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Table I. Photophysical and Photochemical Behavior of Styryl Amines 
amine TS," ns V 2/y (2 + 3ViSOn/ yield,' % 

rrans-A'-methyl-3-phenyl-2-propen-l-amine (I1) <0.1 <0.005 >20 0.1 15 
rrafW-JV-methyl-4-phenyl-3-buten-l-amine (I2) 0.73 0.046 14(3.0) >10 63 
/ran.r-./V-methyl-5-phenyl-4-penten-l-amine (I3) 0.51 0.021 2.4(1.0) 3.0 57 
»ra/w-/V-methyl-6-phenyl-5-hexen-l-amine (I4) 1.6 0.070 0.15(0.8) >10 82 
«/ww-/V-methyl-7-phenyl-6-hepten-l-amine (I5) 0.13 >8 1.0 30 
cj'5-/V-methyl-5-phenyl-4-penten-l-amine 0.35 0.015 2.4 >10 62 
;raw-5-phenyl-4-penten-l-amine 3.7 0.19 1.5 0.4 

"Fluorescence lifetime of 6 X 10"5 M styryl amine in nitrogen-purged cyclohexane solution at 300 K. Samples were excited at 308 nm with the 
frequency-doubled output of a synchronously pumped mode-locked dye laser, and fluorescence was selected with a prism monochromator and ana­
lyzed by means of a standard single-photon-timing apparatus using multiexponential least-squares fitting. The short-lived monomer emission ac­
counted for >96% of the total fluorescence in all cases. * Fluorescence quantum yield determined under conditions of footnote a relative to styrene 
($r = 0.248a). 'Ratio of cyclic adducts from 0.005-0.01 M styryl amine in nitrogen-purged acetonitrile solution. Values in parentheses are for 
cyclohexane solution. d Ratio of total adduct to isomerization. 'Yield of the major adduct (2 or 3) determined by GC analysis at moderate to high 
conversion (>50%). 

previously observed for fluorescent arene-tertiary amine intra­
molecular exciplexes.5'11 Adduct formation quantum yields are 
largest for the styryl amines that form the most stable intramo­
lecular exciplexes. The similar values of k{ for I2-Is a n d 1-
phenylpropene (k{ = $TS ~ (5 ± 1) X 107 s"1) indicate that there 
is no significant ground-state interaction between the chromo-
phores except in the case of the nonfluorescent allylamine I1.12 

It is interesting to note that the photophysical properties of cis-
and trans-li are similar, while those of the primary amine ana­
logues of I3 are more like those of 1-phenylpropene, indicative 
of inefficient intramolecular singlet quenching by the primary 
amino group. Primary amines are known to be much poorer 
electron-transfer quenchers than secondary or tertiary amines as 
a consequence of their higher ionization potentials.10 

Following exciplex formation, transfer of the N-H hydrogen 
to the styrene /3- or a-carbon yields the singlet biradical precursors 
of 2 and 3, respectively (eq 2). The absence of intersystem crossing 
in the locally excited styrene or singlet exciplex is indicated by 
the nearly complete intramolecular quenching of styrene trans,cis 
isomerization in I2 and I3 and the ability of a triplet sensitizer 
(Michler's ketone) to affect trans,cis isomerization but not cy-
clization of trans- or cis-l}. Evidence for the singlet multiplicity 
of the biradical intermediate is provided by the stereospecific 
formation of the syn adduct 2yd, from l3-N-d, and the absence 
of D-H exchange of the vinyl hydrogens in recovered I3.

13 While 
cage escape accounts for over half of the 1-phenylpropyl radicals 
formed in the intramolecular reaction (eq 1), the biradicals formed 
in the intramolecular reaction either cyclize or revert to starting 
material, resulting in improved preparative yields for the intra-
vs intermolecular reaction. 

An intriguing feature of the intramolecular styrene-amine 
addition reaction is the formation of a-benzyl amines (3) as the 
major product from I4 and as a minor product from some of the 
other styryl amines. On the basis of biradical stabilities (eq 2) 
and the regioselectivity of the intramolecular reaction (eq 1), we 
had anticipated the regioselective formation of the a-phenyl amines 
(2). Among the factors that may influence the regioselectivity 
of intramolecular addition are (a) the conformational energy of 
the polymethylene chain, (b) N - H - C hydrogen bond formation 
in the exciplex,14 (c) biradical stabilities, and (d) partitioning of 
the biradical intermediate between product and reactants. The 
increase in cyclization regioselectivity with increasing solvent 
polarity (Table I) indicates that solvation of the exciplex may also 
be an important factor. In the case of I3 the 2/3 ratio is also 
temperature dependent, decreasing from 2.4 at 30 0C to 6.2 at 
-40 0C in acetonitrile solution. Thus cycloaddition regioselectivity 
can be controlled by the appropriate choice of solvent and tem­
perature. As noted by Aoyama et al.,3b hydrogen transfer in styryl 

(12) Chandross, E. A.; Thomas, H. T. Chem. Phys. Lett. 1971, 9, 393. 
(13) (a) Yoshida, M.; Kaneko, H.; Kitamura, A.; Ito, T.; Oohashi, K.; 

Morikawa, N.; Sakuragi, H.; Tokumaru, K. Bull. Chem. Soc. Jpn. 1976, 49, 
1697. (b) Gebricki, J.; Reimschiissel, W.; Nowicki, T. Chem. Phys. Lett. 
1978, 59, 197. 

(14) Okada, T.; Karaki, I.; Mataga, N. J. Am. Chem. Soc. 1982, 104, 
7191, 

amines is not limited to five- and six-membered transition states 
but has now been observed for four- to eight-membered transition 
states. In reactions such as these, where intramolecular exciplex 
formation precedes hydrogen transfer, extension to even larger 
ring sizes is limited only by the requirement that intramolecular 
exciplex formation compete with decay of the styrene singlet. 
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The relevance of metallacyclic transition-metal complexes to 
organic synthesis is well documented.2'3 While most investigations 
have focused on all-carbon metallacycles, recently effort has been 
directed toward metallacycles substituted with synthetically in­
teresting heteroatoms such as oxygen and nitrogen. In these cases, 
involving early3M and late5 transition metals, the heteroatom is 
invariably bonded directly to the metal. In contrast, metallacyclic 
complexes substituted with oxygen or nitrogen on ring positions 
away from the metal center have not been investigated, despite 
the potential for using such systems in organic heterocycle syn-

(1) Du Pont Young Faculty Awardee, 1988-1989. Union Carbide Inno­
vation Recognition Program Awardee, 1989. 

(2) Selected reviews: (a) Astruc, D.; Jardine, F. H.; Tamao, K.; Kumada, 
M. In The Chemistry of the Metal-Carbon Bond; Hartley, F. R., Ed.; Wiley: 
New York, 1987; Vol. 4, Chapters 7-9. (b) Collman, J. P.; Hegedus, L. S.; 
Norton, J. R.; Finke, R. G. Principles and Applications of Organotransition 
Metal Chemistry; University Science: Mill Valley, CA, 1987; Chapters 9 and 
16. (c) Yasuda, H.; Nakamura, A. Angew. Chem., Int. Ed. Engl. 1987, 26, 
723. (d) Lindner, E. Adv. Heterocycl. Chem. 1986, 39, 237. 

(3) Recent examples and lead references: (a) Negishi, E.; Cederbaum, F. 
E.; Takahashi, T. Tetrahedron Lett. 1986, 27, 2829. Negishi, E.; Holmes, 
S. J.; Tour, J. M.; Miller, J. A. J. Am. Chem. Soc. 1985, 107, 2568 and 
references therein, (b) Buchwald, S. L.; Watson, B. T.; Huffman, J. C. /. 
Am. Chem. Soc. 1987, 109, 2544. Buchwald, S. L.; Wannamaker, M. W.; 
Watson, B. T. J. Am. Chem. Soc. 1989, /// , 776 and references therein, (c) 
Nugent, W. A.; Thorn, D. L.; Harlow, R. L. J. Am. Chem. Soc. 1987, 109, 
2788 and references therein. 

(4) These systems have been used for the construction of acyclic organic 
compounds: (a) Buchwald, S. L.; Watson, B. T.; Lum, R. T.; Nugent, W. 
A. J. Am. Chem. Soc. 1987, 109, 7137. (b) Roskamp, E. J.; Pederson, S. F. 
J. Am. Chem. Soc. 1987, 109, 6551. 

(5) Late-metal systems are models for putative intermediates in metal-
mediated oxidation processes: (a) Klein, D. P.; Hayes, J. C; Bergman, R. 
G. J. Am. Chem. Soc. 1988,110, 3704. (b) Hase, T.; Miyashita, A.; Nohira, 
H. Chem. Lett. 1988, 219. (c) See also: Lenarda, M.; Ros, R.; Traverso, O.; 
Pitts, W. D.; Baddley, W. H.; Graziani, M. Inorg. Chem. 1977, 16, 3178 and 
references therein. 
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thesis. In such ring systems, the heteroatom may influence 
structure and reactivity indirectly through electronic effects or, 
depending on the coordination environment, directly through a 
transannular dative interaction. 

We are developing synthetic pathways to oxygen- and nitro­
gen-substituted metallacycles, concentrating initially on 3-oxa-
metallacyclobutane complexes, an unprecedented organometallic 
ring system.6,7 While development of novel synthetically inter­
esting reactions is the ultimate goal of this research, stable rep­
resentative examples of this structural class must be prepared and 
comparisons drawn to the reactivity of analogous all-carbon 
metallacycles. For this reason, platinacyclobutane complexes (1) 

2 

constitute the initial targets of this investigation. Corresponding 
all-carbon platinacyclobutanes have been prepared and charac­
terized spectroscopically and crystallographically, and the reactivity 
of these complexes has been established.8,9 Additionally, in this 
system, no donor interaction from the oxygen to the platinum 
center is anticipated, decoupling assessment of the heteroatom 
electronic effect from complicating dative bonding. 

Among the many strategies for rational synthesis of the 3-
oxaplatinacyclobutane complexes, an intramolecular dehydration 
of the bis(hydroxymethyl) complex 2 was considered most in­
teresting. Bis(hydroxymethyl) complexes are unprecedented10,11 

and constitute significant synthetic targets well beyond the present 
context.12 The starting material for this investigation is the 
bis(iodomethyl) complex (COD)Pt(CH2I)2 (3) (COD = 1,5-

(6) Metallacyclobutanes with synthetically less relevant substitution in the 
3-position have been prepared: (a) Silicon: Andersen, R. A.; Jones, R. A.; 
Wilkinson, G. J. Chem. Soc, Dalton Trans. 1978, 446. Tikkanen, W. R.; Liu, 
J. Z.; Egan, J. W.; Petersen, J. L. Organometallics 1984, 3, 825. Tikkanen, 
W. R.; Egan, J. W.; Petersen, J. L. Organometallics 1984, 3, 1646. (b) 
Phosphorus (tetravalent) (Review): Weber, L. In The Chemistry of the 
Metal-Carbon Bond; Hartley, F. R., Patai, S., Eds.; Wiley: New York, 1982; 
Vol. 1, pp 117-122. (c) Sulfone: Chiu, K. W.; Fawcett, J.; Henderson, W.; 
Kemmitt, R. D. W.; Russell, D. R. J. Chem. Soc, Dalton Trans. 1987, 733. 

(7) One erroneous report has been corrected. See ref 5c. 
(8) Review: Puddephatt, R. J. Coord. Chem. Rev. 1980, 33, 149. 
(9) Recent examples: (a) Ibers, J. A.; DiCosimo, R.; Whitesides, G. M. 

Organometallics 1982, /, 13 and references therein, (b) Klingler, R. J.; 
Huffman, J. C; Kochi, J. K. J. Am. Chem. Soc. 1982, 104, 2147 and refer­
ences therein, (c) Wiberg, K. B.; McClusky, J. V.; Schulte, G. K. Tetrahedron 
Lett. 1986, 27, 3083. (d) Al-Essa, R. J.; Ling, S. S. M.; Puddephatt, R. J. 
Organometallics 1987, 6, 951 and references therein, (e) Neilsen, W. D.; 
Larsen, R. D.; Jennings, P. W. J. Am. Chem. Soc. 1988, 110, 3307 and 
references therein. (J) Chiu, K. W.; Henderson, W.; Kemmitt, R. D. W.; 
Prouse, L. J. S.; Russell, D. R. / . Chem. Soc, Dalton Trans. 1988, 427 and 
references therein. 

(10) A bis(methoxymethyl) complex of Ru has recently been reported: 
Hubbard, J. L.; Moreau, A. 196th National Meeting of the American 
Chemical Society, Los Angeles, CA, Sept 25-30, 1988, Inorganic Division, 
Abstract No. 36. 

(11) Mono(hydroxymethyl) complexes are known. See: Thorn, D. L.; 
Tulip, T. H. Organometallics 1982, 1, 1580 and references therein. 

(12) Bis(hydroxymethyl) complexes are reasonable models for investigation 
of the structure and reactivity of potential intermediates in heterogeneous and 
homogeneous processes of commercial significance. Of particular interest is 
the preparation of early-late heterodimetallic complexes supported by bridging 
formaldehyde ligands. 

cyclooctadiene), quantitatively prepared by diazomethane insertion 
into (COD)PtI2.13 Conversion of the bis(iodomethyl) complex 
to the bis(hydroxymethyl) complex requires suppression of re­
activity typically observed in similar systems: attack by nucleo-
philes on the coordinated olefin14 and solvolytic ionization of the 
carbon-halide bond, ultimately yielding ethylene.15 Thus, use 
of strongly acidic or basic conditions in the manipulation of 
bis(iodomethyl) complex 3 is precluded. 

Replacement of iodide with oxygenated functionality was ac­
complished by using AgO2CCF3 in benzene, affording bis(tri-
fluoroacetate) complex 4 in 93% yield after recrystallization from 
pentane (Scheme I).16 The trifluoroacetates were removed under 
essentially neutral conditions by methanolysis17 at high dilution 
(~0.001 M), giving the bis(hydroxymethyl) complex 5 in 89% 
yield after recrystallization from THF/hexane.18 This reaction 
may be catalyzed by trace water or acid in the methanol (0.004% 
H2O, stored over 3-A molecular sieves); no conversion was ob­
served in methanol dried with Mg(OMe)2. Bis(hydroxymethyl) 
complex 5 is air sensitive and somewhat thermally labile, de­
composing at room temperature over several days. The 1H NMR 
spectrum of 5 (300 MHz, acetone-<4) is characteristic, giving a 
doublet at 5 4.33 (7HH = 4.7 Hz, 7PtH = 71.9 Hz, 4 H) for the 
equivalent hydroxymethyl methylene groups and a triplet at <5 3.35 
(7HH = 4.7 Hz, /ptH = 40.6 Hz, 2 H) for the alcohol protons. The 
latter exchange with D2O, and resolution of the proton coupling 
is concentration dependent. A detailed investigation of the 
chemistry of this unique complex is anticipated.12 

For synthetic purposes, the bis(hydroxymethyl) complex 5 
obtained on methanol evaporation is used without further puri­
fication. Intramolecular dehydrative cyclization to oxametalla-
cyclobutane complex 6a was accomplished under similarly neutral, 
nonnucleophilic conditions using triphenylphosphine/diethyl 
azodicarboxylate, technology adapted from organic synthesis 
(Scheme I).19 To avoid displacement of the cyclooctadiene ligand, 
the phosphine and azo compound are premixed in THF prior to 
addition of 5. The product cyclooctadiene complex 6a was also 
slightly thermally sensitive; however, stable derivatives can be 
prepared in high overall yield (51-71% from 4) by replacement 
of the olefin with phosphine in situ after cyclization. The robust 
phosphine derivatives 6b-d have been fully characterized, bis-
(triphenylphosphine) complex 6b by X-ray crystallography (Figure 
I).20 In contrast to many structurally characterized platinacy-
clobutanes,60,8,9 the metallacyclic ring of 6b is completely planar 
in the solid state. 

In summary, the rational synthesis of a novel class of metal-

(13) McCrindle, R.; Arsenault, G. J.; Farwaha, R. J. Organomet. Chem. 
1985, 296, C51. 

(14) Review: Hegedus, L. S. In The Chemistry of the Metal-Carbon 
Bond; Hartley, F. R., Patai, S„ Eds.; Wiley: New York, 1985; Vol. 2, pp 
444-465. 

(15) McCrindle, R.; Arsenault, G. J.; Farwaha, R.; Hampden-Smith, M. 
J.; McAlees, A. J. J. Chem. Soc, Chem. Commun. 1986, 943. 

(16) Spectroscopic data for complex 4: mp 61-63 0C (open tube, no dec); 
IR (KBr) 2920, 1770, 1140, 860, 770 cm"1; 'H NMR (300 MHz, CDCl3) 6 
5.19 (br s, 7p,H = 41.4 Hz, 4 H), 5.06 (s, JnH = 67.2 Hz, 4 H), 2.46 (br s, 
8 H); 13C(1H) NMR (75 MHz, CDCl3) 5 158.2 (q, JFC = 39.1 Hz), 114.7 (q, 
JFC = 287 Hz), 103.6 (s, 7p,c = 63.4 Hz), 67.9 (s, /p,c = 984 Hz), 29.4 (s). 
Anal. Calcd for C14H16F6O4Pt: C, 30.17; H, 2.89. Found: C, 30.11; H, 2.98. 

(17) Bourne, E. J.; Tatlow, C. E. M.; Tatlow, J. C. J. Chem. Soc. 1950, 
1367. 

(18) Spectroscopic data for complex 5: mp 113-115 0C (evacuated sealed 
tube, dec); IR (KBr) 3230 (br), 2940, 2880, 1215, 1140, 950 cm"1; 1H NMR 
(300 MHz, (CD3)2CO) S 5.19 (br s, / n H = 38.8 Hz, 4 H), 4.33 (d, JHH = 
4.7 Hz, Jf111 = 71.9 Hz, 4 H), 3.35 (t, Jm = 4.7 Hz, J n H = 40.6 Hz, 
exchanges with D2O, 2 H), 2,38 (br s, 8 H); '5Q1Hl NMR (75 MHz, CDCl3) 
a 102.2 (s, Jnc = 48.7 Hz), 62.7 (s, JnC = 993 Hz), 29.3 (s). Anal. Calcd 
for C10H18O2Pt: C, 32.88; H, 4.97. Found: C, 32.77; H, 4.70. 

(19) (a) Mitsunobu, O. Synthesis 1981, 1. (b) Formation of oxetane, the 
parent organic oxacyclobutane, under Mitsunobu conditions has been reported: 
Carlock, J. T.; Mack, M. P. Tetrahedron Lett. 1978, 5153. 

(20) Spectroscopic data for complex 6b: mp 127-129 0C (open tube, no 
dec); IR (KBr) 3080, 3060, 2900, 2880, 2810, 1485, 1440, 1100, 920, 745, 
695 cm"1; 1H NMR (300 MHz, CDCl3) b 7.39-7.13 (m, 30 H), 3.55 (s, /p,H 
= 73.5 Hz, 4 H); 13C(1HI NMR (75 MHz, CDCl3) S 134.0 (m), 133.3 (d, JK 
= 43.5 Hz), 129.6 (s), 127.8 (m), 31.6 (d, JK = 86.0 Hz, J910 = 471 Hz). 
31P(1H) NMR (146 MHz, CDCl3) 5 25.3 (s, Jn? = 1797 Hz). Anal. Calcd 
for C38H34OP2Pt: C, 59.76; H, 4.49. Found: C, 59.72; H, 4.51. 
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Figure 1. ORTEP drawing of complex 6b. Selected bond distances (A): 
Pt(l)-C(2), 2.061 (22); Pt(l)-C(4), 2.037 (20); 0(3)-C(2), 1.434 (26); 
0(3)-C(4), 1.467 (24); Pt(l)-P(5), 2.302 (5); Pt(l)-P(24), 2.315 (5). 
Selected bond angles (deg): C(2)-Pt(l)-C(4), 65.1 (8); Pt(l)-C(2)-0-
(3), 97.9 (13); Pt(l)-C(4)-0(3), 97.9 (12); C(2)-0(3)-C(4), 99.0 (14); 
P(5)-Pt(l)-P(24), 102.85 (18); P(5)-Pt(l)-C(4), 94.6 (6); P(24)-Pt-
(1)-C(2), 97.5 (6). Final residuals: R(F) = 0.087 and RW(F) = 0.088. 

lacyclobutane complexes has been accomplished through the 
controlled manipulation of organometallic precursors possessing 
multiple reactive sites. The reactivity of these compositionally 
unique metallacycles toward migratory insertion and oxidative 
addition is currently being explored. 

Acknowledgment. We thank Dr. John Huffman for the X-ray 
crystal structure determination. Financial support from the donors 
of the Petroleum Research Fund, administered by the American 
Chemical Society, is gratefully acknowledged. 

Supplementary Material Available: Spectroscopic and analytical 
data for complexes 6a, 6c, and 6d, details of the X-ray data 
collection and structure solution (6b), atomic positional and 
thermal parameters, and complete bond distance and angle data 
(17 pages); a listing of F0 vs Fc (20 pages). Ordering information 
is given on any current masthead page. 

Long-Range (Fe2+(heme) - * (M(porphyrin))+) Electron 
Transfer within [M, Fe] (M = Mg, Zn) Hemoglobin 
Hybrids 

Michael J. Natan and Brian M. Hoffman* 

Department of Chemistry, Northwestern University 
Evanston, Illinois 60208 

Received April 5, 1989 

We report the spectroscopic observation of long-range Fe2+P 
—• (MP)+ electron transfer (eq 1) within the charge-transfer 

(MP)+ + Fe2+P — • MP + Fe3+P (D 
intermediate of the mixed-metal [/3(MP), a(FeP)] (M = Mg, Zn) 
hemoglobin (Hb) hybrids.1 We2'3 and others4"7 have shown that 
proteins modified to contain closed-shell metalloporphyrins can 
be used to study photoinitiated electron transfer from the triplet 
state (eq 2). In general, however, it is difficult to observe the 

3(MP) + Fe3+P - ^ (MP)+ + Fe2+P (2) 

(1) All experiments here refer to the [/3(MP), a(FeP)] hybrid where P = 
protoporphyrin IX and the symbol in brackets for the hybrid represents an 
[a2, ft] T-state tetramer of hemoglobin (Hb) in which the iron ions in the two 
/3-chains are replaced by M = Mg or Zn; Cc, cytochrome c; CcP, cytochrome 
c peroxidase. 

- 1 0 D 10 20 30 40 

Time (ms) 

Figure 1. Normalized kinetic progress curves at 5 0C for mixed-metal 
Hb hybrids: [/3(Mg), a(Fe)] (D, X = 432 nm); [/3(Zn), a(Fe)] (•, X = 
435 nm). Solid lines are nonlinear least-squares fits to the equations in 
ref 20and21. For [Mg, Fe], kb = 155 (15) s"', Arp = 47 (5) s"1, and A:m 

= 20 (5) s"1; for [Zn, Fe], kb = 350(35) s"1, kp = 112 (10) s"1, and km 

= 40 (8) s"1. Buffer: 0.01 M KP1, pH 7.0. 

Scheme 1 
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charge-separated state and the charge-return reaction, eq 1, the 
major success to date being with [cytochrome c, cytochrome c 
peroxidase] complexes.3 This report shows that [Zn, Fe] and [Mg, 
Fe] Hb hybrids are excellent systems for studying the electron 
transfer reaction of eq 1 as well as that of eq 2. Furthermore, 
comparison of Mg and Zn hybrids provides a powerful probe of 
mechanistic, energetic, and electronic aspects of long-range 
electron transfer in protein complexes.2"14 

(2) (a) McGourty, J. M.; Peterson-Kennedy, S. E.; Ruo, W. Y.; Hoffman, 
B. M. Biochemistry 1987, 26, 8302-8312. (b) Peterson-Kennedy, S. E.; 
McGourty, J. L.; Kalweit, J. A.; Hoffman, B. M. J. Am. Chem. Soc. 1986, 
108, 1739-1746. 

(3) (a) Liang, N.; Mauk, A. G.; Pielak, G. J.; Johnson, J. A.; Smith, M.; 
Hoffman, B. M. Science 1988, 240, 311-313. (b) Liang, N.; P'elak, G. J.; 
Mauk, A. G.; Smith, M.; Hoffman, B. M. Proc. Natl. Acad. Sci. U.S.A. 1987, 
84, 1249-1252. (c) Liang, N.; Kang, C. H.; Ho, P. S.; Margoliash, E.; 
Hoffman, B. M. J. Am. Chem. Soc. 1986, 108, 4665-4666. 

(4) (a) Axup, A. W.; Albin, M.; Mayo, S. L.; Crutchley, R. J.; Gray, H. 
B. / . Am. Chem. Soc. 1988, UO, 435-439. (b) Karas, J. L.; Lieber, C. M.; 
Gray, H. B. J. Am. Chem. Soc. 1988, 110, 599-600. 

(5) Elias, H.; Chou, M. H.; Winkler, J. R. J. Am. Chem. Soc. 1988, 110, 
429-434. 

(6) (a) McLendon, G.; Pardue, K.; Bak, P. J. Am. Chem. Soc. 1987, 109, 
7540-7541. (b) McLendon, G.; Guarr, T.; McGuire, M.; Simolo, K.; Strach, 
S.; Taylor, K. Coord. Chem. Rev. 1985, 64, 113-124. 

(7) (a) Shosheva, A. Ch.; Cristova, P. K.; Atanasov, B. P. Biochim. Bio-
phys. Acta 1988, 957, 202-206. (b) Koloczek, H.; Horie, T.; Yonetani, T.; 
Anni, H.; Maniara, G.; Vanderkooi, J. M. Biochemistry 1987, 26, 3142-3148. 

(8) (a) Mayo, S. L.; Ellis, W. R., Jr.; Crutchley, R. J.; Gray, H. B. Science 
1986, 233, 948-952. (b) Gray, H. B. Chem. Soc. Rev. 1986, 15, 17-30. (c) 
Crutchley, R. J.; Ellis, W. R.; Gray, H. B. In Frontiers in Bioinorganic 
Chemistry; Xavier, A. V., Ed.; VCH Verlagsgesellschaft: Weinheim, FRG, 
1986; pp 679-693. 

(9) (a) Bechtold, R.; Kuehn, C; Lepre, C; Isied, S. S. Nature 1986, 322, 
286-288. (b) Bechtold, R.; Gardineer, M. B.; Kazmi, A.; van Hemelryck, B.; 
Isied, S. S. J. Phys. Chem. 1986, 90, 3800-3804. (c) Isied, S. S.; Kuehn, C; 
Worosila, G. J. Am. Chem. Soc. 1984, 106, 1722-1726. 

(10) Kostic, N. M.; Peery, L. M. Biochemistry, 1989, 28, 1861-1868. 
(11) (a) McLendon, G. Ace. Chem. Res. 1988, 21, 160-167. (b) Conklin, 

K. T.; McLendon, G. J. Am. Chem. Soc. 1988, 110, 3345-3350. 
(12) (a) Miller, M. A.; Hazzard, J. T.; Mauro, J. M.; Edwards, S. L.; 

Simons, P. C; Tollin, G.; Kraut, J. Biochemistry 1988, 27, 9081-9088. (b) 
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