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The most plausible electron acceptor from rusticyanin is a
cytochrome css, with a reduction potential of 0.64 V7. There is
a report3 that this cytochrome can be isolated, bound to rustic-
yanin, and that the copper protein is preferentially reduced by
iron(II). Using data published by Imai and co-workers at pH 3.5%
and assuming the reaction to be first order in iron(II) and cyto-
chrome c¢5s5(11I)-rusticyanin(II) complex concentrations, a sec-
ond-order rate constant around 16 M~ s! for reduction of the
rusticyanin component can be calculated. This is not significantly
different from the value found in the present study and suggests
that the presence of bound cytochrome css5,(III) has little effect
on the reactivity of rusticyanin.

(c) Kinetics of Reduction by Chromium(II). Reduction of RCull
by chromium(II) in sulfate media is much faster than the cor-
responding reaction with iron(II) and exhibits no limiting kinetic
behavior. The second-order rate constant, (2.5 + 0.5) X 10* M!
s71, shows little sensitivity to small amounts (<1073 M) of chloride
ion, and it may be that the electron transfer from this powerful
reductant is less specific than with iron(II).

There are data available!®!? for the reductions of other small
blue copper proteins, azurins, plastocyanins, and stellacyanin by
chromium(II) at pH 4.2. As with rusticyanin the reactions are
first order in [Cr(II)] and the second-order rate constants are
comparable in magnitude, varying between 10* and 10° M~ 57!,
There does not appear to be any close correlation with reduction
protentials.

In chromium(II) reductions of a number of electron-transfer
proteins including the blue copper plastocyanins®’ and azurins,®

(36) Sugio, T.; Tano, T.; Imai, K. Agric. Biol. Chem. 1981, 45, 405-412.

some of the chromium(III) product has been shown to remain
bound to the protein, labeling and blocking key reaction sites.??
It is of some interest then to discover whether RCull, reduced in
sulfate media by chromium(II) and reoxidized by IrCls?, can be
reduced by iron(1I) or whether chromium(III) is bound to the
protein at the iron(II) reaction site.

Reaction of iron(II) with the chromium(II)-treated protein in
sulfate media leads to no significant decrease in rate compared
with the untreated protein. Indeed, the rates are slightly enhanced,
and the rate law (eq 1) is followed with 2 = 12 + | M~! s and
b =100 £+ 20 M. These experiments provide further evidence
for a rate-limiting protein conformational change in the reduction
of RCu!! by iron(II). It would appear that the conformational
change is marginally facilitated by the binding of chromium(III).

(d) Conclusions. The blue copper protein, rusticyanin, has a
reduction potential of 0.67 V (vs. NHE) independent of pH in
the range 1-3. The reduction of the oxidized form of the protein
by iron(II) is limited by a conformational change in sulfate media,
but this limiting rate is absent in chloride media. Reduction of
the protein by chromium(II) takes place at a rate comparable to
the reductions of other small blue copper proteins by this reagent.
Binding of chromium(III) to the protein has little effect on the
rate of the conformational change.
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The oxidation of reduced spinach plastocyanin by four ferrocenium ion derivatives has been studied at pH 7.0 (0.020 M phos)
and ¢ = 0.12 (NaCl, sodium phosphate) at 25 °C. All four reactions are observed to obey a simple second-order rate law that
is first order with respect to the concentration of protein and ferrocenium derivative. No rate saturation at high ferrocenium ion
concentrations is observed for any of the reactions studied. The second-order rate constants for the four protein oxidations at
25 °C are 0.20 (£0.02) X 105, 1.02 (£0.04) x 105, 2.10 (+0.12) X 10% and 9.4 (£1.0) X 10° M~! 57! for 1,1’-dimethylferrocenium,
ferrocenium, chloromercuriferrocenium, and phenylferrocenium, respectively. The protein oxidations have been studied as a function
of temperature, and the enthalpies and entropies of activation are 6.7 £ 0.4, 5.5 £ 0.3, 5.0 £ 0.4, and 6.2 + 0.5 kcal/mol and
-11.7 £ 1.2, -12.6 * 0.8, -13.1 % 1.5, and ~5.9 £ 1.7 cal/(mol K), respectively, for 1,1’-dimethylferrocenium, ferrocenium,
chloromercuriferrocenium, and phenylferrocenium. Possible mechanisms for electron transfer are discussed, and the observed
second-order rate constants are used to derive apparent protein-exchange rate constants by the Marcus equation.

We are interested in the mechanisms by which metalloproteins
undergo electron transfer. An important aspect of this is iden-
tifying mechanistic features that diverse metalloproteins share in
their electron-transfer reactions. Gray and co-workers'~ have
shown that small octahedral coordination compounds with hy-
drophobic liands and ligands that allow delocalization of electron
density in the complex through = bonding are more facile at
electron transfer with metalloproteins than are small compounds
without these features. We reasoned from these observations and
related facts that ferrocene and its derivatives might be facile

(1) Wherland, S.; Gray, H. B. In “Biological Aspects of Inorganic
Chemistry”; Addison, A. W., Cullen, W. R., Dolphin, D., James, B. R,
Eds.: Wiley: New York, 1977; p 289.

(2) Mauk, A. G.; Bordignon, E.; Gray, H. B. J. Am. Chem. Soc. 1982, 104,
7654,

(3) Holwerda, R. A.; Knaff, D. B.; Gray, H. B.; Clemmer, J. D.; Crowley,
R.; Smith, J. M,; Mauk, A. G. J. Am. Chem. Soc. 1980, 102, 1142.

(4) Mauk, A. G.; Coyle, C. L.; Bordignon, E.; Gray, H. B. J. Am. Chem.
Soc. 1979, 101, 5054.

(5) Cummins, D.; Gray, H. B. J. Am. Chem. Soc. 1977, 99, 5158.

one-electron titrants of metalloproteins. Previous work$’ from
our laboratory has shown this to be true for electron-transfer
reactions of horse heart cytochrome ¢. This report describes our
studies on the electron-transfer reactions of plastocyanin from
spinach chloroplasts with four ferrocenium ion derivatives.
Plastocyanin is a protein of molecular weight 10 500 containing
one copper atom per molecule. It cycles between the copper I/11
oxidation states and serves an electron-transport function in the
photosynthetic pathways in a variety of algae and plants. Its
electron-transfer reactions, both with other proteins and with
inorganic reagents, have been extensively studied.!®* The X-ray
crystal structure of plastocyanin from Populus nigra is known,’
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Table I. Experimental and Calculated Rate Constants for Ferrocenium Ion Derivative~Plastocyanin Reactions

ferrocenium 107%k,,, 1075k, (obsd),% 10~%k,,”,¢ 107%,,*(caled),’
deriv E°SV M-t AE°fCV Ms! M-t Mt

1,1'-dimethyl 0.30 8.3+0.8 -0.07 0.20 £ 0.02 0.10 4,5

ferrocenium 0.38 §.7+0.1 0.01 1.02 £ 0.04 0.51 6.7

chloromercuri 0.39 05305 0.02 2,10 £0.12 1.05 21

phenyl 0.44 18.02 0.07 94+1.0 4.7 18

@ £° values for the ferrocenium derivatives were obtained from ref 16 for vl-propanol-water and corrected downward by 0.13 V for applica-

tion in water solutions as suggested in ref 23.

Ferrocenium ion derivative self-exchange rate constants were obtained from ref 15 and 16.

¢ AE° values were obtained with 0.370 V for the plastocyanin potential® and the potentials listed above for the ferrocenium derivatives.
d All measurements were made at pH 7.0 (0.020 M phos), g = 0.12 (NaCl, sodium phosphate) 25 °C. € Second-order cross-reaction rate
constants corrected to mf]mte ionic strength from eq 4 in ref 22, a charge of 10~ for PCul, a charge of 1+ for the ferrocenium ions, and a

radius of 15.8 A for PCu¥ and 3.2 A for the ferrocenium denvatlves

Calculated plastocyanin self-exchange rate constant at infinite ionic

strength from eq 3 and k,, and k,,” given above and AE ™ obtained from the equilibrium constant derived from the rate constants corrected

to infinite ionic strength.

and the copper atom is known to be in a highly distorted tetra-
hedral environment that is not accessible to solvent. The copper
is ligated by two sulfur atoms (Cys-84 and Met-92) and two
nitrogen atoms (His-37 and -87). Electron transfer between this
copper center and some small inorganic complexes is believed to
occur at a hydrophobic region on the protein’s surface near
His-87.210

While the application of the Marcus theory!! to many elec-
tron-transfer reactions of small coordination complexes has been
very successful, its direct application to reactions of small com-
plexes with metalloproteins has been more difficult.!® It has been
shown®’ that the reactions of ferrocene and its derivatives with
cytochrome ¢ do correlate well with the Marcus theory, and we
are interested in knowing whether this correlation extends to
metalloproteins with different metal centers, coordination numbers
and geometries, ligating atoms, and metal-to-protein surface
distance. The identification of a series of complexes that behave
predictably with diverse metalloproteins would be useful in es-
timating the self-exchange rate constants of metalloproteins for
which this information is not available by other means and for
manipulating the redox states of metalloproteins in a specific,
rapid, and gentle manner.

A characteristic of many metalloprotein electron-transfer re-
actions is the association of redox partners prior to electron
transer.»%12 This has been a prominent feature of many reactions
of the plastocyanins.®'?* Saturation kinetics have been observed
for several reactions of plastocyanin including the oxidation of
reduced plastocyanin, PCul, by cobalt complexes and the reduction
of oxidized plastocyanin, PCull, by Fe(CN)*+ .12 If association
prior to electron transfer occurs for the ferrocenium—metalloprotein
reactions studied thus far, such association must be weak since
rate saturation has not been observed in our earlier studies,%’ nor
in this study. This feature makes the ferrocenium derivatives
attractive as more general metalloprotein titrants since the studies
might not be complicated by strong binding of titrant to protein.

The known binding of Fe(CN),’ 2/ Fe(CN)¢* to proteins, for
example, has raised some questlonsl b¢ regarding metalloprotein
redox potentials obtained with this popular redox couple. We
believe the ferrocenium derivatives and ferrocene-derivatized
electrodes!? may be useful for future studies of this type.

Experimental Section

Laboratory-distilled water was further purified by reverse osmosis
(Sybron/Barnstead Nanopure). All chemicals were reagent grade unless

(10) Freeman, H. C. Coord. Chem. 1981, 21, 29.

(11) (a) Marcus, R, A,; Sutin, N. Inorg. Chem. 1975, 14, 213. (b) Marcus,
R. A. J. Phys. Chem. 1963, 67, 853; 1965, 43, 679.
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A.G. J. Am. Chem. Soc. 1983, 105, 225. (b) Lappin, A. G.; Segal, M.
G.; Weatherburn, D. C.; Sykes, A. G. Ibid. 1979, 101, 2297. (c) Segal,
M. G.; Sykes, A. G. Ibid. 1978, 100, 4585.
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181. Wrighton, M. S. “Abstracts of Papers”, 184th National Meeting
of the American Chemical Society, Kansas City, MO, Sept 1982; Am-
erican Chemical Society: Washington, DC, 1982; CHED 55. Cass, A
E. G; Davis, G.; Francis, G. D.; Hill, H. A. O.; Aston, W. J.; Higgins,
L J.; Plotkin, E. V.; Scott, L. D. L,; Turner, A. P. R. Anal. Chem. 1984,
56, 667.

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; 1,1’-di-
methylferrocene (Alfa Inorganics) was recrystallized from ethanol;
chloromercuriferrocene (Research Organic Chemical) was recrystallized
from acetone; and phenylferrocene was prepared by the method of We-
inmayer.'* The ferrocenes were converted to the respective ferrocenium
hexafluorophosphate salts by the method of Yang et al.!* or by reacting
the ferrocene with excess iron(I1I).” In preparing solutions for kinetic
runs the ferrocenium salts were dissolved in the appropriate buffer, fil-
tered, and analyzed for ferrocenium ion concentration by their visible
spectral®® [ferrocenium, 618 nm (¢ = 450 M~! cm™); 1,1’-dimethyl-
ferrocenium, 650 nm (e = 332 M™ cm™); chloromercuriferrocenium, 623
nm (¢ = 504 M~! cm™); phenylferrocenium, 750 nm (e = 521 M~ cm™)]
and deaerated by bubbling with argon for 30 min. In some instances
when the ferrocenium salts were dissolved in buffer, a small amount of
light solid formed, causing slight turbidity in the solution. This was found
to have no effect on kinetic results as long as the ferrocenium ion solutions
were filtered and analyzed immediately prior to kinetic measurements
and when only freshly prepared ferrocenium solutions were used. Phe-
nylferrocenium is particularly difficult to work with, and its solutions
undergo significant decomposition within 15 min of preparation. It is
somewhat more stable in dilute acid and can be prepared therein and
brought to the proper pH by mixing with buffer in the stopped-flow
apparatus at the time of reaction.

Plastocyanin was prepared from fresh spinach leaves by a modification
of the method of Yocum et al.'” Washed chloroplasts, prepared by this
method, were suspended in 0.01 M Tris buffer, pH 8.0 (300 mL per kg
of spinach leaves), and four drops of Triton X-100 detergent were added.
The suspension was blended for 10 s in 2 Warning blender. In some
preparations no detergent was used and the chloroplast suspension was
sonicated for ca. 5 min instead of blending. The homogenized chloro-
plasts were treated with 2 mg of DNAase and 2 mg of RNAase, and
after the mixture was allowed to stand for ca. 30 min, 1.2 mL of 1. M
MgCl, was added. The suspension was centrifuged at 40000g for 45 min
to remove chloroplast fragments. The supernate contained the plasto-
cyanin that was further purified by ion exchange and gel chromatography
by the method of Yocum.!? The plastocyanin used in kinetic experiments
was purifed to an absorbance (A) ratio of A;73/ Asg; Of 1.7 or less for the
oxidized protein. Concentrations of protein were determined on the basis
of the spectrum® (esg; = 4.9 X 10° M cm™) of the oxidized protein.
Protein solutions frozen in reaction buffer suspended in liquid nitrogen
were stable for more than 1 month. Protein from different preparations
gave indistinguishable kinetic results. PCu! was prepared by reduction
of PCul! with sodium ascorbate or sodium dithionite followed by extensive
dialysis against reaction buffer.

Kinetic measurements were made at 597 nm with a Durrum Model
D-110 stopped-flow spectrophotometer interfaced to a Nicolet Model
1090 digital oscilloscope and an Apple II computer. Typically four traces
from one drive syringe loading were treated per experiment. Each trace
consisted of ca. 500-1000 digitized voltages and times. These digitized
data were treated by a nonlinear least-squares program to fit for the
observed pseudo-first-order rate constant. The initial and final absor-

(14) Weinmayer, V. J. Chem. Soc. 1958, 77, 3012.

(15) Yang, E.S.; Chan, M. S.; Wahl, A. C. J. Phys. Chem. 1975, 79, 2049;
Ibid. 1980, 84, 3094.

(16) (a) Pladziewicz, J. R. Ph.D. Thesis, lowa State University, Ames, 1A,
1971. (b) Pladziewicz, J. R.; Espenson, J. H. J. Am. Chem. Soc. 1973,
95, 56; J. Phys. Chem. 1971, 75, 3381.
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Figure 1. Dependence of the observed pseudo-first-order rate constant,
kopeds ON initial ferrocenium ion derivative concentration at 25 °C, pH
7.0 (0.020 M phos), g = 0.12 (NaCl, sodium phosphate).

bances were fixed in these analyses, and a weighting factor that assumed
a constant absolute error in the absorbance measurement was used.

The reaction of 1,1’-dimethylferrocenium with reduced plastocyanin
did not always go to completion, and for those runs proceeding to less
than 95%, kg Was obtained from a rigorous, nonlinear least-squares
treatment of kinetic data, assuming opposing first- and second-order
reactions!'* using the equation derived by King.!®® King’s equation has
the advantage of not being limited to any particular values for initial
reactant and product concentrations. The use of this equation requires
knowledge of the equilibrium constant that was obtained in these studies
by spectrophotometric titration of the reduced protein with 1,1’-di-
methylferrocenium at A = 597 nm. The value obtained at 25 °C, pH 7.0,
and u = 0.12 is 0.035 £ 0.002. This is in agreement with the value based
on redox potentials (Table I) given a 0.02-V uncertainty for the potentials
listed there.

Results

The oxidation of reduced plastocyanin, PCu!, by ferrocenium,
chloromercuriferrocenium, 1,1’-dimethylferrocenium, and phe-
nylferrocenium was observed spectrophotometrically at 597 nm.
At this wavelength one observes an increase in absorbance due
to the oxidation of PCu! to PCul! (Ae = 4.90 X 10° M~ cm™).18
The ferrocenium ion derivative reduction makes minor contri-
butions to the absorbance change at this wavelength. All four
derivatives were found to oxidize PCu! at pH 7.0 (0.020 M
phosphate), u = 0.12 M (sodium phosphate/NaCl), with a sec-
ond-order rate law (eq 1).

d[PCull] /dt = k[PCul!][ferrocenium deriv] 1)

Since all experiments were done with the ferrocenium derivative
concentration in 10-fold or greater excess of PCu! concentration,
the first-order dependence of the reaction on PCu! concentration
is established by the linearity (greater than 3 half-lives for all
experiments) of the plots of the logarithm of PCu! concentration
vs. time. The first-order dependence of the reaction on the fer-
rocenium derivative concentration is established by the linearity
of the plots of the pseudo-first-order rate constants for protein
oxidation, K, vs. initial ferrocenium derivative concentrations,
as illustrated in Figure 1. The lines drawn are for a least-squares
analysis of the data, assuming zero intercept. Inclusion of an
intercept in the fit does not change the fitted slope significantly.
Reactions of phenylferrocenium were too rapid to allow a large
enough range of phenylferrocenium concentration to be studied
to justify plotting in Figure 1. However, for the range of phe-
nylferrocenium concentrations studied ((3.2-5.95) X 10~* M), the
reaction was found to be first order with respect to the phenyl-
ferrocenium concentration, and as expected, better data were

(19) (a) Adzamli, I. K.; Davies, D. M.; Carmel, S. S.; Sykes, A. G. J. Am.
Chem. Soc. 1981, 103, 5543. (b) King, E. L. Int. J. Chem. Kinet. 1982,
14, 1285.
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Figure 2. Eyring plots for second-order rate constants for the oxidation
of reduced plastocyanin with (O) phenylferrocenium, (W) chloro-
mercuriferrocenium, (@) ferrocenium, and (0) 1,1’-dimethylferrocenium
at pH 7.0 (0.020 M phos.), 4 = 0.12 (NaCl, sodium phosphate).

obtained at lower temperatures. Second-order rate constants for
electron transfer, obtained from the data comprising the plots in
Figure 1 and the data for the phenylferrocenium reaction using
a least-squares analysis, are given in Table I. The cited uncer-
tainties are 2 standard deviations.

The oxidations of PCu! were studied as a function of tem-
perature, and the Eyring plots for these reactions are given in
Figure 2. The activation enthalpies and entropies obtained from
least-squares analysis of these plots for the reactions of phenyl-
ferrocenium, chloromercuriferrocenium, ferrocenium, and 1,1’-
dimethylferrocenium, respectively, are 6.2 = 0.5, 5.0 £ 0.4, 5.5
£ 0.3, and 6.7 & 0.4 kcal/mol and ~5.9 £ 1.7,-13.1 £ 1.5,-12.6
+ 0.8, and ~11.7 £ 1.2 cal/(mol K).

To fit data for the 1,1’-dimethylferrocenium—PCu! reaction at
the other temperatures, it was necessary to obtain the temperature
dependence of the equilibrium constant for this reaction. Spec-
trophotometric titration of PCu! with 1,1’-dimethylferrocenium
at pH 7.0, g = 0.12 (NaCl, sodium phosphate), gave values of
0.026 £ 0.005, 0.035 % 0.002, and 0.050 £ 0.010 at 2.8, 25.0,
and 38.2 °C, respectively, and from these a value of AH® of 3.0
# 0.6 kcal/mol is obtained.

For the 1,1’-dimethylferrocenium-PCu! reaction at pH 7.0, a
few experiments were also done at = 0.041 (sodium phosphate)
and at 4 = 0.25 (NaCl, 0.020 M sodium phosphate). Second-order
rate constants for protein oxidation at these ionic strengths are
0.30 (£0.04) X 10° and 0.17 (£0.02) X 10% M™! 571, respectively,
at 25 °C as compared to 0.20 (£0.02) X 10° M 571 for u = 0.12
at this temperature. On the basis of a net charge of 10— for the
protein® and a charge of 1+ for 1,1’-dimethylferrocenium, the
direction of these effects is not surprising.

Discussion

The most direct application of the Marcus theory!! to outer-
sphere electron-transfer reactions is to compare the rate constant
calculated from (2) with experimental electron-transfer rate

ki = (ki1knaK pf)'/?
In f= (In K;3)*/(4 In (k11kxn/ Z%)

constants. The use of eq 2 in this manner requires knowledge of
the self-exchange rate constants for the protein (k;,) and complex
(ky,) and the reaction’s equilibrium constant (K;,;). Z is the

)
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collision frequency, in these calculations taken to be 10! M~ ¢!
While the k,, values for the ferrocenium derivatives!®!¢ and
equilibrium constants are known, the self-exchange rate constant
for plastocyanin is not directly known. NMR studies?® provide
an upper limit estimate of 2 X 10* M~ 57! for k;; for plastocyanin.
Alternatively, values derived from reactions of other small com-
plexes with plastocyanin or derived from reaction of plastacyanin
with other proteins?! can be used. However, k,, values derived
in this manner for plastocyanin are found to vary greatly,!-582!
An alternate approach is to derive an apparent protein self-
exchange rate constant, k,;, for these reactions from the exper-
imental rate constants by rearranging eq 2 to give eg 3.5 To

In kll = (ln k12 - 1/2 In K12 + In Z) -1In k22 -
[(In Z - 1n k) + In K5(In Z - In k)12 (3)

account in some degree for the electrostatic effects, the rate
constants and equilibrium constants used in eq 3 are first corrected
to infinite ionic strength with the Debye—Hiickel theory as de-
scribed by Mauk, Scott, and Gray.”2 The apparent protein
self-exchange rate constant corrected to infinite ionic strength,
k=(calcd), is then calculated. These values, given in Table I, vary
by less than a factor of 5 for the four derivatives studied, have
an average value of ca. 1.3 X 10° M~! 57!, and are among the
highest such values obtained for plastocyanm For example, from
the reactions of Fe(EDTA)?, Ru(NH,)spy**, and Co(phen);**
with plastocyanin, values of 7.3 X 10, 4.9 X 10“ and 1.1 X 104
M-1 57! are calculated by Mauk et al.?? for the apparent self-
exchange rate constant for plastocyanin at infinite ionic strength.
Such high and relatively constant derived protein self-exchange
values as those obtained. from the ferrocenium cross reactions
suggest a similar mechanism for the four derivatives used here
and also suggest that the ferroceniums are able to make a close
approach to the copper center in PCul.22

It is interesting to note that no large substituent specific effects
are found for the four ferrocenium ions studied and that differences
in reactivity can be largely accounted for by differences in the
reduction potentials and self-exchange rate constants of the fer-
rocenium ions. Although for both this study and our previous
work®’ with cytochrome ¢, chloromercuriferrocenium seems to
have a somewhat higher reactivity and 1,1’-dimethylferrocenium
a somewhat lower reactivity when compared to the other deriv-
atives. At this time the significance, if any, of these differences
is not clear. The absence of large substituent effects suggests a
mechanism that is free from requirements for substituent
group—protein association or ordering prior to electron transfer.
These results support a direct bimolecular collision between the
ferrocenium derivatives and plastocyanin, with the hydrophobic
region near His-87 being the most obvious collision site on the
protein. The relatively high derived apparent protein self-exchange
values imply a very close approach of ferrocenium iron to the
copper in the protein. Similar results were found for the reaction
of seven ferrocenium derivatives with cytochrome c.67

The activation enthalpies and entropies for the ferrocenium
ion—plastocyanin reactions are similar, with AH* of 5—6 kcal/mol
and AS* of -6 to ~13 cal/(mol K) for each reaction. The acti-
vation enthalpies and entropies for these reactions, the ferrocenium
ion—cytochrome ¢ reactions, and some related ferrocenium—-fer-
rocene reactions are given in Table II. The enthalpies of reaction

(20) Beattie, J. K.; Fensom, D J.; Freeman, H. C.; Woodcock, E.; Hill, H.
A. O,; Stokes, A. N. Biochim. Biophys. Acta 1975, 405, 109.

(21) Wherland, S.; Pecht, 1. Biochemistry 1978, 17, 2585.

(22) Mauk, A. G.; Scott, R. A,; Gray, H. B. J. Am. Chem. Soc. 1980, 102,
4360.

(23) Carlson, B. W.; Miller, L. L.; Neta, P.; Grodkowski, J. J. Am. Chem.
Soc. 1984, 106, 7233.
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Table II. Activation Parameters for Reactions of Ferrocenium Ion
Derivatives with Plastocyanin, Cytochrome ¢, and Ferrocene
Derivatives

ferrocenium AHF, as*,
deriv reductant kecal/mol  cal/(mol K)
ferrocenjum plastocyanin® 55+03 -12.6 0.8
cytochrome ¢ 5.0+0.1 -10.6 +£0.3
ferrocene 5.6+0.6 -8.9:+2.0
1,1'-dimethylferrocene® 3.0+1.0 -15+3
1,1'-dimethyl  plastocyanin? 6.7+04 -11.7:1.2
1,1'-dimethylferrocene 5.5 £+0.2 -8.2:0.7
chloromercuri plastocyanin® 50+04 -=13.1%1.5
cytochrome ¢ 43:02 -11.6+0.8
n-butyl cytochrome ¢ 59:0.5 -9.1+1.7
phenyl plastocyanin® 62:05 ~59:1.7
cytochrome ¢ 5.5+0.1 -5.7:0.3
ferrocene® 3.0:0.6 -1441:2.1
S This work. ? Reference 7. © Reference 16b. 9 Recalculated

from data in ref 15.

of the plastocyanin reactions do appear to decrease slightly, as
is expected from the Marcus theory, as the overall driving force
for the reaction increases with the exception of the phenyl-
ferrocenium reaction where the increased rate is primarily reflected
in the slightly more positive AS*. This modest AS* effect for
phenylferrocenium was also observed in the reactions of ferro-
ceniums with cytochrome ¢.’

The similarities of the activation parameters for the ferroc-
ene-ferrocenium ion self-exchange reactions, the ferrocenium-
plastocyanin reactions, and the ferrocenium-cytochrome ¢ reac-
tions (Table II) is striking. However, a meaningful comparison
of the activation parameters for the reactions of ferrocenium with
cytochrome ¢ and with plastocyanin requires knowledge about the
differences, if any, in the thermodynamics of the net reactions
involved. Ignoring work terms, the influence of reaction enthalpy
on activation enthalpy, for example, is given approximately by
eq 4,''® where AH\,* is the enthalpy of activation, AH|,* and

AH\' = (AHy, ' + AH,Y) /2 + AH;,° /2 (4)

AH,,* are the self-exchange activation enthalpies, and AH,,° is
the enthalpy of reaction. AH,,° for the oxidation of PCu! by
1,1-dimethylferrocenium of 3.0 + 0.6 kcal/mol is available from
the temperature dependence of the equilibrium constant deter-
mined in this work. From this value and data in Table II one can
estimate the apparent AH|;* for this reaction. For the ferro-
cytochrome c reactions with ferroceniums, data on the temperature
dependence of the protein potential is available;?* unfortunately,
this information is not available for the ferrocenium ions in water.
However, given the large positive AH® for cytochrome ¢ oxidation
and the small observed temperature dependence of the ferrocenium
potentials in 1-propanol-water,'® it is likely that the contribution
from AH|,° to the AH,,* could be substantially different for the
cytochrome c¢ reactions than for the plastocyanin reactions.
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