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The kinetics of the electron-transfer reactions between Ru(bpy);** and selected Co(II) complexes were evaluated by laser flash
photolysis. The cobait(II) complexes investigated were (H,0),Co(N,mac)?*, with Nymac = [14]aneN,, C-meso-Meg[14]aneN,,
tim ([14]tetraeneN,), {15]aneN,, and tmc (1,4,8,11-tetramethylcyclam). The respective second-order rate constants at 25 °C,
u=0.10M,are 3.2 x107,7.8 X 105 2.1 x 107, 1.7 X 107, and 6 X 10° M~ s™!. The results have been evaluated for their agreement
with the Marcus theory. The complex Co(tmc)** also reacts with Ru(phen);** (k = 1.0 X 10% M~ s7!) and with Ru(4,7-
Me,phen);** (k = 3.2 X 10* M7! s7!). These cobalt(Il) complexes also quench the emission of the excited-state complex
*Cr(bpy);**. Quenching occurs by electron transfer, except for Co(tmc)?*, which appears to react by energy transfer.

Introduction

Cobalt macrocycles form a homologous series in which most
of the Co(I1I)/Co(II) self-exchange rate constants and standard
reduction potentials are known. Since both parameters span a
considerable range along the series, their effects on reaction rates
can be examined., Particularly interesting are the oxidations of
the cobalt(IT) complexes by Ru(bpy);>*, a reagent that adopts
a common outer-sphere electron-transfer mechanism. Ru(bpy);**
is a strong oxidant (E®;,; = 1.26 V vs NHE)? with large self-
exchange rate constant (kg,g, = 4.2 X 108 M~! s")2  The
combination is quite favorable, and the oxidation of two mildly
reducing cobalt{IT) complexes with low self-exchange rate con-
stants is fast* and barely measurable by the stopped-flow tech-
nique.* In this work the Ru(IIT) complex was therefore generated
by flash photolysis,®-1? which allows the determination of large
rate constants and avoids the handling of micromolar concen-
trations of Ru(bpy);** and air-sensitive cobalt(IT) complexes in
the stopped-flow instrument. A smaller number of measurements
were also made with Ru(III) phenanthroline analogues. Addi-
tionally, some data were obtained for the quenching of the 2E
excited state of Cr(bpy);** by some of the same cobalt(II)
macrocycles.

Experimental Section

The cobalt(II) complexes shown in Figure | are known materials.
Samples were prepared by procedures in the literature!>'® and charac-
terized by their UV-visible spectra.!* Details are given in the thesis
referenced,! Commercial samples of Ru(bpy),Cl, were used, and the
phenanthroline analogues were prepared by standard methods.!®?° The

(1) Based on the M.S. thesis of S.L., Iowa State University, 1987.
(2) Sutin, N.; Creutz, C. Adv. Chem. Ser. 1978, No. 168, 1.
(3) Young, R. C.;Keene, F. R.; Meyer, T. J. J. Am. Chem. Soc. 1977, 99,
2468.
(4) Rillema, D. P,; Endicott, J. F. J. Am. Chem. Soc. 1972, 94, 8711.
(5) The values obtained by the stopped-flow technique* agree with those
reported here, after allowance for the differences in the experimental
conditions (see Table I).
(6) Demas, J. N; Adamson, A. W. J. 4m. Chem. Soc. 1973, 95, 5159.
(7) Balzani, V.; Boletta, F.; Gandolfi, M. T.; Maestri, M. Top. Curr. Chem.
1978, 75, 1.
(8) Leopold, K. R.; Haim, A. Inorg. Chem. 1978, 17, 1753.
(9) Jonah, C. D.; Matheson, M, S.; Meisel, D. J. Am. Chem. Soc. 1978,
100, 1449,
(10) Creutz, C.; Chou, M.; Netzel, T. L.; Okumura, M.; Sutin, N. J. Am.
Chem. Soc. 1980, 102, 1309.
(11) (&) Kurimura, Y.; Eudo, E. Bull. Chem. Soc. Jpn. 1983, 56, 3835. (b)
Sutin, N.; Creutz, C. Pure Appl. Chem. 1980, 52, 2717. (c) Sandrini,
D.; Gandolfi, M. T.; Maestri, M.; Bolletta, F.; Balzani, V. Inorg. Chem.
1984, 23, 3017. (d) Sutin, N.; Creutz, C. J. Chem. Educ. 1983, 60, 809.
(12) (a) Lytle, F. E.; Hercules, D. M. J. Am. Chem. Soc. 1969, 91, 253. (b)
Kimura, M.; Nishida, S. J. Chem. Soc., Dalton Trans. 1988, 355.
(13) Heckman, R. A.; Espenson, J. H. Inorg. Chem. 1978, 18, 38.
(14) Rillema, D. P,; Endicott, J. F.; Papaconstantinou, E. Inorg. Chem. 1971,
8, 1739.
(15) Jackels, S. C.; Farmery, K.; Barefield, E. K.; Rose, N. J.; Busch, D. H.
Inorg. Chem. 1972, 12, 2893.
(16) Rillema, D. P.; Endicott, J. F; Patel, R. C. J. Am. Chem. Soc. 1972,
94, 394,
(17) Wong, C.; Switzer, J. A.; Balakrishnan, K. P.; Endicott, J. F. J. Am.
Chem. Soc. 1980, 102, 5511.
(18) Buxtore, R.; Steinmann, W.; Kaden, T. A. Chimia 1974, 28, 15.
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Table I. Summary of Kinetic Data for the Reactions of Co(N,mac)?*
with Ru(bpy),**

macrocycle quencher k/Mlgla
[14]aneN, [Co(NHy)gpy](CIOy); (2% 0.1) X 107
C-meso-Meg[14]aneN,  [Co(NHj;)sBr](ClO,), (7.8 £ 0.1) x 106
[Co(NH,),CLJ(CIOy); (7.6 % 0.2) X 108
tim (1.0 £ 0.2) X 1075«

[Co(tim)(H,0),J(ClO,4); (2.1 £ 0.1) x 10

Meg[14]4,11-dieneN, (1.7 £ 0.1) X 108%¢

[15]aneN, [Co(NH,)sBr](ClO,), (1.7 £ 0.2) x 107
[Co(NH,)sCl](CIO,), (1.8 £0.1) X 107
tme [Co(NH;)sBr}(ClO,), (6.2 £0.2) x 10°
[Co(NH;)sC1])(CIO0,), (5.2£02) x 10°
K,S,04 (6.4 £ 0.4) x 10°

9At 25 °C and u = 0.10 M, except as noted. ®Reference 4, by stopped-
flow methods. ¢1.0 M H,SO,.

sample of tris(bipyridine)chromium(III) perchlorate and the phenan-
throline analogues were prepared by a literature procedure.?!

The laser flash photolysis apparatus used to produce the excited-state
complex *[Ru(bpy);]?* has been described.?>* Oxidative quenching
of the excited state by an appropriate reagent yields Ru(bpy),**.*% The
choice of quencher in a given instance depends on the compatibility of
that particular quencher with the given cobalt(1I) macrocycles. For
example, the quenchers Co(NH;)sX?* (X = Cl, Br) and K,S,0, were
used for complexes having Nymac = C-meso-Meg[14]aneN,, [15]aneN,,
and tmc. For others (tim and [14]aneN,), (NH,);Co(py)** and
(H,0),Co(tim)** were used. For several of the reactions the results were
checked by using several quenchers.

Once formed, the Ru(bpy);** undergoes reduction by Co(Nmac)?*,
a reaction that can be monitored by the buildup of the ruthenium(II)
concentration at 443 nm (¢ 12800 M~ cm™).2 The reactions were
conducted with a substantial stoichiometric excess of Co(II), and the data
in each experiment followed pseudo-first-order kinetics. The transmit-
tance data were converted to absorbance (D) and were fit by standard
nonlinear least-squares programs to the equation D, = D. + (Dg ~
D, )e hobsa!,

The sequence of reactions consists of excitation to the charge-transfer
excited state (several Coumarin dyes with emission at 420-460 nm were
used), oxidative quenching, and the reaction of interest, as given in eqs
1-3.

Ru(bpy);** — *[Ru(bpy);**] (1)
*[Ru(bpy);™*] + Q — Ru(bpy)s’* + Q (2)

Ru(bpy);** + Co(N,mac)** — Ru(bpy),?* + Co(N,mac)’* (3)

(19) Broomhead, J. A.; Young, C. G.; Hood, P. Inorg. Synth. 1980, 21, 127.

(20) Lin, C.-T.; Bottcher, W.; Chou, M.; Creutz, C.; Sutin, N. J. Am. Chem.
Soc. 1976, 98, 6536.

(21) Brunschwig, B.; Sutin, N. J. Am. Chem. Soc. 1978, 100, 7568.

(22) Hoselton, M. A.; Lin, C.-T.; Schwartz, H. A.; Sutin, N. J. Am. Chem.
Soc. 1978, 100, 2383.

(23) Connolly, P.; Espenson, J. H.; Bakac, A. /norg. Chem. 1986, 25, 2169.

(24) Melton, J. D.; Espenson, J. H.; Bakac, A. Inorg. Chem. 1986, 25, 4104,

(25) Gafney, H. D.; Adamson, A. W. J. Am. Chem. Soc. 1972, 94, 8238.

(26) (a) Boletta, F.; Juris, A.; Maestri, M.; Sandini, D. Inorg. Chim. Acta
1980, 44, L175. (b) Neumann-Spallart, M.; Kalyanasundaram, K;
Gratzel, C.; Gratzel, M. Helv. Chim. Acta 1980, 62, 1111.
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Figure 1. Structural formulas of the cobalt complexes used in this work,
showing the abbreviated names used for them.
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Figure 2. Kinetic data for the oxidation of Co(N,mac)?* complexes by
Ru(bpy)+**, as shown by plots of pseudo-first-order rate constants against
{Co(1I)]. Data are shown for (H,0),Co(tim)** (pluses) and
(H,0),Co(C-meso-Meg[14]aneN,)** (filled circles).

Results

Kinetics. Plots of k4 versus {Co(11)] are linear, as shown for
a representative set of complexes in Figure 2. The slopes of the
lines provide the values of k;. Table I summarizes all the kinetic
data. The kinetic pattern establishes that reaction 3 follows
second-order kinetics and suggests that it occurs by an elementary
bimolecular step.

Co(tmce)?*. This complex differs considerably from the others.
It has an unusual visible spectrum, with a long wavelength ab-
sorption (Ame, 725 nm, € 12 M~! cm™1)!® that suggests the pre-
dominant species in solution is a five-coordinate complex, anal-
ogous to R,S,R,S-(H,0)M(tmc)?* for M = Ni and Zn.2* In

(27) Barefield, E. K.; Wagner, F. Inorg. Chem. 1973, 12, 2435.

(28) Kaden, T. A, Helv. Chim. Acta 1974, 57, 1035.

(29) Curtiss, N. F. In Coordination Chemistry of Macrocyclic Compounds;
Melson, G. A., Ed.; Plenum Press: New York, 1979; p 219.

(30) d’Aniello, M. J.; Mocella, M. T.; Wagner, F.; Barefield, E. K.; Paul,
I. C. J. Am. Chem. Soc. 1978, 97, 192,

(31) Alcock, N, W,; Herron, N.; Moore, P. J. Chem. Soc., Dalton Trans.
1978, 1282.

(32) Herron, N.; Moore, P. Inorg. Chim. Acta 1979, 36, 89.

(33) Bosnich, B.; Poon, C. K.; Tobe, M. L. Inorg. Chem. 1965, 4, 1106.

(34) Wagner, F.; Barefield. E. K. Inorg. Chem. 1976, 15, 408.
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addition, Co(tmc)?* does not bind O, and is not oxidized by it;
only small, linear ligands (e.g., NCS") coordinate appreciably.3$

Co(tmc)?* is not readily oxidized chemically; no reactions
occurred with Br, or Cl,. The cobalt(II) complex catalytically
decomposes hydrogen peroxide, during which it is eventually
converted irreversibly to a species with a 540-nm absorption
maximum. This is not Co(tmc)3* and cannot be reduced to the
parent Co(tmc)?*; evidently ligand oxidation or degradation occurs.

The cyclic voltammogram of Co(tmc)?* was completely irre-
versible even at the scan rate of 250 mV/s. An oxidation wave
was seen at 1.05 V vs SCE. This implies that Co(tmc)** is very
unstable, perhaps due to the difficulty in attaining the six-coor-
dinate structure that would best stabilize the low-spin d® con-
figuration. The lack of reversibility implies that demetalation or
ligand oxidation occurs rapidly.

The complex Co(tmc)?* reacts not only with Ru(bpy);** (E°3,
= 1.26 V),? but also with Ru(phen);** (E°;/, = 1.26 V)? and with
Ru(4,7-Me,phen);>* (E°;,; = 1.09 V).2 The second-order rate
constants for the three are respectively (6.2  0.2) X 105, (9.7
+£0.7) X 10%,and 3.5+ 0.2) X 10* M5l at25°Cand u =
0.10 M.

Quenching of *Cr(bpy);3*. To explore this chemistry further,
quenching of the emission from the 2E excited state of Cr(bpy),**
by Co(tmc)?* was examined. The excited state is a powerful
oxidant (E°3./, = +1.46 V)*0 and as such could provide useful
information about the electron-transfer reactions of Co(tmc)2*,
if such occur.

Indeed, Co(tmc)?* quenches the excited state with k, = 3 X
10 M~ s, This value, being somewhat higher than those for
the reactions of Co(tmc)?* with the ruthenium(III) complexes
discussed above, is quite reasonable for electron-transfer quenching.
However, the reaction produces no Cr(bpy);?*, and it thus appears
that the quenching takes place by energy transfer (eq 4a) and not
electron transfer (eq 4b).

——e Cribpy)s’* + *Coltmc)®”  (4a)
*Cr(bpy)s™* + Coftme)** —

L— Cr{bpy)s>" + *Coftmc)**  (4b)

The existence of an energy-transfer pathway is not surprising,
given the overlap of the 725-nm absorption band of Co(tmc)?*
with the emission of *Cr(bpy);** at 727 nm. What is surprising
is the apparent slowness of the electron-transfer quenching for
which one would predict a rate constant of 5 X 106 M™! 57!, on
the basis of the data for the Ru(bpy),** reaction and the known
self-exchange rate constants and reduction potentials for the two
oxidants. In an attempt to understand these reactions better we
also studied the quenching of the excited states of two other
chromium complexes, *Cr(5-Cl-phen),* (E°5./, = 1.44 V) and
*Cr(4,4'-Mebpy)s** (E°3); = 1.25 V), by Co(tmc)**. The
quenching rate constants are 1 X 107 and 7 X 10° M~ s7, re-
spectively. CrL,** was not formed in either case, but the kinetics
again show some dependence on the potential of the complexes.
The possibility still remains, of course, that the reactions take place
by energy transfer and that the electron-transfer path is somehow
suppressed (or that it is unusually fast for the Ru(III) complexes).
Indeed, it should be noted that E°, for Co(tmc)**/2* is unknown.
On the other hand, we cannot rule out electron-transfer quenching
whereby the forward and reverse electron transfers occur within
the same collision complex. This would be similar to the quenching

(35) Micheloni, M.; Daoletti, P.; Burki, S.; Kaden, T. A. Helv. Chim. Acta
1982, 65, 587.

(36) Serpone, N.; Jamieson, M. A; Henry, M. S.; Hoffman, M. Z.; Bolletta,
F.; Maestri, M. J. Am. Chem. Soc. 1979, 101, 2907.

(37) Serpone, N.; Jamieson, M. A.; Emmi, S. S.; Fuochi, P. G.; Mulazzani,
Q. G; Hoffman, M. Z. J. Am. Chem. Soc. 1981, 103, 1091.

(38) Juris, A.; Manfrin, M. F.; Maestri, M.; Serpone, N. Inorg. Chem. 1978,
17, 2258.

(39) Ballardini, R.; Varani, G.; Indelli, M. T.; Scandola, F.; Balzani, V. J.
Am. Chem. Soc. 1978, 100, 7219.

(40) Ballardini, R.; Varani, G.; Scandola, F.; Balzani, V. J. Am. Chem. Soc.
1976, 98, 7432,
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of *Cr(bpy),** by I, a reaction that presumably occurs by electron
transfer, but does not yield the expected products.*® Unlike [,
the Co(tmc)?* cannot effectively ion-pair with the cationic
chromium complex, but the driving force for back-electron-transfer
is quite large, so that it might take place before the initial products
of the quenching reaction diffuse apart.

Quenching experiments were also carried out with several of
the other cobalt(II) macrocycles. The quenching rate constants
for Co([14]aneN,)?*, Co(C-meso-Meg[14]aneN,)?*, meso-Co-
(Meg[14]4,11-dieneN,)?*, and Co([15]aneN,)?* are (1.4 & 0.2)
% 105, (5.1 £ 0.4) X 107, (2.85 £ 0.05) % 107, and (1.55 £ 0.06)
X 108 M1 57!, respectively. Plots of kg versus [Co(Il)] are linear.
In each of these cases, quenching is accompanied by buildup of
Cr(bpy);** as monitored at 560 nm. We conclude, therefore, that
electron-transfer quenching occurs in all of these cases.

Discussion

Application of the Marcus equation for outer-sphere electron
transfer to this series of reactions is useful, since all of the partners
(except Co(tmc)?*) have known electrode potentials and self-
exchange rate constants. The equations used are*!

kCoRu(calc) = (kCoCokRuRuKCoRu/) ok (5)

lng = [IOg (KCoRu)]2/4 log [kCoCUkRuRu/ZZ] (6)

(41) The Marcus equation is used in the simple form given by eqs 5 and 6,
using Z as the gas-phase collision frequency of 101! M~ 57!, without
allowance fer work terms, since each pair of reactants, RuL** and
Co(N,mac)?*, have the same ionic charges.
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The results for the four complexes for which all of the requisite
parameters are known are then as follows:

keoco/ 198 Keoru

complex E°y; Mlst o obs cale
Co([14]aneNg? 042 8X10% 75 84
meso-Co(Meg[14]4,11-dieneN)¥*  0.56 45X 10 62 7.2
Co(tim)?* 056 5x107 73 82
Co([15)aneNy)?* 066 6x107 72 174

The agreement, although not superb, is within about 1 log unit
for each rate constant. The application of the Marcus theory can
be reversed to estimate a value for the self-exchange rate constant
of the pair Co(C-meso-Meg[14]aneN,)**/2*; kcoc, is estimated
tobe 2 X 107 Mt s,

Because the electrode potential and self-exchange rate constant
for Co(tmc)?* are not known, no further analysis is feasible. It
is noted, however, that the two ruthenium(III) complexes with
nearly the same electrode potentials react at nearly the same rate,
whereas the reaction with Ru(4,7-Me,phen),>*, with a driving
force some 0.15 V smaller, occurs about 30 times more slowly,
in qualitative agreement with the Marcus theory.
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The reaction mechanism for intramolecular cis—trans isomerization in Cr(CO)sX (X = CO, PH;, PPh;) was explored. The
approximate molecular orbital method PRDDO (partial retention of diatomic differential overlap) was used to optimize the
geometries of Cr(CO)g, Cr(CO)sPH;, and Cr(CO)sPPh, and to estimate the transition-state structures resulting from nondis-
sociative cis-trans isomerization mechanisms. The Bailar twist, Ray and Dutt, and bicapped tetrahedron nondissociative mech-
anisms were investigated. With monodentate ligands, all three mechanisms lead to identical transition states, clearly identifiable
as trigonal prisms. Ab initio theory including MP2 perturbation theory was used to evaluate the energy barrier for Cr(CO), and
Cr(CO)sPH,. The calculated barrier in both systems is ~40 kcal/mol. PRDDO calculations for the same systems yield a slightly
higher value of ~47 kcal/mol. For Cr(CO)sPPh;, PRDDO predicts a barrier of ~40 kcal/mol. Although the predicted energy
of activation for a nondissociative mechanism occurring via a trigonal-prism transition state in Cr(CO)sPPh, is 7 kcal/mol lower
(at the PRDDO level) than that observed in the two previous systems, the barrier is still slightly higher than the triphenylphosphine

ligand dissociation energy of 32 kcal/mol.

Introduction

Stereomobility of ligands occurring in six-coordinate octahedral
complexes has important implications in synthetic organometallic
chemistry and has been the focus of numerous experimental
studies.!”” The mechanisms by which stereochemical rear-

(1) (a) Rodger, A.; Johnson, B. F. G. Inorg. Chem. 1988, 27, 3061. (b)
Bond, A. M,; Carr, S. W.; Colton, R. Inorg. Chem. 1984, 23, 2343, (c)
Vanquickenborne, L. G.; Pierloot, K. Inorg. Chem. 1981, 20, 3673. (d)
Kepert, D. L.; Prog. Inorg. Chem. 1977, 23, 1. Also see refs 2-7.

(2) Bailar, J. C. J. Inorg. Nucl. Chem. 1958, 8, 165.

(3) Ray, P,; Dutt, N. K. J. Indian Chem. Soc. 1943, 20, 81.

(4) (a) Burdett, J. K. Jnorg. Chem. 1976, 15, 212. (b) Hoffmann, R.;
Howell, J. M.; Rossi, A. R. J. Am. Chem. Soc. 1976, 98, 2484,
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rangements occur provide useful information about the configu-
rational stability of the complex with respect to cis—trans isom-
erization. Cis-trans isomerization can occur in either of two ways.
First, dissociation of a ligand can be followed by rearrangement
of the resultant five-coordinate coordinatively unsaturated in-
termediate. Second, rearrangement may occur via a nondisso-
ciative intramolecular mechanism. At least three possible path-

(5) Darensbourg, D. J,; Graves, A. H. Inorg. Chem. 1979, 18, 1257.

(6) Cotton, F. A.; Darensbourg, D. J; Klein, S.; Kolthammer, B. W. S.
Inorg. Chem. 1982, 21, 2661.

(7) Darensbourg, D. J.; Kudaroski, R.; Schenk, W. Inorg. Chem. 1982, 21,
2488. See also: Darensbourg, D. J.; Gray, R. L. Inorg. Chem. 1984,
23,2933,
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