Moreover, even for those Cu(II) complexes having g, > g|
(unpaired electron in a d,2 orbital), the resonance can be seen
at room temperature.!8

Additionally, the small g factor anisotropy observed at 77°
is not consistent with rotational broadening at room temper-
ature. The small g-factor anisotropy (small spin-orbit inter-
action) indicates that the unpaired electron resides in a non-
degenerate state, hence a rapid spin lattice relaxation seems
unlikely since such a mechanism requires a spin-orbit per-
turbation.

The possibility remains that the Rh(0) species at room
temperature in this concentration range is dimerized and the
resultant S = 1 signal broadened by the spin-spin interaction.
The magnitude of D* (Table I) estimated assuming g = 2.00
is sufficient to rationalize such broadening. Cyclic voltam-
metry® !0 did not indicate the presence of a dimer, for either
the phen or dip complex. However, the adsorption and pre-
cipitation of the phen complexes made detection of such a
dimer species difficult. Indeed, a dipole-dipole type dimer
species with a reduction potential similar to that of the mo-
nomer here would likely not be distinguished even in the vol-
tammetry of the dip complexes where adsorption is not sig-
nificant.

The magnitude of the g anisotropy for the monomeric
[Rh(dip).]® (¢ 1 = 2.01, g = 1.98) and [Rh(phen),]° (g =
2.01, g = 1.97) is much less than that of a typical d° Cu(II)
system.!7-18 Consequently the Rh(0) species cannot be con-
sidered a d° crystal field complex. Consideration of the complex
as a ligand localized complex containing dip~! or phen—! is
obviously not appropriate since the dip~! species has an iso-
tropic g factor.!® Therefore, the Rh(0) complexes are best
considered as delocalized orbital complexes, i.e., metal con-
taining heterocycles.
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Such an electronic structure accounts for the relative sta-
bility of the [Rh(dip),]* and [Rh(dip),]° and the phen an-
alogues and is consistent with the “distorted planar” trans type
structure determined by x-ray diffraction for the [Pd(dip),]%*
complex,20:2! jisoelectronic with the [Rh(dip),]* and
[Rh(phen),]* species.
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Abstract: The reductions of the pentaamminecobalt(III) complexes of 3-formylbenzonitrile, 4-formylbenzonitrile, furanac-
rylonitrile, cinnamonitrile, and acetoxybenzonitrile by chromium(II) have been studied. The reductions all follow the rate law
—(d In (Co3*)/dt) = k[Cr2*]. The 3-formyl complex has a specific rate constant of 77 £ 8 M~1 571 at 25° and u = 0.5 M. The
4-formyl derivative is reduced at a rate of 2.5 £ 0.2 X 10° M~!s~! at 25° and p = 0.5 M. In the latter system the reductant at-
tacks the remote formyl carbonyl oxygen producing the intermediate A; which has been detected spectrally. The (NH;3)sCo3*
complex of 4-formylbenzonitrile is 30% hydrated in aqueous solution, and the dehydration reaction has also been studied. The
furanacrylonitrile, cinnamonitrile, and acetoxybenzonitrile complexes are reduced by an outer-sphere process with rate con-
stants 0.020 £ 0.002, 0.022 £ 0.004, and 0.021 & 0.003 M~!s—1at 25° and u = 0.5 M, respectively. The results are discussed
in terms of the reducibility of the ligands and the stabilities of the precursor complexes. Comparison to analogous carboxylato

complexes is also made.

The reductions of (NH;)sCoN=CR3* complexes by
chromium(II) have been shown to occur by remote attack of
the reductant when suitable binding groups are available on
the R group. For example, the reduction of

(e] 3+

|
(NHS)SCONEC—©—CCH3

proceeds by attack of chromium(II) at the remote acetyl
oxygen.! The study of nitrile complexes is considerably sim-
plified with respect to the analogous carboxylato complexes
since there is no adjacent position available to bind chromi-
um(II) or protons. In the latter case it is thought that proton-
ation of the adjacent carboxylato oxygen reduces the energy
of the empty = antibonding orbitals thus allowing a more facile
reduction process.?
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We have investigated the reduction of 3-, and 4-formyl-
benzonitrile coordinated to (NH3)sCo3* via the nitrile nitrogen
in order to compare the results with those obtained for the
analogous carboxylato-coordinated ligands. The reduction of
the 4-formyl derivative is complicated by the hydration-de-
hydration equilibrium shown below

O 3+

I
(NH3)5C0NEC—©>—CH +HO
OH3+
= (NH3)5%NEC@TOH

H

A number of other nitriles were also studied since the ligands
lend themselves to an ordering of reducibility or energy of the
lowest empty = antibonding orbital by either polarographic
or theoretical methods.

Experimental Section

Reagents were prepared and standardized as previously described.’
Nitriles were purchased from the Aldrich Chemical Co. and used as
received. Elemental analyses were performed by M-H-W Laborato-
ries, Garden City, Mich.

Preparation of Complexes. The preparation and characterization
of the 3- and 4-cyanobenzaldehyde complexes have been described.*
Similar preparative methods were used in the preparation of the
furanacrylonitrile and cinnamonitrile complexes as well as the 4-
cyanophenol complex which served as the starting material for the
4-acetoxybenzonitrile complex (see below). Physical data for the
various complexes as perchlorate salts are given below.

Furanacrylonitrile (FAN) Complex. Anal. Calcd for [Co-
(NH3)s(C7HsNO)](Cl04)3: C, 15.0; H, 3.60; N, 15.0. Found: C,
15.7; H, 3.90; N, 14.8. The infrared spectrum of the complex shows
a peak at 2290 cm™! assigned to a coordinated nitrile. The corre-
sponding peak for the free ligand appears at 2210 cm~!. The visible
spectrum in water showed a peak at 472 nm with an extinction coef-
ficient of 147 M~ ¢cm~!. The 'H NMR spectrum in Me,SO-d¢ has
the following resonances: trans NHj, 7 6.65; cis NH3’s, 6.26; H,, 3.88
(center of doublet); Hy, 2.33 (center of doublet); He, 2.90 (center of
multiplet); Hq, 3.35 (center of multiplet); and He, 2.15 (center of
multiplet). The letters refer to the structure shown below. The coupling
constant for H, and Hy is 16 Hz indicating a trans arrangement of H,

IiIa IiIbI-IC Hd
sipcovmcbt—L_L
0" “H
and Hy, with respect to the double bond.
Cinnamonitrile (CIN) Complex. Anal. Caled for [Co-

(NH3)s(CoH7N)](ClOy)3: C, 18.9; H, 3.90; N, 14.7. Found: C, 18.7;
H, 3.90; N, 14.6. The nitrile stretching frequency for the complex
appears at 2290 cm™! and for the free ligand at 2220 cm~1. The visible
spectrum in H,O shows a band at 470 nm with an extinction coeffi-
cient of 103 M~! ¢cm~!. The 'H NMR spectrum for

H. Hs

| |
(NH3)5C0NECC=C—©>

gave: trans NHj, 7 6.61; cis NH3’s, 6.20; aromatic protons, 2.45
(center of multiplet); Ha, 3.37 (center of doublet); and Hy, 2.07 (center
of doublet). The coupling constant for H, and H is 16.5 Hz indicating
a trans structure with respect to the double bonds.

4-Acetoxybenzonitrile Complex. This complex was prepared by
acylation of the 4-cyanophenol complex

(NHQscoNEC—-©—0H3+

in dimethylformamide using acetic anhydride. Anal. Caled for
[Co(NH3)s(CoH7NO,)]1(ClOy4)5: C, 17.9; H, 3.70; N, 13.9. Found:
C, 18.5; H, 3.80; N, 14.0. The complex shows a nitrile stretching

—

frequency at 2290 cm™! and a carbonyl stretching frequency at 1760
cm~1, The visible absorption band in water appears at 468 nm with
an extinction coefficient of 75.9 M~! cm~1. The 'H NMR for

0

|
(NH;, )@NsC—@—OCCHQ*

gave: trans NHj, 7 6.56; cis NHj’s, 6.18; aromatic protons, 2.24
(center of quartet); and CH3, 7.72.

The physical data presented for the above complexes indicate that
all the ligands are coordinated through the nitrile nitrogen. The
complexes also undergo facile hydrolysis to coordinated carboxamides
in dilute base, indicative of nitrile coordination.

Kinetic Measurements. The reduction of the 3- and 4-formylben-
zonitrile complexes was studied by observing the change in absorbance
both at 280 and 470 nm. Kinetic runs were performed on a Durrum
Model D-110 stopped-flow spectrophotometer. The remaining com-
plexes were studied using a Beckman Acta CIII spectrophotometer
equipped with temperature control equipment.

Results

Stoichiometry and Products. The stoichiometry for the re-
duction of the 3- and 4-formyl complexes was determined by
analysis for cobalt(IT) produced when cobalt(III) was in excess
of chromium(II) at varying acidities. The ratio of cobalt(II)
produced to chromium(II) initially present was found to be
0.99 £ 0.03 and 1.01 % 0.01 for the 3- and 4-formyl complexes,
respectively. For the slower reacting complexes total Cr3+
products produced were collected from ion exchange of product
solutions which involved one to one mole ratios of chromi-
um(II) to cobalt(IIT) complex. The only Cr3* product detected
was Cr(OH,)¢3*.

4-Formylbenzonitrilepentaamminecobalt(III). Initial re-
duction studies indicated that hydration of the 4-formyl group
was a complicating factor. A comparison of the absorbance
changes observed to those expected from the initial concen-
trations showed that only approximately 30% of the expected
change was observed. In addition, at a given hydrogen ion
concentration, the observed rate constant was apparently in-
dependent of chromium(II) concentration. Such behavior
would be consistent with the existence of the equilibrium

OH 3+

(NH3)5coNEc—©-06H
\H 3+
/
2= (NH3)5coNEc-©-c + HO
by \

H

where ~70% of the carbonyl form is rapidly reduced by
chromium(II) and the process being followed is the rate of
dehydration of the remaining 30%.

Evidence for the above equilibrium was obtained from
proton magnetic resonance measurements on the chloride salt
in D>0. Such a spectrum, shown in Figure 1, clearly shows the
presence of both the aldehyde and gem-diol forms of the
complex. The formyl proton in the unhydrated form is shifted
from 7 —0.06 to 3.88 in the hydrated form. This is consistent
with a change from

/O OH
—C\ to —Ci— OH
H H

The benzenoid protons in the unhydrated form give an A;B;
pattern centered at 7 1.83 whereas in the gem-diol an A;X;
pattern is observed, centered at = 2.09. Integration of the C-H
proton at  —0.06 and 3.88 indicates the presence of 25% of the
gem-diol in agreement with the above analysis from the kinetic
studies. When the 'H NMR spectrum is run in Me;SO-ds only
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Figure 1. Proton magnetic resonance spectrum of 4-formylbenzoni-
trilepentaamminecobalt(I1I) trichloride in D,O at 100 MHz.

the carbonyl form of the complex is observed. The C—H reso-
nance is at 7 —0.17 and the aromatic protons are essentially
a singlet at 7 1.77. Addition of acidified D,O causes hydration
with the gem-diol C-H proton appearing at 7 4.14.

The kinetic data describing the dehydration of the gem-diol
at 25.2 °Care given in Table 1.5 A plot of kopsq vs. [H*] gave
a straight line indicating a rate law of the type kobsq = ko +
k12[H*]. The ko term is small with respect to k;;[H*] and
could not be assigned a value. The data in Table I clearly in-
dicate that the reaction is independent of [Cr2*]. At 25.0 °C,
k2 =32+ 7 M~ 57! with AH¥ equal to 14.8 + 0.9 kcal
mol~! and AS¥ equal to —2 + 3 eu.

The equilibrium constant

_ [aldehyde form]

K
4™ Tgem-diol form]

was obtained from the absorbance-time plots obtained for the
experiments listed in Table I. Comparison of the initial ab-
sorbance expected theoretically vs. the actual absorbance ob-
served at 470 nm gave a Kpyq of 2.7 + 0.3 (27 £ 2% hydrate)
and Khya = 3.1 £ 0.2 (24 + 2% hydrate) at 25.3 and 34.7 °C,
respectively. This analysis assumes that the extinction coeffi-
cients of aldehyde and gem-diol forms of the complex are
identical at 470 nm.6 Integration of the formyl group proton
from the NMR in D,0 obtained at ~30° gives a Khya of 3.0
with 25% hydrate present.

Studies at very low chromium(II) concentrations permitted
the observation of the reduction of the carbonyl form of the
complex. The data, given in Table II, follow the rate law

—d In (Co3+)
dt

At 25.2 °C the specific rate constant for reduction is (2.5 +
0.2) X 10° M~!s~!_ When the reduction was monitored at 470
or at 260 nm only a decrease in absorbance was observed cor-
responding to reduction. However, at 280 nm, an initial in-
crease in absorbance was observed followed by a decrease.
Also, depending upon the acid concentration used, the equi-
librium between the aldehyde and hydrate forms of the com-
plex was a complicating factor. The system observed at 280 nm
can be represented by the reaction sequence

= k[Cr2+]

kl% ka3 k3a
A= Ay —»A;—> A,
ko) Cr2+

where A; and A; are the hydrated and unhydrated forms of
the complex, respectively, A3 is an intermediate with probable
structure
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Table I. Rate of Dehydration? of
3+

CI)H
(NH3)5CoNC—©>—C—H
AN
OH
[Ce?7], kdehyd,b

M x 10? [H*], M M s
0.10 0.050 35.8
2.0 0.050 35.4
2.1 0.050 36.4
5.2 0.050 32.0
5.2 0.050 32.0
10 0.050 34.4
5.2 0.075 33.2
0.099 0.100 36.7
0.49 0.100 31.6
2.1 0.100 34.7
3.8 0.100 35.5
5.2 0.100 32.5
5.2 0.125 32.8
5.2 0.150 319
0.10 0.400 32.8
043 0.400 31.0

aT,252°C; 2470 nm; u=0.5M (LiC10,); [Co(IID)] = 3.0-4.0 X
10", ® kdenyd = kobsa/[H']-

(OH2)5CrO=(IJ—©>-—CN3+

H

and A4 is Cr(OH,)>* The equations derived for the above
reaction sequence are given in the Appendix. With k> and ko,
known, the absorbance-time data were fit to the equations
using a nonlinear least-squares program.’ The values obtained
for k3 (rate of reduction) were in reasonable agreement with
those obtained at 260 and 470 nm where only disappearance
of cobalt(III) was observed. Also, the value of 125 + 20 s~!
([H*] = 0.5) for disappearance of the intermediate was rea-
sonable in light of the value obtained for aquation! of

(0H2)5Cr0=(|3—©-—CN3+

CH,

The analysis at 280 nm is hampered by the small increase in
absorbance observed and the low chromium(II) concentrations
necessary. At best the value of decay of the intermediate is an
order of magnitude figure.

3-Formylbenzonitrilepentaamminecobalt(III). Reduction of
the 3-formyl derivative followed the rate law —d In (Co**)/dt
= k[Cr?*]. At25.2°, k = 77 + 8 M~!5~! with AH¥ equal to
—2.1 £ 0.6 kcal mol~! and AS¥ equal to —57 & 2 eu.® The
reduction was studied in the ultraviolet at intervals of 5 nm
between 260 and 320 nm, but no evidence for formation of
intermediates was found. Good agreement was obtained for
rates determined in the ultraviolet region with those obtained
at 470 nm. The product of the reaction was Cr(OH,)s3* as
detected spectrophotometrically after cation-exchange chro-
matography of reaction mixtures,

No evidence was found for hydration of the 3-CHO group
either in the NMR or kinetically.

Furanacrylonitrile, Cinnamonitrile, and 4-Acetoxybenzo-
nitrile Complexes. The rate laws for reduction are the same as
those obtained for the previous complexes. At 25° the rates for
reduction of the FAN, CIN, and 4-acetoxybenzonitrile com-
plexes are 0.020 + 0.002, 0.022 + 0.004, and 0.021 £ 0.003
M1 s~1, respectively. The corresponding activation param-
eters are AH™ equals 9.5+ 0.8,8.8 £ 0.9, and 9.1 + 1.2 kcal
mol~! and AS¥ equals —34 + 3, —37 + 3, and —36 + 4 eu,
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Table II. Rate Data for Reduction? of

0 34
7
(NH,),CoNC C
AN
H
[Co-

[Cr**], (11,

Mx 10* Mx 10* [H'],M kM7 s A, NM
2.0 1.8 0.050 2.5 % 10° 4700
2.0 1.8 0.050 2.6 x 10° 4700
2.0 1.8 0.050 3.3x 10° 4700
5.0 0.5 0.020 2.7 X 10% 260
5.0 0.5 0.020 2.3%x10° 260
5.0 0.5 0.020 3.1 x 10° 260
5.0 0.5 0.020 2.7 X 10° 260

10 1.0 0.020 2.5 % 10° 260
10 1.0 0.200 2.7 X 10° 260
10 1.0 0.200 2.3 x 10° 260
10 1.1 0.500 3.6 X 10° 280¢
5.0 0.8 0.500 6.9 X 10° 280¢
5.0 0. 0.250 9.0 X 10° 280¢

a By chromium(II) at 25.2 °C, u = 0.5 M (LiC10,). ? Rate con-
stants were obtained from the equation log {1 — [(1 - b/rz)((A0 -
A A = A D]} = (b -a)/2.303)kt +log (b/a), where b = initial
chromium(II) concentration, g = initial cobalt (III) concentration of
the unhydrated form, and 4,, Ay, A = absorbance at times ¢t = 0,
t, and =, respectively. ¢ Rate constants were obtained as outlined in
the Appendix. The rise in absorbance was not sharp (~2.5-3.0 ms
had elapsed at the maximum of the absorbance—time curve), and
the rate constants were difficult to determine accurately. These runs
were carried out using a 2-mm cuvette in the stopped flow, with a
dead-time determined as 0.8 ms. Therefore the first half-time was
not observed.

respectively.® In all cases the sole chromium product of the
reduction is Cr(OH;)g3*.

Discussion

The data for the 4-formylbenzonitrile complex are consistent
with the mechanism given below. The inertness of the hydrated

OH 3+
\
<NH3)5€oNEc—©—COH
\
H
A,
ﬁ) 3+
by
rk_+ (NH3)5CoNEC—©>—C\H + H,0

A,

O 3+
/
(NH3)5C0N—=-C—©>—C +Crt
\g
A

2
3+

H* 24 +
k—z; (OH2)5CrO=(|J—©>——CEN + Co™ ") + 5NH,

H
A;
3+

(OH2)5CrO=(\J—©>-—CEN
H
ky, 3+ _ —
2, Cr(OHy), +O——(|J—©—C=N

A,
A,
H

form of the complex to Cr?* reduction is indicated by the ex-
cellent agreement between Khyqr values obtained by 'H NMR
and kinetic methods and, hence, provides a method for studying
the rate of dehydration of the complex. Since the carbonyl form
of the complex is essentially used up as fast as it is produced,
the rate of dehydration of the complex can conveniently be
measured. Similar results have been observed for the Cr2*
reduction of the glyoxalato® complex of (NHj3)sCo!! and also
with the ligand 4-formylpyridine coordinated to pentaammi-
neruthenium(II)® and pentacyanoiron(II).!°® For 4-formyl-
pyridine, the ligand is essentially completely hydrated in the
Ru(III) and Fe(III) complexes at equilibrium and rapid re-
duction to Ru(II) and Fe(II) produces a perturbation from the
normal equilibrium values in the lower oxidation states where
significant amounts of carbonyl form exist at equilibrium.
Thus, the normal equilibrium distribution is being monitored,
and kgbsd is a combination of hydration and dehydration terms.
In the Ru(II) system the specific rate for acid catalyzed de-
hydration is about 45-50 M~! s~! at 25°. In the present system
the acid catalyzed rate of dehydration was found to be 32 +
7 M~1s~1at 25°, This value, along with the measured equi-
librium constant of 2.7 at 25°, gives 12 M~! s~! for the rate
of hydration.

The reduction was measured at very low chromium(II)
concentrations at 470, 260, and 280 nm. At 280 nm the ab-
sorbance changes observed provided evidence for the existence
of A1, Ay, and Aj in the general mechanism given. The as-
signment of structure A3 to the intermediate is reasonable in
light of the chromium(III) intermediates observed in the sys-

tems using
O O 2+ll
| /
(NH;),Co0C C\
H
ﬁ 3+!

(NH3)5C0NEC—-©>—CCH3
O HH o+"
I/ | /
(NH,);Co0CC=C c
Ny

It appears from the limited data available that the decom-
position of Aj is independent of the hydrogen ion concentra-
tion. Therefore it is likely the rate of hydrate formation

H

| H,0
CrO=C— —— c:(l)—c—

as oxidants.

H OH

that is being observed. Similar arguments were used by Zanella
and Taube!! in considering the decomposition of the al-
dehydo-Cr(III) intermediate formed from reduction of 4-
formylbenzoatopentaamminecobalt(III) by Cr2+.

The chromium(II) reduction of the CIN complex was ex-
pected to proceed by an outer-sphere process since no suitable
binding site for chromium(II) exists. A similar outer-sphere
process was anticipated for the FAN complex since remote
attack was not observed with the 2-furanacrylato complex of
pentaamminecobalt(I1I).!3 The similarity of the rate constants
and activation parameters of the CIN, FAN, and 4-acetoxy-
benzonitrile complexes (see Table III and Results) indicates
that the latter complex also proceeds by an outer-sphere pro-
cess.

The rates of reduction by chromium(II) for several nitrile
complexes have been collected in Table III. Note that the 3-
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and 4-formylbenzonitrile complexes are reduced 275 and 40
times faster than 3- and 4-acetylbenzonitrile complexes, re-
spectively. This may be due to the presence of lower energy
empty = antibonding orbitals on the formyl substituent relative
to the acetyl group. The ability of formyl groups to achieve
coplanarity with the aromatic ring more readily than the acetyl
group! may also contribute to the increased rate. For the 4-
substituted ligands a remote attack path has been demon-
strated. However, for the 3-derivatives no intermediates were
observed but both rates are significantly faster than those
normally observed for outer-sphere reactions with nitrile li-
gands and on this basis we favor an inner-sphere path.

An interesting feature for the chromium(II) reduction of
a number of carboxylato complexes where remote attack has
been shown to occur is a first-order hydrogen ion term in the
rate law. It has been suggested that the proton binds at the
adjacent carbonyl oxygen thereby promoting electron transfer
by a chemical mechanism. Comparison of the rate laws ob-
tained for reduction of the (NH;3)5Co3* complexes with 4-
formylbenzonitrile and 4-formylbenzoate supports the argu-
ments of Taube and Gould,? and Zanella and Taube!! on the
location of the proton in the transition state. However, the
nitrile complex is reduced about 1000 times more readily than
the protonated carboxylato complex. This is probably due to
the greater “‘reducibility” of 4-formylbenzonitrile as opposed
to 4-formylbenzoic acid.

The reduction of the 3-formylbenzonitrile complex was
much slower than the 4-derivative. Attempts to observe an
intermediate spectrally (in the region 260 — 320 nm) were
unsuccessful. For the range of [Cr2+] used (0.01-0.2 M) in the
latter experiments the first-order rate constant for reduction
under pseudo-first-order conditions varies from 0.77 to 15 s~ 1.
Since no intermediate was detected, a lower limit for decom-
position of an intermediate would be approximately 100 s~1,
This value seems reasonable in light of the value (125 s7!)
obtained for decomposition of Asz. The rate of reduction of 77
M~1s~! seems too high for an outer-sphere process where the
rates for reduction of nitrile complexes are in the range
0.02-0.06 M1 s~1, The activation parameters of —2.1 kcal
mol~! and —57 eu are disturbing. It may be that the negative
enthalpy results from compensating temperature effects; i.e.,
a decrease in the association constant of the precursor complex
with increasing temperature is balanced by the increase in
specific rate of internal electron transfer. An unusually neg-
ative entropy term was also observed for reduction of the cor-
responding 3-formylcarboxylato complex by the remote path.!!

The large difference in rate observed between 3- and 4-
formyl and 3- and 4-acetyl complexes can be attributed to the
difference in reducibility of the ligands.!* For example, the
polarographic half-wave potentials for 3- and 4-formylben-
zonitrile are —1.63 and —1.45 V, respectively,!® while the
stability of the precursor complexes might be expected to be
similar. The stability of the precursor complex can also dras-
tically affect the rate of electron transfer as evidenced by the
rates of electron transfer and the £/, values for the 1,4-di-
cyanobenzene,'6 4-acetylbenzonitrile, and 4-formylbenzonitrile
systems. The corresponding Eypvalues are —1.71, —1.72, and
—1.45 V, respectively. Thus, the fact that the 4-acetyl complex
is reduced 6000 times faster than the 4-cyano complex is at-
tributed to the more effective donor characteristics!” of the
acetyl oxygen over the nitrile nitrogen toward chromium(II).
The even greater rate for the 4-formyl complex results pre-
dominantly from a “reducibility” effect if the precursor
complex stability is considered to be approximately the same
as for the 4-acety! complex.

The lability of keto and aldehydo bonds to chromium(III)
has been generally observed. It appears that chromium-
(IIT)-nitrile bonds are also extremely labile. During the
chromium(II) reduction of the 1,4-dicyanobenzene!é and 4-
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Table III, Kinetic Data for Reduction of Nitrile Complexes of
Pentaamminecobalt (II1) by Chromium(II)¢

AH#,

k*° keal AS#,  Mecha-

Ligand M-'s™! mol~' eu nism®
Benzonitrile¢ 0.043 — — 0.8.
1,2-Dicyanobenzened 0.13 — — 0.5
1,3-Dicyanobenzened 0.059 — — 0.s.
1,4-Dicyanobenzene¢ 0.92 5.5 -40 i.s.
Furanacrylonitrile 0.020 9.5 -34 0.5.
Cinnamonitrile 0.022 8.8 -37 0.8.
Acetoxybenzonitrile 0.021 9.1 -36 0.8.

3-Acetylbenzonitrile€ 0.28 3.2 =50 is. (7
4-Acetylbenzonitrile® 6x10° -2.0 -48 i.s.

3-Formylbenzonitrile 77 =21 =57 i.s. (M)
4-Formylbenzonitrile 2.5 x 10° — — i.s.

@ Rate constants reported at 25° are those from the best fit of the
data at different temperatures to the transition state equation. 2 o.s.
= outer-sphere; i.s. = inner-sphere. ¢ See ref 16. d Unpublished re-
sults, R. J. Balahura. € Reference 1.

cyanopyridine!® complexes of (NH3)sCo?*, intermediate
Cr(III)-N=C- complexes have been observed. In the former
case the complex rapidly aquates whereas in the latter case
further reduction occurs rapidly to destroy the nitrile-chro-
mium bond. Finally, all attempts to synthesize (OH,)sCr3+
nitrile complexes have failed to date.
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Appendix

Treatment of Kinetic Data for the 4-Formylbenzonitrile
Complex. The system can be represented by the reaction se-
quence

k k k
AL 2 A > A —> A, (1)
k2

where the symbols have been defined in the text. The differ-
ential equations for eq 1 are given below where the A;’s now
refer to molar concentrations.

—dAl/dI =ki2A4) = kyAr
—dAz/dI = —k2Ay + ky1Ar + kyzA,
—dA3/dt = —ky3A; + k3aAs

—dA4/dI = —k34A3 (2)
These equations yield the secular equation!®
k12 - A _kzl 0 0
=k, ky+ky—X 0 0
12 21 23 =90 (3)
0 _kgg k34 -A 0

Equation 3 has the roots

A= [(ki2 + kop + k23)
+Vikiat+ kot + k)T = dk12k13)/2

A= [(kiz + oy + k23)
= V(kiy + ka1 + k23)? — dky2ky3)/2

A3 = ki

As=0 4)
For each X there will be a set of four values B; which serve
as particular solutions to the differential equations. Hence

there will be four sets of four B;’s of which three sets will be
independent.!® Let the four B4,’s equal one (if the By,’s, B2, ’s,
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—Mi(ky, — Ay + ky — M)

kmkggkg‘;

—Mlkss— A
k%ka«;

N
ks

1

—Ay(Rse = Ay, + by — Ay) 0 0
RipRosks B, By, 0 0
—)\-z;k&;e_ )\2) 0 0 B2I B22 0 0
23 = (5)
)\“ By By, -1 0
. -1 11 11
34
1 1 it

or Bj,’s were set equal to one, some of the B’s would be infi-
nite). Solving for the B’s according to ref 19 yields the matrix
(eq 5).

Once these particular solutions have been obtained (eq 5),
the general solutions to the differential equations may most
easily be obtained using the matrix methods as outlined by
Lewis and Johnson.?® These solutions are given in matrix
notation by

A=BEB !4, (6)
whereatt =0, 4, = 4,% 4, =40, 43=0,4,=0;

/A, A
A, A
A= 4 A=y,
4, 0
e™M 0 0 0
0 e=ht 0 0
E=to o M 0
0 0 0 1

and B~!is the inverse matrix of B.
The final solution, i.e., integrated forms of the differential
equations, is given below:

A= %{311(312 — KyBpy)e M
+ B12(KnBa — Byp)e ™|
Ar= %{321(312 — KnByp)e™M!
+ B2(KnBa — Bip)e 2}
As [CoT]y
(Kn+1)|B|

X {B31(B12 — KnBa2)e ™! 4+ B3p(KnB2i — Bir)e ™!
+ B31(KnB22 — Bi2)e ¥ + B3y(B1y — KnByy)e ™|

—1_[(
(Kn + 1) |B]
+ (KnBz1 — Bi1)e™ + B31(B12 — KnByy)e ¥

As=[ColllJg {1 + By — KpBy)e™M?

+ B3y(KnBay — Biy)e ™™ ]t (7)

where [Co!!l]¢ = initial complex concentration, K}, = equi-
librium constant for hydration (k12/k;), and|B| = determi-
nant of B.

The nonlinear least-squares program employed in this study
provided a best fit to the experimental absorbance at 280 nm,
Aas0, given by

Ao = ea1dr + easdr + eazA; + eaqAs
= Am + €A1A1 + €A2A2
+ ea3As + eas(As — [CoMM]g)  (8)

The quantities [Co']o, k12, k21, A280, and 4. and ¢t were
treated as knowns and the program searched for best fit values
for ea1, €a2, €a3, €as, K23, and k34, where the €'s are molar ex-
tinction coefficients, ¢ equals time, and A. equals the ab-
sorbance at infinite time.

Supplementary Material Available: Tables of rate data (4 pages).
Ordering information is given on any current masthead page.
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