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Abstract: The oxidation of ferrocytochrome ¢ by six ferricenium ion derivatives has been studied at pH 6.5 (phos) and u =
0.50 at 25 °C. In addition, the reduction of ferricytochrome ¢ by decamethylferrocene at pH 6.5 (0.05 M HEPES), 4 = 0.10
(NaCl/HEPES), in 65/35 vol % water /acetonitrile at 25 °C has been studied. The rates of these reactions are found to be
first order in protein and in ferrocene or ferricenium ion derivative concentration. The second-order rate constants for the
six protein oxidations at 25 °C are 0.93 (£ 0.01) X 105 M 57, 3.01 (£ 0.03) X 10°M™' 57!, 6.41 (£ 0.11) X 105M 57!, 13.4
(£04) X 106 M 571, 14.6 (£ 0.3) X 105 M 57!, and 31.0 (% 1) X 10° M 7! for 1,1’-dimethylferricenium, n-butylferricenium,
ferricenium, chloromercuriferricenium, hydroxymethylferricenium, and phenylferricenium, respectively. The second-order
rate constant for the protein reduction by decamethylferrocene is 7.8 (& 0.2) X 10 M~ 5. Four of the protein oxidations
have been studied as a function of temperature and the enthalpies and entropies of activation for these reactions are 5.0
0.1,4.3£0.2,59 0.5, and 5.5 = 0.1 kcal/mol and -10.6 £ 0.3, -11.6 £ 0.8, 9.1 £ 1.7, and —5.7 £ 0.3 cal/(mol K) for
ferricenium, chloromercuriferricenium, n-butylferricenium, and phenylferricenium, respectively. These results are discussed
in terms of current models for protein electron-transfer reactions and the Marcus theory for outer-sphere electron transfer.

Previous studies on the electron-transfer reactions between
cytochrome ¢ and small inorganic redox reagents suggest that
electron transfer occurs at a location near the partly exposed heme
edge at cytochrome ¢! and that inorganic reagents that can
effectively access this site transfer electrons more rapidly to or
from the protein than do reagents that are excluded from close
approach to this site. In particular several small complexes (e.g.,
Co(phen);**) with hydrophobic ligands and metal-to-ligand =-
bonding have been found to be especially facile at such electron
transfer, while complexes (e.g., Ru(NH;)¢**) with hydrophilic
ligands and metal-ligand bonding that does not promote delo-
calization of metal electrons onto the ligands are generally much
less facile at metalloprotein electron transfer.>!! 'We report herein
experiments on a series of ferrocene and ferricenium ion derivatives
all of which have hydrophobic ligands and which accomplish
delocalization of metal electrons through =-bonding to the aro-
matic cyclopentadienide ligand. Our results with these complexes
support the ideas of Gray and co-workers®™1 regarding the im-
portance of these features in metalloprotein-small-complex redox
reactions.

Another feature of interest in metalloprotein redox reaction is
their possible conformity to theory,>*'! in particular to the Marcus
theory'? for outer-sphere electron transfer. An important feature
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of this theory is the predicted dependence of the cross-reaction
rate constant on thermodynamic driving force.!* Most studies
to date have involved modest driving forces typically 0.1-0.25 V
or less. A notable recent exception is the work of English et al.!3
on the reaction of the luminescent excited state of Ru(bpy);* (E°
of *Ru(IT)/Ru(I) = 0.830 V) with reduced blue copper proteins.
In addition, Yandell'* and co-workers have shown a number of
reactions of copper complexes with cytochrome ¢ to correlate well
with thermodynamic driving force over a wide range (ca. 0.5 V)
of potentials, although direct comparison with Marcus theory is
not possible here since the self-exchange electron-transfer rates
of the copper complexes are not independently known. The series
of reactions that we report on here are found to conform to the
Marcus theory over a significant range of thermodynamic driving
force (AE® = —0.25-+0.31 V) and represent the first extensive
series of closely related complexes to behave so predictably over
such a thermodynamic range.

The reactions described here also demonstrate the utility of
ferrocene and its derivatives as metalloprotein redox titrants.
While these complexes have been used on derivatized electrodes,'®
in micelles,'® and in solution'""? for metalloprotein reactions, they
have not seen extensive use as protein titrants. Several features
that make these complexes well-suited for metalloprotein redox
study include their low charge (+1/0), high intrinsic electron-
transfer reactivity (self-exchange rate constants of ca. 10%-108
M1 571,819 inertness to substitution in both oxidation states, and
wide range of redox potentials accessible through derivatization.
The low water solubility of the ferrocenes does limit their use to
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Table I. Ixperimental and Caleulated Rate Constants for Ferricenium lon Derivative-Cytocnrome ¢ Reactions

ferricenium k” X l()'h,a kl:(obsd) X 10°¢¢ k]Z(CalCd) X 10‘6.‘1 k ]]m(calcd) X

derivative JAAY M- g! AET b Y M~ M-t s! 10, M g!
decamethyl 0.0lb 38: 4 -0.25 0.00047¢ 0.00096-0.0029 0.51
1,1'-dimethyl 0.43 8.3- 0.8 0.17 0.93 = 0.01 2.0-6.3 0.26
n-butyl 0.50 6.5+0.7 0.24 3.01=0.03 5.8-18 0.34
ferricenium 0.51 5.7 = 0.1 0.25 6.41:0.11 6.4-20 1.3
chloromercuri 0.52 53:0.5 0. 13404 7.3=22 4.6
hydrosymethyl 0.52 4.2:04 0.26 14.6 =+ 0.3 6.5-20 7.0
phenyl 0.57 18.0= 2 0.31 31.0=1 28-85 1.5

@ | erricenium ion derivative self-exchange rate constants and £’ values were obtained from ref 18 and 19. © AE® values were obtained
by using 0.260 V tor the potential for cytochrome ¢, ref 29, an estimate of 0.01 V for decamethylferricenium based on the observation that
each methyl group shifts the potential by ca. 0.05 V for various ferrocene derivatives and based on the differences found for ferrocenc and
decamethylferrocene potentials in Hepp and Wrighton and Robbins and Smart (Hepp, A. I'.: Wrighton, M. S. J. Am. Chent. Soc. 1981, 103,
1238: Robbins, J. L.; Smart, J. C. Ibid. 1982, 104, 1882) and the potentials for ferrocene and its derivatives from ref 19. ¢ Except for the
decamethylferrocene reaction, alt values were measured in aqueous solution, pH 6.5, u = 0.50 (phos), 25 °C. d The ranges in klZ(CaICd)
reflect the use of a value of 1 X 10° M™" s7! and 1 X 10* M"' s for the self-exchange rate constant for cytochrome c, respectively, ref 28.
¢ The value of k,, for decamethylferricenium is derived from the value measured for the oxidation of decamethylferrocene by ferricytochrome
cin 35/65 (vjv) acetonitrile/water, pH 6.5 (0.05 M HEPES), u=0.10 (NaCl/HEPLS), and the equilibrium constant for the reaction. No
correction for differences in solvent or fonic strength is made for this valuc since the overall uncertainties are greater than the correction.

very dilute metalloprotein solutions, however.

Experimental Section

Laboratory distilled water was further purified by reverse osmosis
(SYBRON/BARNSTEAD NANOpure). All chemicals were reagent
grade unless otherwise noted. Argon gas, passed through two chromous
scrubbing towers to remove traces of molecular oxygen, was used for
preparing anaerobic solutions.

Ferrocene (Alfa Inorganics) was purified by sublimation, I,1’-di-
methylferrocene (Alfa Inorganics) was recrystallized from ethanol, n-
butylferrocene (Alfa Inorganics) was used as received, chloromercuri-
ferrocene (Research Organic Chemical) was recrystallized from acetone,
hydroxymethylferrocene (Fairfield Chemical) was purified by recrys-
tallization from petroleum ether or by sublimation, phenylferrocene was
prepared by the method of Weinmayer,?! and decamethylferrocene
(Strem Chemical) was purified by sublimation. The ferrocenes were
converted to the respective ferricenium hexafluorophosphate salts by the
method of Yang et al.'® or by reacting the ferrocene with excess iron(III).
This was done by dissolving the ferrocene in petroleum ether and pre-
pating an acidic, aqueous solution of ferric nitrate containing a twofold
stoichiometric excess of iron(III) and shaking these two solutions in a
separatory funnel until the yellow color of the ferrocene was no longer
evident in the organic layer. The aqueous layer, containing the ferrice-
nium ion, was then treated with a saturated aqueous solution of sodium
hexafluorophosphate. The precipitated ferricenium salt, collected by
filtration, was then washed with cold dilute aqueous acid, water, and
finally diethyl ether and dried under vacuum. The ferricenium salts can
be further purified by recrystallization from water. Ferricenium saits
prepared in this way cquld be weighted and dissolved in dilute aqueous
acid to give solutions having spectra in agreement with published values.’
In preparing solutions for kinetic runs the ferricenium salts were dissolved
in the appropriate buffer, filtered, and analyzed for ferricenium jon
concentration using their visible spectra (ferricenium, 617 nm, ¢ = 410
M- ecm™; 1,1’-dimethylferricenium, 650 nm, ¢ = 332 M™! ¢cm™; n-bu-
tylferricenium, 625 nm, e = 352 M- cm™!; chloromercuriferricenium, 623
nm, ¢ = 504 M cm™!; hyroxymethylferricenjum, 627 nm, ¢ = 400 M™!
cm™; phenylferricenium, 750 nm, ¢ = 521 M~ ¢cm™; and decamethyl-
ferricenium,” 778 nm, ¢ = 394 M~ cm™) and deaerated by bubbling
with argon for 30 min. In some instances when the ferricenium salts were
dissolved in buffer a small amount of light-colored solid would form
causing slight turbidity in the solution. This was found to have no effect
on kinetic results as long as the ferricenium ion solutions were filtered
and analyzed immediately prior to kinetic measurements and when only
freshly prepared ferricenium solutions were used. In experiments with
decamethyiferrocene as a reducing agent, solutions of decamethyi-
ferrocene were prepared by anaerobic dilution of an acetonitrile stock
solution. While decamethyliferrocene is air-stable in dry acetonitrile, it
is readily air-oxidized in the aqueous buffer solutions used in our ex-
periments.
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Figure 1. Dependence of the observed pseudo-first-order rate constant,
Kobsa» ON initial ferricenium ion derivative concentration at 25 °C, pH
6.5(phos), u = 0.50.

Horse heart cytochrome ¢ (Sigma Type VI) was used without further
purification. Solutions of ferrocytochrome ¢ were prepared from ferri-
cytochrome ¢ solutions by three methods: (1) reduction under argon with
a stoichiometric amount of hexaammineruthenium(II) prepared by Zn-
Hg amalgam reduction of the ruthenium(III) chloride salt, (2) reduction
by excess sodium dithionite followed by anaerobic gel filtration on G-25
Sephadex or by anaerobic dialysis, and (3) direct reduction for ca. 30 min
with Zn—Hg amalgam under an argon atmosphere. Reductions by all
three methods gave protein solutions having indistinguishable visible
spectra and kinetic behavior. Cytochrome ¢ solution concentrations were
determined spectrophotometrically on the basis of the change in absor-
bance (Aessypm = 18.5 X 103 M™! ¢m™) accompanying the reduction of
the protein at 550 nm and the spectrum of the reduced protein.??

Kinetic measurements were made with a Durrum Model D-110
stopped-flow spectrophotometer interfaced to a Nicolet Model 1090 di-
gital oscilloscope and an Apple II computer. Typically four traces from
one drive-syringe loading were treated per experiment. Each trace con-
sisted of ca. 500-1000 digitized voltages and times. These digitized data
were treated by using a nonlinear least-squares program to fit for the
observed pseudo-first-order rate constant.

Results

I. Oxidations of Ferrocytochrome ¢ by Ferricenium Ion De-
rivatives. The oxidations of ferrocytochrome ¢ by ferricenium,
1,1’-dimethylferricenium, a-butylferricenium, hydroxymethyl-
ferricenium, chloromercuriferricenium, and phenylferricenium
were monitored at 550 nm. All reactions on these six systems
were carried out with ferricenium ion concentrations at least
10-fold greater than protein concentrations. First-order plots of
rate data were linear to greater than 90% completion in all cases.

(23) Margoliash, E.; Frohwirt, N. Biochem. J. 1959, 71, 570.
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Figure 2. Dependence of the observed pseudo-first-order rate constant,
kopsa, ON initial 1,1-dimethyiferricenium ion concentration at 25 °C, pH
6.5(phos), 4 = 0.50.

Table II.  Activation Parameters for Ferricenium
lon-F'errocytochrome ¢ Reactions, pH 6.5, u = 0.50 (phos)

ferricenium

derivative AH*, keal/mol AS*, cal/(mol K)
FeCp,* 50+ 0.1 -10.6 + 0.3
FeCpCpHeCl 4302 —11.6+0.8
FeCpCpC,H," 59+0.5 -9.1=«1.7
I'eCpCpPh™ 55=:0.1 -5.7:0.3

Plots of observed pseudo-first-order rate constants, Ky, vs. initial
ferricenium ion concentrations are displayed in Figures 1 and 2.
The second-order rate constants derived from a least-squares
computer analysis of these data assuming zero intercept are given
in Table I.

The relatively lower rate of reaction of the 1,1’-dimethyl-
ferricenium ion allowed the extension of this study to much higher
ferricenium concentration (3.4 X 107* M) than was possible for
the other derivatives. This was of interest because rate saturation
at high inorganic reagent concentration is a possibility and while
apparently not yet observed for reactions of cytochrome ¢ rate
saturation has been observed in reactions of the blue copper
proteins?*?® and iron-sulfur proteins.?” As can be seen by the
linearity of the plot in Figure 2 for all of the 1,1’-dimethyl-
ferricenium data, no indication of rate saturation is found here.

Four of the ferricenium ion—ferrocytochrome ¢ reactions have
been studied as a function of temperature. The Eyring plots for
these systems are given in Figure 3. The activation parameters
obtained from least-squares fits to these data for ferricenium,
phenylferricenium, chloromercuriferricenium, and »-butyl-
ferricenium are given in Table II.

II. Reduction of Ferricytochrome ¢ by Decamethylferrocene.
Since decamethylferricenium is a substantially weaker oxidizing
agent than the other ferricenium derivatives used, it was necessary
to monitor the reduction of ferricytochrome ¢ by decamethyl-
ferrocene rather than the analogous protein oxidation reaction.
This was done at 550 nm where greater than 99% of the spectral
change is due to the protein’s change in oxidation state.

Decamethylferrocene is much less soluble than the other fer-
rocene derivatives studied, and we were unable to study its re-

(24) Butler, J.; Davies, D. M.; Sykes, A. G. J. Inorg. Biochem. 1981, 15,
41. Ohno, N.; Cusanovich, M. A. Biophys. J. 1981, 36, 589.

(25) Segal, M. G.; Sykes, A. G. J. Am. Chem. Soc. 1978, 100, 4585.
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101, 2297. Lappin, A. G.; Segal, M. G.; Weatherburn, D. C.; Henderson, R.
A.; Sykes, A. G. Ibid. 1979, 101, 2302.
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Figure 3. Eyring plots for second-order rate constants for the reaction
of ferrocytochrome ¢ with four ferricenium ion derivatives at pH 6.5-
(phos), u = 0.50: (@) phenylferricenium; (O) chloromercuriferricenium,;
(0) ferricenium; and (A) n-butylferricenium.
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Figure 4. Dependence of the observed pseudo-first-order rate constant,
kopsa> ON the initial concentration of ferricytochrome ¢ for the reaction
with decamethylferrocene at 25 °C, pH 6.5 (0.05 M HEPES), . = 0.10
(NaCl/HEPES), 65/35 vol % water/acetonitrile. The initial concen-
tration of decamethylferrocene was between 0.5 X 10 and 1.0 X 107
M with protein in 10-fold or greater excess in each experiment.

actions in entirely aqueous medium. Moreover, it is readily
air-oxidized in aqueous buffer making it difficult to maintain for
kinetic measurements. To circumvent these limitations experi-
ments were done with protein in 10-fold or greater concentration
excess of decamethylferrocene and the reactions were done in
65/35 water/acetonitrile by volume at pH 6.5 maintained with
0.05 M HEPES and u = 0.10 (NaCl/HEPES). The first-order
plots of rate data under these conditions were linear to more than
90% reduction completion. The first-order dependence of the
observed pseudo-first-order rate constant, k.4, On initial protein
concentration is shown in Figure 4. The second-order rate
constant obtained from least-squares analysis of these data is 7.8
(£0.2) X 106 M s71,

Since it is of interest to compare these results with the results
for the ferricenium derivative reactions in aqueous medium, several
experiments were done on the reduction of ferricenium ion with
ferrocytochrome ¢ in mixed solvents and at different ionic
strengths. In 80/20 volume ratio of water/acetonitrile at pH 6.5,
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0.05 M HEPES, and u = 0.10 (NaCl/HEPES) the reduction of
ferricenium by ferroctyochrome ¢ was found to be first order in
each reactant with a second-order rate constant of 5.6 (£0.1) X
10 M™'s™'. Attemtps to measure the rate of this reaction at 65/35
volume ratio of water/acetonitrile at the same buffer and salt
composition were unsuccessful. Under these solvent conditions
the reduced protein is greatly more sensitive to air-oxidation and
good kinetic data could not be obtained. Additional studies on
the ferricenium—ferrocytochrome ¢ reaction in aqueous medium
at pH 6.5,0.05 M HEPES, and x = 0.10 (NaCl/HEPES) gave
kinetic data comparable to that displayed in Figure 1, and analysis
of these data gave a second-order rate constant of 4.63 (£0.2)
X 106 M-!s7!, Hence, the second-order rate constants for fer-
ricenium ion reduction by ferrocytochrome ¢ at 25 °C and pH
6.5 in water (phosphate buffer), 4 = 0.50; in water (HEPES
buffer, 0.05 M), p = 0.10 (NaCl/HEPES); and in 80/20
water/acetonitrile (HEPES buffer 0.05 M), u = 0.10 (NaCl/
HEPES) are not seen to vary greatly with solvent, salt, and buffer
changes for the limited range of conditions used.

Discussion
The Marcus equation!? for outer-sphere electron transfer, eq
1, has been used extensively to interpret the redox reactions of

ki = (knkzzKuf)l/2
Inf=(In K{z)z/(4 In (k“kn/Zz)) (1

metalloproteins with small inorganic complexes.® The most direct
test of this relationship is to compare the experimental second-order
rate constants for electron transfer with the electron-transfer
cross-reaction rate constant, ky,, calculated from eq 1. The number
of protein-small-complex reactions where this can be done is rather
limited owing to the lack of experimental values for the self-ex-
change rate constants for the metalloproteins® and in some cases
for the small complexes used.!* The self-exchange rate constants
are known for cytochrome ¢, from NMR studies,? and for several
ferrocene derivatives, from NMR!® and other measurements.'’
The experimental and calculated cross-reaction rate constants,
the self-exchange rate constants, and the AE®’ values from which
the calculated values are obtained are given in Table I. While
the self-exchange rate constants and E°’ values for the ferrocene
derivatives apply to solvent and salt conditions different from those
employed here, Yang, Chan, and Wahl!® find the exchange rates
to be relatively insensitive to changes in solvent and ionic strength
and Pladziewicz and Espenson'®% find small changes in E°/ values
in 1:1 (v/v) water:1-propanol, 4 = 0.05 M, Ba(ClO;), vs. 1:1 (v/v)
tetrahydrofuran:water, ¢ = 1.00 (LiCIO,). Consequently, we
believe the values listed are good estimates of these parameters
under our conditions. A value of 0.260 V was used for the protein’s
reduction potential.”? Because of uncertainties in the exchange
rate constants, E°/ values, and cross-reaction rate constants due
to differences in conditions of measurement as well as normal
experimental error, differences of less than one order of magnitude
between experimental k,, values and calculated k,, values are
probably not significant. In this context the calculated values in
Table I agree very well with the experimental values for all seven
derivatives studied and over a potential range of ca. 0.56 V.
Barring fortuitous cancellation of work terms or reorganizational
energies the close agreement of all of the complex—protein reactions
with theory supports a common mechanism for electron transfer.
Furthermore, it suggests an activated complex with relatively close
approach of metal centers and good overlap of electron donating
and receiving orbitals.

Since no significant substituent-specific effects, other than those
accounted for by the changes in E°/, are observed and since five
of the seven derivatives studied have an unsubstituted cyclo-
pentadienide (Cp) ligand, an activated complex with the unsub-
stituted Cp ligand penetrating the protein’s surface end-on near
the partly exposed heme edge is attractive. Although if this is
correct one might have expected complexes with substituents on

(28) Gupta, R. K. Biochem. Biophys. Acta 1973, 292, 291.
(29) Margalit, R.; Schejter, A. Eur. J. Biochem. 1973, 32, 492.
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both rings, especially decamethylferrocene,?® to have unusual
reactivity. Either the methyl groups are too small to provide a
detectable steric factor or the approach of the ferricenium de-
rivatives is with the Cp—Fe—Cp edge of the derivative rather than
end-on. The lack of significant substituent effects even for com-
plexes which could hydrogen bond to the protein (hydroxy-
methylferricenium) or have specific hydrophobic interactions (e.g.,
phenylferricenium) supports a simple approach of the two reac-
tants.

The relatively large second-order rate constants for the ferri-
cenium—cytochrome ¢ reactions are not surprising. Not only is
electron density delocalized in the ferriceniums through metal
bonding to the aromatic Cp ligands, but the Cp ligands also present
a hydrophobic surface which should be effective at making close
approach to the hydrophobic heme pocket on cytochrome ¢. The
delocalization of electron density in these complexes helps to
minimize ligand reorganization accompanying electron transfer.
This is undoubtedly reflected in the high intrinsic outer-sphere
electron-transfer reactivity of these complexes as evidenced by
the self-exchange rate constants given in Table I. We expect these
complexes to be effective one-electron outer-sphere titrants of other
metalloproteins—especially proteins in which the metal is located
in a hydrophobic environment.

Gray and co-workers®!! have established the importance of
hydrophobic w-conducting ligands in electron transfer between
proteins and small octahedral coordination compounds. In order
to account for differences in size, charge, and experimental
conditions for reaction of several complexes with a single protein
they first correct the experimental cross-reaction and self-exchange
rate constants to infinite ionic strength and then use the Marcus
relationship to calculate the protein self-exchange rate constant.
With this treatment they find very large differences in apparent
protein reactivity with greater apparent protein reactivity when
the protein was reacted with small complexes having hydrophobic
w-bonded ligands. We were interested in knowing how our or-
ganometallic complexes, all of which are w-bonded and hydro-
phobic, would compare with these more classical coordination
compounds. Using the Debye-Hiickel equation and Marcus
equation as previously described,*!! the exchange rate constants
and AE®/ values given in Table I, a radius of 16.6 A for the protein,
and a radius of 4.4 A for decamethylferrocene and 3.2 A for the
other ferrocene derivatives, we derive values for the cytochrome
¢ electrostatics-corrected self-exchange rate constant at infinite
ionic strength, k,,”, from each system studied. These values, listed
in Table I, are comparable to the values obtained from reactions
of cytochrome ¢ with octahedral complexes containing hydrophobic
w-bonded ligands (e.g., k;;~ derived from the Co(phen),** reaction
with cytochrome c is 7.1 X 102 M! s7!) and are much larger than
values derived from similar studies with complexes having hy-
drophilic o-bonded ligands (e.g., Ru(NH;)¢*").

The closeness of the AH* and AS* values, Table II, for the four
reactions studied as a function of temperature reinforces the
argument for a common activation process for the ferricenium
ion—cytochrome ¢ reactions. The AH* values are all within 1
kcal of 5 kcal/mol, and the AS* values are all between ca. —6 and
—12 eu. The AS* values are about what is expected for the
formation of a simple bimolecular collision complex,*! and the
low AH? values as well suggest an uncomplicated collision with

(30) Comparison of the results for decamethylferrocene with the other
derivatives is complicated somewhat by the change in solvent composition
necessary for the decamethylferrocene—cytochrome ¢ reaction. Of particular
concern is the possible change in protein conformation in the acetonitrile-water
solvent. We attempted to account for this by measuring the rate of the
ferricenium-cytochrome c reaction in several solvent systems as described in
the results. Dramatic solvent effects were not found in these experiments.
Also, the visible spectra of reduced and oxidized protein were not found to
change greatly in going to the acetonitrile-water solvent mixture used.
However, the air sensitivity of the reduced protein is markedly enhanced in
the acetonitrile-water soivent indicating some changes in protein properties.
It is certainly possible that small structural changes could significantly modify
reactivity with a small molecule such as Q, while having little effect on
reactivity toward a larger molecule like ferricenium.

(31) Bennett, L. E. In “Progress in Inorganic Chemistry™: Lippard, S. J.,
Ed.; Wiley: New York, 1973, Vol. 18, p 5.
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minimal protein structural rearrangement. Moreover, the acti-
vation parameters for the cross-reactions between ferrocene and
ferricenium ion derivatives® are close to the values reported here
and to the activation parameters for the ferrocene—ferricenium
ion self-exchange reactions®? suggesting that the ferricenium
ion—protein cross-reaction activation processes are modeled well
by the ferricenium ion—ferrocene reactions. While this agreement
could result from fortuitous cancellations of various factors in the
activation process it is worth noting that these cancellations would
have to occur across the range of derivatives studied. It is in-
teresting to note that AH* apparently does not decrease with
increasing AE®’ for these four reactions as might be expected from
Marcus theory. This may simply reflect the small range of driving
force for these four reactions, and it may require determining AH*

(32) The activation parameters from ref 19 for the cross-reactions of
1,1’-dimethylferrocene with ferricenium ion and of ferrocene with phenyl-
ferricenium ion are AH* 3.0 % kcal/mol and AS* -15 % 3 cal/(mol K) and
AH* 3.0 % 0.64 kcal/mol and AS* -14.4 & 2.1 kcal/(mol K), respectively.
The activation parameters for the self-exchange reactions recalculated from
data in ref 18 are AH* 5.5 £ 0.2 kcal/mol and AS* -8.2 £ 0.7 cal/(mol K)
for 1,1'-dimethylferrocene self-exchange and AH* 5.6 # 0.6 kcal/mol and AS*
-8.9 cal/(mol K) for the ferrocene self-exchange in acetonitrile.

for a larger range of driving force than was possible in this study
for such a relationship to become evident.

Finally, the ferricenium ion derivatives have proven to be a
predictable class of cytochrome c titrants. They have low charges,
are substitution inert, and are facile outer-sphere reagents with
a wide range of reduction potentials. Studies®® with copper proteins
and iron—sulfur proteins indicate that these derivatives also react
predictably with these metalloproteins.
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Abstract: Soluble and cross-linked polymers have been prepared and examined as substrates for hydrogenation reactions in
the presence of homogeneous precatalysts, metal sols, and heterogeneous catalysts. These polymeric substrates are hydrogenated
in the presence of soluble catalysts, whereas heterogeneous catalysts are ineffective. This phenomenon is proposed as a method
to distinguish truly homogeneous from particulate catalysts. Using this test, we have found Crabtree’s precatalyst, [Ir(COD)L,]PF;,
to behave as a homogeneous olefin hydrogenation catalyst. The Maitlis precatalyst, [Rh(CsMes)Cly],, acts as a homogeneous
catalyst in the hydrogenation of olefins, but behaves like a heterogeneous catalyst in the hydrogenation of polymer-bound benzene

derivatives.

The identification of the active metal species in homogeneous
catalytic reactions continues to be a difficult and challenging
problem. Halpern’s elegant study of homogeneous asymmetric
hydrogenation! illustrates the important point that the catalytically
active forms of the metal may be very minor components in the
reaction mixture. Other work®? suggests that heterogeneous metal
particles may be the true catalysts in some supposedly homoge-
neous reactions.

Few methods currently exist for distinguishing between ho-
mogeneous and heterogeneous catalysts. Physical methods such
as light scattering® and filtration®"> may detect the presence of
insoluble material, but they provide no information on the catalytic
activity of this material. Differences between the general reactivity
patterns of homogeneous and heterogeneous catalysts may serve
as useful guidelines.’ However, identification of catalysts based

(1) Chan, A. S. C; Pluth, J. J; Halpern, J. J. Am. Chem. Soc. 1980, 102,
5952.

(2) Bradley, J. S. J. Am. Chem. Soc. 1979, 101, 7419.

(3) Hamlin, J. E.; Hirai, K.; Millan, A.; Maitlis, P. M. J. Mol. Catal. 1980,
7, 543,

(4) Crabtree, R. H.; Mellea, M. F.; Mihelcic, J. M.; Quirk, J. M. J. Am.
Chem. Soc. 1981, 104, 107.

(5) Laine, R. M.; Rinker, R. G.; Ford, P. C. J. Am. Chem. Soc. 1977, 99,
252.

(6) Martino, G. “Catalysis: Heterogeneous and Homogeneous”; Delman,
B., Jannes, G., Eds.; Elsevier: Amsterdam, 1975; p 439.

(7) Laine, R. M. J. Mol. Catal. 1982, 14, 137.
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on these patterns is often inconclusive because of the wide dif-
ferences in reactivity observed within each class of catalysts.

The information available on the chemical reactions of poly-
mers®!! suggests that polymers may be useful in distinguishing
soluble from particulate catalysts. With appropriate caution,’ the
reactivity of polymers may be compared with that of their low
molecular weight analogues. In general, simple homogeneous
reactions involving soluble and cross-linked polymers are reported
to occur at rates similar to those observed for low molecular weight
compounds.'?!* Rate differences of 5-10-fold are common.'3
However, many heterogeneous reactions of soluble polymers, such
as catalytic hydrogenation, are known to be orders of magnitude
slower than the corresponding reactions of monomers.® In fact,
higher temperatures and pressures, higher catalyst concentrations,
and longer reaction times are typically required to achieve sig-
nificant reaction of polymeric substrates.'4'® Although no de-

(8) Kosydar, K. M., Ph.D. Thesis, Stanford University, 1982.

(9) “Chemical Reactions of Polymers”; Fettes, E. M., Ed.; Interscience:
New York, 1964.

(10) “Reactions of Polymers”; Moore, J. A., Ed.; Reidel: Dordrecht,
Holland, 1973.

(11) “Modification of Polymers”; Carraher, C. E.; Tsuda, M., Eds.; Am-
erican Chemical Society: Washington, DC, 1980.

(12) Flory, P. J. “Principles of Polymer Chemistry”; Cornell University
Press: Ithaca, NY, 1953; Chapter 3.

(13) Letsinger, R. L.; Jerina, D. M. J. Polym. Sci., Part A-1 1967, 5, 1977.

(14) Lapporte, S. J. Ann. N.Y. Acad. Sci. 1969, 158, 510.
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