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Substitution in n’-cyclopentadienyl (Cp) is acknowledged to
be difficult.! It is reasonable to expect that on coordination to
a metal cation in the #° mode, this difficulty would be alleviated.
There are numerous examples of nucleophilic addition to 5°-
cyclopentadienyl ligands, and one example? featuring substitution
on coordinated Cp, but, even so, the examples cited involve very
powerful nucleophiles such as H™ or carboanions. Considerable
work has also been devoted to preparing derivatives of coordinated
Cp by starting with iodoferrocene and subjecting it to the action
of the Cu(I) salt of the desired anions as the entering ligand.*’
Reactions are slow and typically require refluxing in pyridine as
a solvent, for 1 h or more.

In the course of exploring the chemistry of [Ru(n’-
CsH)(n*-CsHO)]* (1) we undertook to study the action on it
of a variety of nucleophiles. The experiments were done in ni-
tromethane as solvent, at room temperature. Species 1 was in-
troduced into the reaction solution either as the salt [Ru(n°-
C;H;)(7*-CsH,0)(CH;CN)]PF; (2)7 or as the salt [Ru(n’-
CsHs)(ﬂ"C5H4o)]2(pF6)2 (3).8 With the nUC]eOphi]eS Cl-, Br-,
I-, pyridine, isocyanides, thioketones, and several others, substi-
tution at the metal center takes place, and a rough affinity order
has been established.® But, to our astonishment, we noted that,
with P(CH,), as the nucleophile, substitution takes place at the

(1) Davies, S. G.; Green, M. L. H.; Mingos, D. M. P. Tetrahedron 1978,
34, 3047-3077 (see especially p 3055).

(2) Reactions of Coordinated Ligands; Braterman, P. S., Ed.; Plenum
Press: New York, 1986; p 93.

(3) Sternberg, E. D; Vollhardt, K. P. C. J. Org. Chem. 1984, 49, 1569.

(4) Sato, M.; Motoyama, I.; Hato, K. Bull. Chem. Soc. Jpn. 1970, 43,
2213,

(5) Sato, M,; lto, T.; Motoyama, 1.; Watanabe, K.; Hata, K. Bull. Chem.
Soc. Jpn. 1969, 42, 1976.

(6) Smith, T. P.; Kwan, K. S,; Taube, H.; Bino, A.; Cohen, S. Inorg. Chem.
1984, 23, 1943,

(7) 2. 1.2 g of [RuCp,Br]PF; and 1.4 g of Ag,0 were added to 50 mL
of acetonitrile, and the mixture was stirred at 70 °C for | h. The brownish
solution was filtered, and the crude product was precipitated with diethyl ether,
then dissolved in 10 mL of acetonitrile, and chromatographed with acetonitrile
on an alumina column. Reduction of the volume of the solvent, under vacuum,
to aboul 10 mL and addition of diethyl ether gave bright yellow microcrystals.
After filtration the product was washed with diethyl ether and air-dried.
Yield: 0.22 g (20%). Anal. Calcd for C;;NOPF¢Ru: C, 33.34; H, 2.79; N,
3.24; P, 7.16; F, 26.37. Found: 33.54; H, 2.73; N, 3.05; P, 7.42; F, 26.77.
'H NMR (4, ppm, acetone-dy, 20 °C): 6.49 (m, 2 H), 5.82 (s, 5 H), 4.68 (m,
2 H), 2,67 (s, 3 H). 3C NMR (8, ppm, acetone-dy, 20 °C): 182.81 (C=0),
133.8 (CN), 87.6 (CpO), 87.5 (CpO), 74.3 (Cp), 5.5 (CH,). IR (KBr, cm™!):
2325.0 (m, ven), 1698.9, 1684.5 (s, veo).

(8) 3. 200 mg of RuCp(CsH,O)Br was dissolved in 5 mL of nitromethane.
AgPF, was added, and the mixture was stirred at room 1emperature for | h.
The resulting precipitaie of AgBr was removed by filtration. The solution
(dark red) was treaied with diethyl ether, and the solid was filtered off, washed
with diethyl ether, and air-dried. Yield: 0.23 g (94%). Anal. Caled for
CxH14O,P:FsRuy: C, 30.70; H, 2.32; P, 7.92; F, 29.14. Found: C, 30.74;
H, 2.35; P, 7.74; F, 29.46. 'H NMR (8, ppm, acetone-ds, =50 °C): 6.45 (m,
2 H), 6.20 (m, 2 H), 6.09 (s, 10 H), 5.71 (m, 2 H), 5.27 (m, 2 H). IR (KBr,
cm!): 1568.7 (s, vco).

(9) A full report on this 10pic, including the X-ray structures of 2 and 3,
will be submilled separaiely.
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to n’-hydroxycyclopentadienyl (C;H,OH), yielding
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With 3 as the starting material, in all cases studied thus far,
substitution takes place solely on the Cp ring, but, with 2 as the
starting material, in some cases substitution takes place also at
the ketone (see Scheme I).

To our knowledge, facile nucleophilic substitution on coordi-
nated C, such as we have observed with much weaker nucleophiles
is unprecedented. Here we report on the reactions of 2 and 3 with
P(CH,); and P(C¢H;); and give some preliminary results of the
reaction of 2 and 3 with SCH,~, SC¢H,~, and CN~. All reactions
were carried out in CH3;NO, or CD;NO, at room temperature
under an argon atmosphere.

With equimolar amounts of each reagent (ca. 20-40 mM), in
the case of the tertiary phosphines, reaction appears to be complete
on mixing. By use of '"H NMR spectroscopy on the product
solution (CD;NO,) resulting from the action of the phosphines
on 3, reaction is found to be essentially quantitative (recovered
yield as the PF~ salts, 50-60%). The identity of the product was
established by 'H and '*C NMR spectroscopies and elemental
analysis, as well as by its chemical reactivity.

The 'H NMR spectrum of product § (P(C4Hs); as nucleophile)
features six signals (d, acetone-dg, 20 °C): a multiplet pattern
from 7.95 to 7.77 ppm (15 H), two apparent quartets centered
at 5.20 ppm (2 H) and 4.95 ppm (2 H), two apparent triplets
centered at 4.62 ppm (2 H) and 4.19 (2 H), and a broad singlet
at 3.74 ppm (1 H) that is readily exchanged by deuterium. The
'H NMR spectrum of 4 similarly shows that P(CH,), has attacked
the Cp ring.1® The absence of a sharp singlet arising from
n’-coordinated Cp, as well as the absence of the characteristic
multiplet pattern of n*-coordinated C;H,O, such as in 2 and 3,
along with the peak integrations, shows that, in both 4 and §, the
Cp rings are monosubstituted and coordinated in a 5’ fashion.
Selective homonuclear decoupling experiments show that decou-
pling of one of the quartets converts the other to a doublet (doublet
ascribable to the coupling of the « and 8 ring protons with 1P
of the phosphine moiety) without affecting the triplets, while
decoupling of one of the triplets converts the other to a singlet
without affecting the quartets. The '*C NMR spectra support
the conclusions as to the structures of 4 and §.

That the ketone has been reduced to an alcohol has also been
established by its chemical reactivity. Both 4 and § readily react

(10) 4. 'H NMR (4, acetone-d;, 20 °C): 5.06 (q, 2 H), 5.00 (g, 2 H),
4.42 (1, 2 H), 4.33 (t, 2 H), 3.79 (b, | H), 2.04 (d, 9 H).

(11) Elemental analyses. Caled for C\3H;3OP,FsRu (4): C, 33.42; H,
3.88; P, 13.26; F, 22.39. Found: C, 34.10; H, 3.85; P, 12.34; F, 23.82. Caled
for Co3H,OP,F4Ru (5): C, 51.46; H, 3.70; P, 9.48; F, 17.44, Found: C,
51.92; H, 3.69; P, 9.55; F, 17.36.
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with acyl chlorides (RCOCI) to form the corresponding esters.
It is to be noted that elemental analyses of 4 and § give satisfactory
agreement!! with the compositions we have assigned.

The studies have been extended to other nucleophiles, and the
results are summarized in Scheme I. Conversion to products as
indicated is essentially quantitative, except for CN-, where 25%
of either 2 or 3 is found to be reduced to hydroxyruthenocene.
The reactions are slower for the anionic nucleophiles than they
are for the phosphines and, in the case of the former, may be
governed by the rate of dissolution of the corresponding alkali-
metal salts. The products were characterized by their '"H NMR
spectra.1?

The activation for substitution on 75-C;Hs by cyclo-
pentadienone as coligand raises questions about the reaction
mechanism. Attempts to do kinetic studies in the case of the
homogeneous systems, by using 'H NMR to follow the course
of the reaction, failed because of the rapidity of the reactions.

Of particular interest is the role of coordinated nucleophile
(CH,CN in the case of 2) in affecting the course and the rates
of the reactions.
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(12) 'H NMR spectra of the reaction products of the reaction of 3 with
SCH;", SC¢Hy", and CN-, i.e. attack on the Cp ring, and 2 with P (C4Hy),
and SC¢Hy", i.e. attack on the C{H,O ring (3, ppm, nitromethane-d,, 20 °C):
4.84 (b, | H), 4.72 (t, 2 H), 4.66 (t, 2 H), 4.57 (s, 2 H), 4.27 (t, 2 H), 2.27
(s, 3 H); 7.2-7.0 (m, 5 H), 4.70 (t, 2 H), 4.69 (t, 2 H), 4.62 (t, 2 H), 4.22
(1,2 H); 5.38 (b, 1 H), 5.09 (t, 2 H), 4.79 (1, 2 H), 4.78 (t, 2 H), 4.38 (t, 2
H); 8.00~7.78 (m, 15 H), 5.21 (m, 1 H), 4.76 (m, | H), 4.57 (s, 5 H), 4.16
(m, 1 H); 7.35-7.20 (m, 5 H), 4.99 (b, | H), 491 (2d, | H), 4.64 (2d, | H),
4.59 (s, 5 H), 4.46 (2d, | H).

Reactions between Cytochrome c and Plastocyanin
Indicate That Choice of Docking Sites on Protein
Surfaces May Depend on Thermodynamic Driving Force
for Electron Transfer

Jian S. Zhou and Nenad M. Kostic*

Ames Laboratory of the U.S. Department of Energy and
Department of Chemistry
lowa State University, Ames, lowa 30011

Received April 16, 1991

Various aspects of electron-transfer reactions can be examined
with metalloproteins. A pair of them can form multiple com-
plexes,>” and this phenomenon requires kinetic investigation. This
study indicates that a protein (plastocyanin, pc) can form
structurally different precursor complexes with virtually identical
proteins differing in reduction potential (native and zinc-re-
constituted cytochrome ¢, cyt and Zncyt).

Plastocyanin (E° = 0.36 V vs NHE) has a negative patch
remote (14-19 A) from the copper atom and an electroneutral
patch proximate (3~9 A) toit.? Electron transfer to copper should
be much more efficient from the latter than from the former;®
the choice between the patches is often attributed simply to the

(1) Electron-Transfer Reactions in Metalloproteins. Metal lons Biol. Syst.
Sigel, H,, Sigel, A., Eds.; 1991; Vol. 27.
; (2) Kostié, N. M. Metal lons Biol. Syst. 1991, 27, 129 and references
therein.
; (3) Northrup, S. H.; Boles, J. O.; Reynolds, J. C. L. Science 1988, 241,

67.
(4) Wendoloski, J. J.; Maithew, J. B.; Weber, P. C.; Salemme, F. R.
Science 1987, 238, 794,
165('?) Rodgers, K. K.; Pochapsky, T. C.; Sligar, S. G. Science 1988, 240,
(6) Burch, A. M.; Rigby, S. E. J.; Funk, W.D.; MacGillivray, R. T. A ;
Mauk, M. R.; Mauk, A. G.; Moore, G. R. Science 1990, 247, 831.
(7) Wallin, S. A,; Stemp, E. D. A ; Everest, A. M.; Nocek, J. M.; Netzel,
T. L.; Hoffman, B. M. J. Am. Chem. Soc. 1991, {13, 1842,
(8) Sykgs, A. G. Chem. Soc. Rev. 1985, 14, 283 and references therein.
(9) Chrisiensen, H. E. M.; Conrad, L. S.; Mikkelsen, K. V.; Nielsen, M.
K.: Ulstrup. J. Inorg. Chem. 1990, 29, 2808.
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Figure 1. Dependence of k; on ionic strength at pH 7.0 and 25 °C. The
protein parameters, function f(x) of ionic strength, and the configura-
tion-defining angle are explained elsewhere,?” and k, = 1.5 X 106 M™!
s”!, The fitting (—) of experimental results (A) yields the angle of 36°;
the other curve (—-) corresponds to the angle of 86°, characteristic of
cytochrome ¢ binding at the proximate patch (His 87) of plastocyanin.

charge of the other reactant.®! Cytochrome ¢ (E® = 0.26 V) has
a positive patch near the exposed heme edge.!®!! In the elec-
trostatic cyt/pc complex the heme patch abuts the remote
patch,'2"22 but analysis?*-26 of dependence on ionic strength of the
bimolecular rate constant k; excludes this as the reactive con-
figuration.?’ The electron-transfer rate constant k, is large (1300
% 200 s7!) for the electrostatic complex, but undetectably small

eyt(IT) + po(IT) —= cyt(IIT) + pe() a)
eyt(IT) /pe(IT) —> cyt(IIT) /pe(l) @)

(less than 0.2 s™') for the complex reinforced by noninvasive
covalent cross-links between the heme patch and the remote
patch,2% which impede protein rearrangement, 3031
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(28) Some evidence for this cross-linking is given in refs 14-16, 19, and
20. Our UV-vis, CD, and MCD spectra show that the covalent and elec-
trostatic cyl/pc complexes have verx similar structures,?’ and the protein
orientation in the latter is known.!>"*2 Moreover, plastocyanin whose car-
boxylate groups in the remote patch are blocked!® cannot be cross-linked with
cytochrome ¢.2?
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