 .0807 %.0020 L0777
" 7.59 .0996  .0411 %.0008 .0382
" 2.07 .0997  .0132 +.0002 .0131
" b.25 395 .0269 +.0007 .0230
" 11.65 .0966  ,0425 +.0012 .0567
" 30.5 .100 <145 +.007 c143
" 16,24 .100 .0679 $.0027 .0777
u 466 .100 .00530+.00018 .00575
" 20.4 .100 .120 +.009 . 0966
n 4,36 .200 .0255 +.0005 .0235
n L.36 - .0505 .0270 +.0009 .0235
2.22 25.5 .0997  .130 +£.003 .120
" 30.5 .100 .116 +.005 J143
n 50.8 .100 .208 +.009 . 285
u 25.5 .0997  .133 *.003 .120
" - Lo.7 .0998  ,186 *.010 .189
" 30.5 .100 <140 +.006 .143
" 25.5 .0997  .122 +.005 .120
" 30.5 .100 .138 *.004 L1043
" 25.5 .0997  .133 +.003 .120
" 30.5 .100 .174  £.010 .143
" 50.8 .100 .229 +.,014 .235
" 40,7 .0998  .,192 *.,007 .189
" 20.4 .100 .117 £.003 .0966

8T = 1,00,M with LiCl04. Spectrophotometric observa-
tions at 4400 K.

Pealculated from absorbance-time data by a non-linear
least squares computer program. Weighting of these data was

carried out as 1/D (D = absorbance).

CCalculated from the best least squares fit of the

observed rate constants to the e%uation: k = kg + kj[Cr

2+7
Weighting was carried out as 1/k
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~a(laler(en) M) /at = ko + Kyl or?t) (100)

This rate law was established by plots of Kypeq ¥s. LCret]
(Fig. 20 and Fig. 21), which are linear with non-zero inter-
cept. The concentration of cret is constant tnroughout an
experiment, so the reactions followed pseudo-first-order

Kinetics., Values observed for the rate constants are:

+
™
~3
"1
'.-J
0
®
o

]

cr(cw)3, k, = .0025 + .0012 sec™t, ki = L.19 *

cr(cn) 5, ¥, Z7,0036 + .0005 sec™1, ki = 4.56 + .15 N-lsec-1,
The similarity of rate constants for the two reactions is
striking. The Kk, paths probably arise from absorbance
changes due to spontaneous aquation of Cr(CN)Z to cronet or
Cr(CN) 5 to Cr(Ci);. |

Attempts to fit data at other wavelengths to equations
for consecutive first-order réactions were not successful,
suggesting that the mechanism may be more complex, perhaps
involving double bridged activated complexes, with the pro-
duction of Cr(NC)Z or other intermediates.

Direct evidence for double bridged activated complexes
has been found only for reaction of Crét with the complexes
cis-Cr(NB)Z (85) and cis-Co(NHB)u(NB); (86)., There is also

2+

a strong indication of this phenomenon in the Cr*~ -cis-Cr

(HzPOz)z exchange reactionl.

] _

K. A. Schroeder and J. H. Espenson, Ames, Iowa., Elec-
tron exchange reaction of Cr2* and Cr(H,P05)3 in acidic
solution., Private communication, 1966,
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Fig. 20. Plot of k vs. [Cr2¥] for the reaction of Cr2* with
Cr(cN),* at 25,0°C, I = 1.00 X, 4600
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Fig. 21. Plot of k ys. [Cr?*] for the reaction of Cr2+ with
Cr(CN)3 at 25.0°C, I = 1,00 M, 44004
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Reaction of Cr2¥ with cis-Co(en)z(CN)E

The reaction of Cret with cis-Co(en)g(CN)z produces
CrCN2* and was also of interest as a possible source of
CrNc2+, The reaction was investigated under pseudo-first-
order conditions in thé spectral range 2100-30003, over the

concentration ranges, 2x10~%-2x10-2 M cr2* and 5}(10"‘5-1}(10"3

M Co(III) (Table 28),

2+

Table 28. Rate constants for reaction of Cr with cis~
Co(en)z(CN)g at 150c8
103[cr2+], 10%(co(111) ], A (R) Koy (M-lsec=1)P

. 867 . 948 2400 3.98
2,02 .9L8 2500 2,07
.338 ,119 2300 L, 67
.203 . 0499 2100 5.35
I, 84 _ 2.37 : 2500 6.38
20.,1¢ 10.3 3000 .110

20,1° 9.76 2800 . . 064

21 = ,150 M with HClOy.

bsince [cr2+] 220[co(1II)], pseudo-first-order condi-
tions were observed and kgx was calculated from the slope of
a plot of log (Dt‘rbo) Vs, t; kox = .693/t%[Cr2+].

CThe absorbance quickly rose to 3.5-4 in these experi-
ments, then dropped slowly at the indicated rate.

o _ .
Except at 2800-3000A, the reaction followed pseudo=first-order
kinetics, with average second-order rate constant at 15°C,

kox = 45 + 1.2 ﬂ'lsec’lo At 2800-30008, the absorbance

quickly rose to very high values, then dropped slowly. This
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i1s consistent with formation and disappearance of an inter-
mediate, but the rate of its disappearance is far too low for
this intermediate to be CrNC2+, The existence of double-
bridged activated complexes 1is also possible here,

No Cf(CN)Z could be separated from quenched reaction
solutions by ion exchange but since the rate of the Cr2+>
catalyzed aquation of Cr(CN)E is about the same as the rate
of the Cr?* reduction of Co(en)p(CN)3, it is possible that
the suspected intermediéte nevef builds up to detectable con-
centrations.

This system appears deceptively simple, but its study in
detail would be complicated by a multitude of possible Cr(III)
species (dicyano and monocyano, both Nf and C-bonded and

mixed) and by the subsequent reactions of each (isomerization

and catalyzed aquation).

Reactions of Hg2+ with Cyanochromium(III) Complexes
Mercury(II) forms an extremely stable complex with
CrCN2+, Addition of Hg2?' to solutions of CrcN2* causes spece-
tral shifts to longer wavelengths. With [CrCN2+] = 0,02 N in
these experiments, spectral shifts were observed until [Hg?t]/

L+

[CreN2*] = 1,0, The complex is very likely CrCNHg*™ (or

0
CrNCng+) with spectrum, Amax = 5650A (emax = 17.9 M'lcm'l)
. ,
and 4010A (22,6)., This can be compared with the spectra of
o 0
CrCN?* (52504 (25.2) and 39304 (20.0)) and Cro* (57408 (13.3)
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and UOBOX (15.8)). The formation of a stable MCNHg”* complex
has been reported for M = Co(NH3)5 by Siebert (34).
A lower limlit was set on the value of the association

constant for the reaction:

He2*t + cren?t = cronmgYt (101)

Q, = [Ccrong+][Hg2+] Y cron?t]-1 (102)
A solution 0.017 M in each reactant was diluted appropriately
so that spectra taken in cells of various path lengths should
have been identical if no dissociation had taken place, For
solutions as dilute as 0,0033 M Cr(III) at 25°C, differences
in spectra were within experimental error. Assuming conserv-
atively that the equilibrium (Eq. 101) lies >95% toward the
right even at the lowest concentration studied (0.0033 M), a
lower limit on the association constant is Qg 2;1055—1'

Ion exchange behavior of solutions of Hg2+ and CrCN2+
confirms the 4+ charge assumed for the complex. The complex
was not moved by acid at concentrations which will slowly
spread a band of CrJ+,

Solutions of CrCN®* and Hg2* are not stable indefinitely
however, and chromium(III) aquation occurs.

Kinetic behavior for the Hg2t-CrCN2*t system at 55°C can
be described by three types of absorbance change.

(1) A very fast change to give a spectrum like that

found for CrCNng*. Since this process presumably represents
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substitution on Hg?T, it is expected to be very rapid.

(2) A slower change to give a spectrum much like that of
cr3*, 1Ion exchange behavior of rapidly cocled solutions
indicated substantial conversion to Cr3¥,

(3) A very slow change (at 52502) of unexplained origin.
The magnitude of the change was much less than that of (1)
“and (2).

Data for change (2) were taken at 550C and SZSOE and are

presented in Table 29.

Table 29. Rate constants for the reaction of Hg?' with

cronet®
(Hg?"] [u*] 103k, (sec=1)®
obsd uncatalyzed
. 0967 043 6.3 1.33
. 0504 042 8.7 1l.32
.0252 041 7.7 1.31
.0126 040 6.9 1l.31
. 0504 482 5.7 4,82
n 242 4.8 2.91
" 122 7.4 1.94
" 482 5.9 4,82

81 = 1,00 M with LiClO4; 55.0°C; 0.0010 M CrcN2*;
spectrophotometric data were taken at 5250A.

Pobserved values of kgq were determined from absorbance-
time data by the Guggenheim method. Calculated values were
obtained from the beot fit of the data for the uncatalyzed
aquation of CrCN@* {Table 17) to the equation kg = k_1[HT]™!
+ kg + kltﬂ P
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Data obey first-order kinetics, with the rate constants in
these experiments evaluated by the Guggenheim method (87).
Although there 1s considerable scatter, the rate constant is
apparently independent of [Hg?¥] over the range 0.012-0.097 K
and [H'] over the range 0.04~0.48 M, with an average value of
Keat = 0.0066 + 0.0009 sec™l. Some small trends observed are
easily within the medium effects expected to result from
concentration variations in which a +1 ion (ET) replaces a

+2 ion (Hg?*) (39). Since the first rapid change in absorb-
L+

ance 1s probably the formation of CrCNHg ', a mechanism con-

sistent with the [Hg2%] dependence is:

Qr
CroN®* + Bg* m=—2> croNHg'' (rapid,Q 2100 at 25°C)

(103)
Keat
CroNHght —=22s or3* + Hgont (104)
The rate law derived for this mechanism is:
afcrdt)/at = kcatECrCNHg”+] (105)
_ kcatQa[H€2+]CCrCN2+ (106)
1+ q,[He®*]
Copoyz+ = LCren2t] + [cronNHg™*] (107)

In these experiments, [Hg2+]_>_10"2 and Qg2 10° (at 25°%) so
that Qa[Hg2+]Z_103>>Zl. The rate law then becomes:

aler*]/dt = kgt Copon2t (108)
Although the equilibrium constant Qg probably 1s not as large
at 55° as at 25°C, the estimate of Q,>10° at 25° was
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conservative and Qg is almost surely large enough at 550 S0
that Qu[Hg?"]>> 1 should still be a good assumption.

It is interesting to note that even though the transition
state assoclated with the postulated mechanism is{érCNHg”+ *,
the concentration of ng+ does not appear in the rate law.
This situation arises because the rate law is written in
terms of stolchiometric concentrations of reagents, rather
than concentrations of predominant species. In the reaction
of Hg?™ with CrCN2¥, presumably Cgnon2+= [CroNigh*], so the
rate law (Eq. 105) written in terms of the predominant
species CrCNHgY does predict the correct composition of the
ltransition state, |

According to this interpretation, Hg?'T acts as a "cata-
lyst" for the aquation of CrCNe¥, It should bé noted though
that since the "catalysis" is independent of [H+], Hg2+ acts
as an inhibitor for [ET]20.71 M. This system can be con-
trasted to the Hg?™ "catalysis" of the aquation of CrC12+
(39), where the rate was not independent of [Hg2+]:

-afcrc12+)/at = (kotk_p[at]™1) [Hg2* [ cre1?+] (109)
There was no evidence for the formation of a stable complex
CrCngu+, and the rate law dictates that if such were the

-1

case, 1>> Q[Hg2+]. or Q<L10 M at the concentrations of

Hz?* studied in the Crcl2* aquation.

Qualitative observations were made on the reaction of

Hg2* with Cr(CN)3 and with Cr(CN)3. When Hg?t was added to
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solutions of either of the cyanochromium(III) complexes at
room temperature, the spectrum changed at measurable rates to
that of CrCNHg”+, and then slowly changed in a manner conw
sistent with conversion to Cr3+.

A precipitate was formed on addition of Hz?T to solu-

tions of Cr(CN)j and Cr(,CN)g’.
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SUMMARY

The reactions of Cr2¥ with Co(NH3)50N2+, trans—Co(NH3)4
(120)CN?* and trans-Co(en),(H,0)CN2* were studied in acidic

solution., The immediate product of the reaction (Eg. 110) is

cr?* + CoLsCN2*+ + 5HT = crNc?t + o2t + sput (110)

a metastable intermediate, postulated to be the isocyano
complex CrNCZ+, which decays to form CcrcN2t, The ozidation-
reduction reaction of Cr2% with COLSCN2+ followed a second

order rate law, Eq. 111, with kg, much larger for Co(NHB)u

-d[Co(IIT)]/dt = kox[0r2+][00L50N2+] (111)

(H20)CH2™ and Co(en),(H,0)CN2T than for Co(NHj)gCNZT,
The decay of the intermediate produced in each of the

above reactions followed the rate law given in Eq. 112.

. 2 -
a[cron2*]/as = {Ea@rxaQ[er®P) rov o seaiate] (112)
Q+[HY]

The values of the parameters were independent of the source

of intermediate, indicating that the intermediate 1s the same
in each reaction., On the basis of this agreement of rates,

of spectra of the intermediate, and of quantitative transfer
of crdl tag in the.Cr2+ catalyzed path for decay of the inter-
mediate, the intermediate was identified as CrNC2* in rapid
equilibrium with CrNCH3+° The mechanism proposed for the

isomerization of CrNC2* is given in Eq. 113-115,
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Q
crNcudt === crncet + Bt (rapid) (113)
T'12+ kO ’>+
CrNC ———» CrCN< (124)
| .
#cr2+ 3+ CrNeet ——Ls #cpoN?t 4+ cp2t | (115)

The electron exchange reaction of Cr2* with CrCN2+ (Eq.

116) was investigated., Contrary to studies of most other
*Cr2+ 4+ CreN2* = Cr2* 4+ #Cron2+ (116)

Cr2+-Cr(III) exchange reactions, the rate of excnange was
dependent on [H%] (Eg. 117).

Exchange rate = (ko+k_;@[E*]"1)[cr2*t][cren?t] (117)
It was postulated that exchange by the acid dependent path
proceeds pfedominantly by adjacent attack (Eqe. 118 and Eq.

119),
CrCN2+';=§é¢ cr(oH)CeNT + HT (rapid, Q<<l) (118)

#0r* + cr(om)ont —=Ly *cr(on)eNt +cr2* . (119)
while exchange by the acid independent path proceeds at least
partially by remote attack (Eq. 120); followed by isomeriza-

wOr2+ 4 cron2t —OT s op2+ 4 crnc2Y (120)
tion of the CrNC2* formed (Eq. 121), but may also proceed by

crNcét = cron?t (121)
adjacentlattack (Eq. 122),

k

#Cr2t 4 CrON2T weemomy Cpot

+ worcn2t | (122)
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The aquation of CrCN2+ (Eq. 123) followed pseudo-first-
croN?t + gt = crdt + Eon - (123)
order kinetics, with the rate constant having the [HT]) de=

pendence given in Eg. 124,

kgg = roLEH T + kg + kg [HT] (124)

On the basis of entropy correlations, the mechanism for

aquation was postulated to be:

: Q
CreN2* === cr(oH)cN™ + B* (rapid,Q<<l) (125)
k"} ‘
Cr(OH)CN* ~——==-3 CroH?* + CN~ (or Cr(OH)j + HCN) (126)
CrCN2T ===y crou?t + HCN (127)
2+ + X1 34+
CrCN®" + H ww———» Cr + HCN (128)

In this mechanism k:l is identified as k_;/Q.

In solutions of low [#%], the aquation of CrcN®t was

catalyzed by Crz'*'° The rate law, Eq. 129, indicates that the
-d(ln[CrCN2+])/dt:k:lQ[H+]-l+ko+kl[H+]+k2Q[Cr2+][H+]-l (129)
catalysis probably occurs by a hydroxide-bridged electron
transfer mechanism, Eq. 130 and Eq. 131.

CreN?* —=» cr(od)eNt + HF (rapid,Q<<l) (130)

#cr2* 4+ Cr(oH)oN?Y ——=> cr?*icron®tion- (131)
Mercury(II) forms an extremely stable complex with CrCNZf
presumably CrCNng+° The équation of this complex follows the

rate law given in Eq. 132,
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~dCopen2+/dt = XegCoron2+ (132)
Since Copoyn2+ ~ [CrcNHg™], the mechanism was postulated to
be:
| croN?t + Hg2t —= CreNHg™ (rapid,Q@>10%) (133)

Keat '
cronagtt —220,  op3t 4 mgont (134)

J

Chroﬁium(II) catalyzed the aquation of cis-Cr(CN)Z (Eq.
135) and l,Z,B-Cr(CN)B (Eq. 136).
cr(cN),* + 't = crow* + HCN (135)
Cr(CN)g + 2H' = CrCN®* + 2HCN (136)
An intermediate was formed in each of these reactions, bhut
thé decay of this intermediate was too slow to be the isomer-
1zat1§n of CrNC2+} The formation of intermediate in each
reaction followed the rate law:
afcr(oN) I n]/de = (kq+ky[cr2+])[cr(en),t30] (137)
The decay of the intermediate was not investigated ix detail.
The reaction of Cr2* with cis-Co(en)z(CN)g (Eq. 138) also
Cr2t + Co(en),(CN)3 + H'= CreN2++ Co?t+ HCN+2en  (138)
produced an intermediate which decayed to form CrCN2*, The

decay of this intermediate, not investigated in detall, was

too slow to be the isomerization of CrNCz+.
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APPENDIX

Derivations will be presentedvfor the equations used for
calculation of specific activities in the tracer experiments
on the Cr2+ catalyzed isomerization of CrNCz+. For simplifi-
cation in writing expressions, species and their concentra-~
tions will be indicated by:

A = CrNc2*

B Cré+

and C = CrCN2+.
Unless otherwise noted, a subscript will indicate time and a
superscript ¥ will indicate a tagged Cr atom,

Model I: The k, path, but not the ki path leads to

transfer of activity.

s Lo, o (139)

A+ B* K1y ¢+ B* (140)

A+B —LlpC+B (141)
The pertinent differential equations are:

-dA/dt = (kqo+kiBp)A (142)

Bp = B* + B (143)

dc*/dt = -dB¥*/dt = k A(B*/Brp) (144)
Solution of Eq. 142 gives A as é function of time:

A = Aj exp[-(kotityBy)t] (145)

Substitution into Eq. 144 gives:
-dB*/dt = koA, exp[~(ko+kyBp)t](B*/Br) . (146)
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Integration of Eq. 146 gives the concentration of B¥ as a
function of time:

1n(B* /B )=[ koA o/Br(kytkyBy) JLexp(-[kytkyBplt)-1] (147)
At the end of the tracer experiment (t =o0 ), the concentra-
tion of B* is given by Eq. 148,

Bk, = BY expl-k A, /Bp(ky¥rkyBp)] | (148)
Using the symbols ag = initial specific activity of B, ap =
final specific activity of B, and ag = final specific activity
of C, the specific activity of B at t = 1is related to B¥
by Eq. 149. Note that BY = Bp in these experiments. '

ap = Bey 2o/Bp = aoexp[~kgAo/Bp(k,+kyBy) ] (149)
Conservation of activity leads to Eq. 150, from which ap can
be calculated.

aOBT = aBBT + aCAo . (150)

Model II: The k; path, but not the k, path leads to

transfer of activity.

A _¥oo ¢ | (151)
A+ B*—=Ly c* + B (152)
. .
A+4+B—dyCc+B ‘ (153)
An analogous derivation can be applied here:
-dA/dt = (kg+kyBrp)A (154)
dC*/dt = ~dB*/dt = kjAB* o (155)

A = Ay exp[=(kyrkiBp)t] (156)
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-dB*/dt = kA B" exp[=(k,+kiBp)t] (157)

In(B*/BY) = [k1A,/(kotkyBp) Jexp(~[kotkyBplt)-1]  (158)

E§5 = Bg exp[—kle/(ko+leT)] ' (159)
ap = By ao/Bp = ao exp[-kjAo/(kg+kiBp) ] (160)
ag = (ao—aB)BT/AO (161)

Model III: Activity is transferred by both the ko and

the kq paths.,

A Yo, o - (162)
A —Xo, ¢ (163)
A+ B*—51 5 c* 4+ B | (164)
A+B —Ls o4 - | (165)

The derivation is analogous to those given above,

-dA/dt = (kgtkBplA , (166)
dc*/dt = -dB*/dt = K A(B*/Bp) + kiAB¥ (167)
A = A, exp[-(korkyBp)t] (168)
-dB*/dt = (ky+k,/Bp)A B* exp[-(kqy+ikyByp)t] (169)

In(B*/B*) = [(ky+ky/Bp)ay/(ky+kiBy) ]

[exp(=[ky+kqBplt)-1] (270)
Boo = By exp[-Aq(ki+ke/Bp)/(ko+kyBp)] (171)
Beo = By exp(~-Ao/Bp) - (172)
ap = Bge 8o/Bp = 8,exp(=Ay/Bp) (173)

ag = (ag-ap)Bp/A, (174)



Model IV:

AB

ac

v
-

a

0

(o]
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No exchange occurs,

The results are obvious.

(175)
(176)
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