
2982 

0.065 for 238 parameters. The hi hest peak in the final difference 
Fourier map had a value of 1.55 e 1-3, 1.58 A from Pt(2). All calcu- 
lations were performed with the Siemens SHELXTL PLUS (MicroVAX 11) 
and PAR ST^^ programs. Atomic scattering factors and anomalous dis- 
persion terms used were those supplied in the Siemens structure deter- 
mination package. 
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Continuing our studies on the synthesis and characterization 
of metal complexes of high nuclearity,2 we have prepared the 
luminescent and redox-active tridecanuclear Ru(I1)-polypyridine 
supramolecular species Ru{(p-2,3-dpp)Ru(bpy)(p-2,3-dpp)Ru- 
[(p-2,3-dpp)R~(bpy)~]~]~~~+ (1) schematically represented in 
Figure 1 (2,3-dpp = 2,3-bis(2-pyridyl)pyrazine; bpy = 2,2’-bi- 
~ y r i d i n e ) . ~  

The novel tridecanuclear species 1 has been obtained by using 
the  “complexes as ligand and complexes as metals” synthetic 
strategy illustrated in Figure 2, Le., by reacting a Ru[(p-2,3- 
dpp)R~(bpy)(2,3-dpp)]~*+ core (2),2d which contains three free 
chelating sites that  can play the role of ligands, with three Ru- 
[(p-2,3-dpp)R~(bpy)~]~Cl:+ units (3),2f which contain easily 

(17 -(a) UniversitH di Messina. (b) Universiti di Pisa. (c) Istituto FRAE- 
CNR. (d) Universiti di Bologna. 

(2) (a) Campagna, S.; Denti, G.; De Rosa, G.; Sabatino, L.; Ciano, M.; 
Balzani, V. Inorg. Chem. 1989,28, 2565. (b) Campagna, S.; Denti, G.; 
Sabatino. L.; Serroni, S.; Ciano, M.; Balzani, V. Gazz. Chim. Ita/. 1989, 
119,415. (c) Campagna, S.; Denti, G.; Sabatino, L.; Serroni, S.; Ciano, 
M.; Balulni, V. J. Chem. Soc., Chem. Commun. 1989, 1500. (d) Denti, 
G.; Campagna, S.; Sabatino, L.; Serroni, S.; Ciano, M.; Balzani, V. 
Inorg. Chim. Acra 1990, 176, 175. (e) Denti, G.; Campagna, S.; Sa- 
batino, L.; Serroni, S.; Ciano, M.; Balzani, V. Inorg. chem. 1990, 29, 
4750. (f) Denti, G.; Serroni, S.; Campagna, S.; Ricevuto, V.; Balzani, 
V. Inorg. Chim. Acra 1991, 182, 127. (g) Campagna, S.; Denti, G.; 
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Soc. Chem. Commun. 1991,944. (i) Denti, G.; Serroni, S.; Campagna, 
S.; Ricevuto, V.; Balzani, V. Coord. Chem. Rev., 1991, 111, 227. (j) 
Denti, G.; Campagna, S.; Serroni, S.; Ciano, M.; Balzani, V. J. Am. 
Chem. Soc. 1992, 114, 2944. 

(3) The bridging ligand 2,3-dpp has also been used by other groups to 
prepare dinuclear4 and tetranuclear& complexes. 

N 

Figure 1. Schematic representation of the tridecanuclar complex 1. N-N 
stands for bpy. 

replaceable C1- ligands and can thus play the role of metals. The 
building blocks 2 and 3 are both well-characterized species that 
can be obtained as PF6- salts.2d,f,g,iJ 
Experimental Section 

The reaction illustrated in Figure 2 has been carried out as follows. 
To a solution of (R~[(p-2,3-dpp)Ru(bpy)2]2C12)(PF~)~ (0.036 g, 0.018 
mmol) in 2:l (v/v) methanol-water (3 mL) was added solid AgN03 
(0.006 g, 0.004 mmol). After 3 h of stirring at room temperature, 
(Ru [ (p-2,3-dpp)Ru( bpy)(2,3-dpp)] 3)( PF6)8 (0.020 g, 0.006 mmol) and 
ethylene glycol (3 mL) were added and the mixture was refluxed for 7 
days. After removal of AgCl by repeated centrifugation, an excess of 
solid NH4PF6 was added to the mother liquor, and the violet solid thus 
obtained was filtered out. The product was purified by size-exclusion 
chromatography on Sephadex G-50 (acetonitrile eluant). From the 
eluant, the product was recovered as a violet powder by addition of 
ethanol and partial evaporation in vacuo. Yield after purification: 0.043 
g (70%). Anal. Calcd. for C 3 , a H 2 4 0 F l ~ ~ ~ ~ ~ P ~ ~ ~ ~ l ~ ~ ~ ~ ~ ~ ~ :  C, 36.06; 
H, 2.51; N, 10.48. Found: C, 36.01; H, 2.48; N, 10.03. The infrared 
spectrum shows the characteristic bands of bridged 2,3-dpp$ whereas 
the bands of unbridged 2 , 3 - d p ~ * ~  are not present, indicating that only a 
1:3 combination of 2 and 3 (Figure 2) has occurred. It should also be 
noted that the building blocks 2 and 3 display absorption, luminescence. 
and electrochemical properties clearly distinct from those of 1, and this 
would also be the case for hypothetical side products containing C1- 
ligands as 3 and/or unsaturated chelating sites as 2.2cJ 

The equipment used for spectroscopic, photophysical, and electro- 
chemical measurements has been previously described.2 
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Figure 2. Schematic representation of the “complexes as metals and complexes as ligands” synthetic strategy to obtain 1. 
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Figure 3. Absorption and (inset) uncorrected luminescence spectra of 
1 in acetonitrile solution at room temperature. 

Results and Discussion 
The novel tridecanuclear species 1 exhibits a three-dimensional 

branching structure of the type shown by otherwise completely 
different compounds based on organic components described by 
Newkome et al.,5 Tomalia et a1.,6 and Frkhet  et al.’ Quite 
interesting properties of 1 are the extremely high intensity ab- 
sorption bands (Figure 3) in the UV (A,,, = 283 nm, e,,, = 
429000 M-l cm-I) and visible (A,,, = 544 nm, e,,, = 133 000 
M-’ cn-l) spectral regions and its electrochemical and luminescent 
behavior. 

Neglecting differences that could arise from the presence of 
geometrical and optical isomers,% in 1 there are four distinct types 
of metal ions (Figures 1 and 2): (i) the one located at the center, 
which is coordinated to three 2,3-dpp bridging ligands; (ii) the 
three equivalent metal ions coordinated to two bridging ligands 
and one bpy ligand; (iii) the three equivalent metal ions near the 
periphery coordinated to three bridging ligands; (iv) the six 
equivalent peripheral metal ions coordinated to a bridging ligand 
and two bpy ligands. It can be noticed that the metal ions of type 
i and iii are different from a topological point of view, but their 
first and second coordination spheres are identical. Therefore, 
they are expected to exhibit identical chemical properties. 

The oxidation potential of the metal ion in Ru(I1)-polypyridine 
complexes is known to depend on the coordinated ligands.8 Since 
bpy is a better electron donor than ~ - 2 , 3 - d p p , ~ , ~  one can expect 
that the oxidation potential will increase slightly on passing from 

( 5 )  Newkome, G. R.; Moorefield, C. N.; Baker, G. R.; Saunders, M. J.; 
Grossman, S .  H. Angew. Chem., Int. Ed. Engl. 1991, 30, 1178. 

(6) Tomalia, D. A.; Naylor, A. M.; Goddard, W. A. 111. Angew. Chem., 
Int. Ed. Engl. 1990, 29, 138. 

(7) (a) Wooley, K. L.; Hawker, C. J.; Frkhet, J. M. J. J.  Am. Chem. Soc. 
1991, 113, 4252. (b) Hawker, C. J.; Lee, R.; Frichet, J .  M. J .  Am. 
Chem. SOC. 4583. 

(8) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P.; von 
Zelewsky, A. Coord. Chem. Rev. 1988, 84, 85. 

the six peripheral Ru(p-2,3-dpp)(bpy)?+ units to the three Ru- 
(~-2,3-dpp)~(bpy),+ units and three-plus-one Ru(~-2 ,3-dpp)~~+ 
units. Previous electrochemical investigations carried out on 
oligonuclear complexes of the same family2q4 have also shown that 
the interaction between different metal centers is neghgible except 
for metals coordinated to the same bridging ligand when both 
electrostatic and through ligand interactions are significant. On 
the basis of the above arguments, the oxidation pattern of 1 is 
expected to consist of a “six-electron” wave corresponding to the 
independent one-electron oxidation of the Ru2+ ions of the six 
peripheral Ru(p-2,3-dpp)(bpy)?+ units, followed at slightly higher 
potential by a “three-electron” wave corresponding to the inde- 
pendent one-electron oxidation of the Ru2+ ions of the three 
R~(p-2,3-dpp)~(bpy)~+ units? Oxidation of the remaining four 
Ru2+ ions (types i and iii above) should be displaced to much 
higher potential because of their interaction, through the bridging 
ligands, with three already oxidized metal ions. The experimental 
results are consistent with the above expectations. A broad, 
reversible oxidation wave is observed, with the following char- 
acteristics in differential pulse voltammetry: maximum at +1.50 
V (vs SCE); half-width of 170 mV; area corresponding to 9 f 
1 electrons.” The waves of the six Ru(~-2,3-dpp)(bpy),~+ and 
three R~(p-2,3-dpp),(bpy)~+ units are, as expected, so close as 
to overlap. No other oxidation wave is present in the potential 
window (<+1.90 V) examined. 

Ru(I1)-polypyridine complexes are known to exhibit lu- 
minescence from the lowest triplet metal-to-ligand charge-transfer 
(3MLCT) excited state.8 Since ~-2,3-dpp is a better electron 
acceptor (i.e., its LUMO lies at lower energy) and a worse electron 
donor than bpy, it follows that (a) the ligand involved in the lowest 
energy excited state is p-2,3-dpp, not only in the Ru(p-2,3-dpp),Z+ 
units but also in the mixed-ligand R~(p-2,3-dpp),(bpy)~+ and 
Ru(p-2,3-dp~)(bpy)~~+ ones and (b) the energy of the lowest 
excited state increases slightly in the order Ru(p-2,3dpp)(bpy)?+ 
< R~(p-2,3-dpp),(bpy)~+ < Ru(p-2,3-dpp):+. The luminescence 
exhibited by 1 (77 K, Agx = 722 nm, T = 1.46 ps; 300 K, cx 
= 800 nm, T = 62 ns; see also inset of Figure 3) is, as expected, 
typical of peripheral Ru(p-2,3-dpp)(bpy):+ ~ n i t s . ~ ~ * ’ ~  A corrected 
excitation spectrum at room temperature has shown that the 

(9) The oxidation potential of the six peripheral R~(p2,3-dpp)(bpy)~~+ 
units is known to be +1.43 V ( U S  SCE) from the behavior of the same 
units in the analogous hepta-,2d and decanuclearZbJ species. 
The oxidation potential of the R~(p-2,3-dpp)~(bpy)~+ units is not known, 
but it must be (i) slightly more positive than that of the previous units 
(+1.43 V), because p-2,3-dpp is a worse electron donor than bpy, and 
(ii) considerably less positive than +1.78 V, which is the value of the 
oxidation potential of the Ru(r-2,3-$~)2(bpy)~+ unit when the two 
bridging ligands are linked to two Os species.l0 

(10) Campagna, S. Unpublished results. 
(11) The number of electrons was established by comparison, through the 

internal standard wave of ferrocene oxidation, with the area of the 
six-electron oxidation wave of the analogous decanuclear complex.2J 

(1 2 )  Luminescence from the (less numerous) Ru(p-2,3-dpp)2(bpy)*+ units 
cannot be excluded because the bands are broad and the energy dif- 
ference between the luminescent levels of the two types of units is small. 



2984 Inorg. Chem. 1992, 31, 2984-2986 

luminescent levels are reached with unitary efficiency (within an 
experimental error of *20%) regardless of the excitation wave- 
length (in particular, regarding excitation in the ligand-centered 
bpy band at  282 nm and 2,3-dpp band at  350 nm). 

Superamolecular species like 1 are very interesting because they 
contain many chromophoric and redox centers and exhibit lu- 
minescence from relatively long-lived excited states. Because of 
these properties, they are good candidates to play the roles of 
photo sensitizer^,'^-^^ luminescent  probe^,'^,^^ and multielectron- 
transfer catalysts.Is By using different metals, bridging ligands, 
or terminal ligands, it is also possible to control the direction of 
electronic energy migration in supramolecular structures of this 
type (antenna devices) .2c*f,iJ,' 

Acknowledgment. We thank G. Gubellini for technical assis- 
tance and P. Franchini for some preliminary experiments. This 
work was supported by CNR, Progetto Finalizzato Chimica Fine 
11, and MURST. 

~~~ 

(13) Amadelli, R.; Argazzi, R.; Bignozzi, C. A.; Scandola, F.; J. Am. Chem. 
SOC. 1990, 112, 7099. 

(14) Balzani, V.; Barigelletti, F.; De Cola, L. Top. Current Chem. 1990,158, 
31. 

(15) O'Regan, B.; Gratzel, M. Nature, 1991, 353, 738. 
(16) Tossi, A. B.; Kelly, J. M. Phorochem. Photobiol. 1989, 49, 545. 
(17) Pyle, A. M.; Rehmann, J. P.; Meshoyer, R.; Kumar, C. V.; Turro, N. 

J.; Barton, J. J. Am. Chem. SOC. 1989, 11, 3051. 
(18) Worl, L. A.; Strouse, G. F.; Younathan, J. N.; Baxter, S. M.; Meyer, 

T. J. J. Am. Chem. Soc. 1990, 112, 7571. 
(1 9) Balzani, V.; Scandola, F. Supramolecular Photochemistry; Horwood: 

Chichester, U.K., 1991. 

Contribution from the Department of Chemistry, 
The Johns Hopkins University, 

Baltimore, Maryland 21218, 
and Department of Biophysics and Biophysical Chemistry, 

The Johns Hopkins University School of Medicine, 
Baltimore, Maryland 21205 

Complexes of Zinc Finger Peptides with NiZ+ and Fez+ 

Beth Allyn Krizek and Jeremy M. Berg* 

Received November 19, 1990 

In 1983, it was discovered that the eukaryotic DNA binding 
protein transcription factor IIIA (TFIIIA) contained bound zinc 
ions as isolated and that these ions were required for site-specific 
DNA binding activity.' Treatment of the purified protein with 
EDTA abolished specific DNA binding activity. The activity could 
be restored by treatment of 15 pM ZnZ+ but not by the same 
concentration of Fe2+, Ni2+, Coz+, or Mn2+. A n a l y ~ i s ~ , ~  of the 
deduced amino acid sequence of TFIIIA4 revealed the presence 
of nine sequences that approximate the form (Phe,Tyr)-X-Cys- 
Xz,4,-Cys-X3-Phe-XS-Leueu-X2-His-X3,4-His-X2+ where X represents 
relatively variable amino acids. It was proposed that each of these 
sequences binds a zinc ion through the invariant cysteinate and 
histidine residues to form a structural domain termed a "zinc 
finger". A variety of evidence has confirmed this hypothesis for 

In addition, a large number of other proteins have been 
found to contain similar sequences, and extant data are consistent 
with the proposition that these also form metal-based domains.si6 

While several studies have been reported concerning the 
structural and zinc binding properties of single zinc finger pep- 
t i d e ~ , ~ - ' ~  the ability of these peptides to act as ligands for other 
metal ions has not been extensively described. We report that 
a prototypical zinc finger peptide, CP- 1 ,I7 can indeed bind Ni2+ 
and Fez+ in addition to Co2+ to produce complexes whose spec- 

* To whom correspondence should be addressed at the Department of 
Biophysics and Biophysical Chemistry. 
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troscopic properties are consistent with distorted tetrahedral co- 
ordination by the cysteinate and histidine residues. In addition, 
studies of the affinity of this peptide for various metal ions reveal 
that the specificity of a single domain peptide in binding zinc over 
other metal ions is sufficient to explain the unique ability of zinc 
to restore the DNA binding activity of TFIIIA under the con- 
ditions reported. 
Experimental Section 

The peptides CP-1 and CP-l(H24C) were prepared and purified as 
described previously. All experiments were performed in an oxygen-free 
98% nitrogen/2% hydrogen atmosphere. Optical spectra were recorded 
on a Perkin-Elmer Lambda 9 spectrophotometer. Nuclear magnetic 
resonance spectra were recorded on a Varian XL-400 spectrometer. 

Results and Discussion 
For these studies, the zinc finger peptide CP-1 which has the 

sequence ProTyrLysCysProGluCysGlyLysSerPheSerGlnLys- 
SerAspLeuValLysHisGlnArgThrHisThrGly was used.17 This is 
a consensus peptide based on a large data base of zinc finger 
sequences. For comparison, the sequence variant CP-1 (H24C)- 
ProT yrL ys CysProGluCysGl yLysSerPheSerGlnLysSerAsp- 
LeuValLysHisGlnArgThrCysThrGly was also studied. Previous 
studies have shown that CP-1 and CP-l(H24C) bind Co2+ and 
Zn2+. The ability of these peptides to bind Cu2+, Ni2+, Fez+, and 
Mn2+ was investigated spectrophotometrically. Cu2+ was found 
to oxidize the peptides presumably to disulfidelinked species. The 
absorption spectra of the Ni2+ and Fez+ complexes are shown in 
Figure 1. The spectra of the Ni2+ complexes are similar to those 
observed for distorted Ni2+ complexes such as Niz+-substituted 
aspartate transarbamylase'* and r~bredoxin. '~ The ligand field 
transitions are blue shifted consistent with Ni(imidazole)2,1- 
(thiolate)z,3 rather than Ni(thiolate), chromophores, given the 
positions of thiolate and imidazole in the spectrochemical s e r i e ~ . ~ J ~  
In addition, the bands are somewhat more clearly resolved into 
components, consistent with the reduction of symmetry of the 
ligand fields compared with Ni(thiolate),. Additional ligand field 
bands were observed in the near infrared with maxima (nm) and 
extinction coefficients (M-I cm-l, in parentheses) as follows: 
CP-l(Ni2+), 1600 (15), 1725 (25); CP-l(H24C), 1550 (9, 1700 
(10). The spectra of the Fe2+ complexes consist predominantly 
of a set of charge-transfer transitions in the ultraviolet. Exam- 
ination of the spectra extending into the near-infrared region 
revealed the presence of bands at  1400-1800 nm with extinction 
coefficients near 80 M-' cm-I. Again, these features are similar 
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