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symmetric (Re-O-Re) stretching mode. Similarly, when a
CH,Cl, solution of 3 is treated with H,O, the original yellow color
is discharged in favor of deep purple and a black precipitate is
formed. This black precipitate is again insoluble in common
organic solvents and displays an IR spectrum that retains all of
the characteristic dithiocarbamate absorptions of 3 but that also
shows a strong broad band at 694 cm™, assignable as »(Re—O-Re).
Repeating the above experiment with H,O enriched in both 170
and '®O affords a product displaying additional IR bands at 679
and 660 cm™!; calculated values for »(Re-'"O-Re) and »(Re-
180-Re) modes are 675 and 658 cm™!, respectively. The hydrolytic
coupling reaction of 3 has also been monitored by 'H NMR
spectroscopy. When an excess of H,O is added to a CDCl,
solution of 3, the peaks due to the rhenium complex disappear
as the precipitate forms, while signals due to free ethanol increase
in intensity. No intermediates could be observed, and there was
no evidence for other decomposition products being formed. Thus,
we formulate the coupling reaction as shown in eq 5. Over a 2-h

(n+1) 3 + nH20 -
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period at 298 K, the amount of ethanol formed corresponded to
approximately 80% of the ethoxide ligands originally present in
the sample; this result implies an average value of 4 for n in eq
5. We have attempted to prepare oligomers of greater solubility
by employing a dicyclohexyldithiocarbamate analogue of 3 in the
coupling reaction, but the resulting oxo-bridged material (»(Re-
O-Re) = 692 cm™') was again insoluble.

This study has demonstrated that, by the proper choice of
coligands, phenylenediimido complexes can be used as reactive
“monomers” in the construction of novel extended-chain inorganic
materials. With proper modifications, such as varying the bridging
ligands and tuning of oxidation states, such species may be ex-
pected to display novel conducting properties, and we are now
pursuing this line of investigation.
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Structure of an L-Tyrosyl-L-histidine—-Copper Complex
Involving an Axial Copper(II)-Phenol OH Bonding.
Implication for Substrate Binding at the Active Site of
Tyrosinase

Tyrosinase is a copper-containing monooxygenase that catalyzes
the hydroxylation of phenols to catechols (cresolase activity) and
the two-electron oxidation of catechols to o-quinones (catecholase
activity).!?  On the basis of the structural similarity of oxy-
tyrosinase to oxyhemocyanin and the associative ligand substitution

(1) Solomon, E. I. In Copper Proteins; Spiro, T. G., Ed.; Wiley-Interscience:
New York, 1981; Chapter 2.
(2) Lerch, K. Met. Ions Biol. Syst. 1981, 13, 143.
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Figure 1. Computer-drawing model for [Cu(Tyr-His)]. Thermal ellip-
soids are drawn at the 50% probability level; hydrogen atoms are omitted.
The labeling scheme used for the atoms in the molecule is also shown.
The atoms with and without primes are related by a screw axis. Selected
bond lengths (A) and angles (deg): Cu-N(1) = 2.022 (4); Cu-N(2) =
1.930 (4); Cu-N(3) = 1.961 (4); Cu-O(3’) = 1.938 (4); Cu-0(4") =
2.601 (4); N(1)-Cu-N(2) = 83.6 (2); N(1)-Cu~-N(3) = 177.0 (2);
N(2)-Cu-N(3) = 93.9 (2); O(3")-Cu-N(1) = 94.7 (1); O(3")-Cu-N(2)
= 174.8 (1); O(3)-Cu-N(3) = 87.8 (1); O(4")—Cu-N(1) = 87.8 (1);
0O(4”)-Cu-N(2) = 89.8 (1); O(4”)~Cu~N(3) = 90.6 (1); O(4")~Cu-
0(3) = 85.3 (3); Cu-0O(4")-C(7"") = 136.8 (3).

mechanism, Solomon et al.!** proposed the molecular orientations
for the hydroxylation and oxidation reactions through systematic
chemical and spectroscopic studies. Very recent X-ray crystal
structure analyses have revealed the coordination mode of the
binuclear copper center in hemocyanin® and the Q,*-bridged
binuclear structure of a Cu(II) complex.” Although Cu(II)-
phenolic substrate interactions are reasonably required for the
enzymatic hydroxylation mechanism, it remains unclear whether
the phenol group coordinates to the Cu(II) ion in the phenolate
(O") form or in the protonated (OH) form because of the lack
of structural information on Cu(II)-phenol bonding.

In order to shed light on the tyrosine side chain interactions
with Cu(II) bound with nitrogen donors including imidazole, we
made an X-ray diffraction study of the copper(II) complex of
L-tyrosyl-L-histidine (Tyr-His), [Cu(Tyr-His)] (1), as a model

(3) Himmelwright, R. S.; Eickman, N. C.; LuBien, C. D.; Lerch, K,;
Solomon, E. I. J. Am. Chem. Soc. 1980, 102, 7339.

(4) Winkler, M. E.; Lerch, K.; Solomon, E. L. J. Am. Chem. Soc. 1981, 103,
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Bak, H. J.; Beintema, J. J. Nature (London) 1984, 309, 23. (b) Linzen,
B.; Soeter, N. M.; Riggs, A. F.; Schneider, H.-J.; Schartau, W.; Moore,
M. D,; Yokota, E.; Behrens, P. Q.; Nakashima, H.; Takagi, T.; Nemoto,
T.; Vereijken, J. M.; Bak, H. J.; Beintema, J. J.; Volbeda, A.; Gaykema,
W. P. J.; Hol, W. G. J. Science (Washington, D.C.) 19858, 229, 519.
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Figure 2. CD spectra of Cu(Tyr-His) (a) and Cu(L-tyrosine), (b) in KBr
disks.'® The 350-nm peak disappeared in aqueous solution.

for the putative tyrosinase-substrate intermediate. To the best
of our knowledge, this is the first structural evidence for phenolic
oxygen coordination to Cu(II) without deprotonation.
Aqueous solutions of Tyr-His-HCI-0.5H,0 (0.55 mmol) and
Cu(ClQ,),6H,0 (0.55 mmol) were mixed and neutralized (pH
7) to make the final volume 150 mL.® Violet crystals of 1 suitable
for X-ray diffraction studies separated from the solution after
several days. The molecular structure of the complex is shown
in Figure 1.° The central copper(II) ion, five-coordinated, has
an approximate square-pyramidal geometry, where the three
nitrogen atoms of Tyr-His and one carboxylate oxygen atom from
the neighboring molecule constitute the square-planar base. Most
important is the fact that the phenolic oxygen (O(4”)) of the
neighboring complex occupies the apical position to complete the
square pyramid. The basal coordination plane is planar to within
0.03 A, and the Cu-O(4”) vector is almost perpendicular to this
plane. Probably due to coordination of the phenol group, the
Cu(II) ion moves out of the mean basal plane toward the apical
ligand by 0.06 A. The equatorial Cu~N and Cu-O bond lengths
(Cu-N(1) = 2.022 (4)6.2, Cu-N(2) = 1.930(4) A, Cu-N(3) =
1.961 (4) A, and Cu-O(3’) = 1.938 (4) A) agree well with those
generally found in square-planar Cu(IT) complexes.!®!? Although
there is hitherto no direct information on Cu(II)-phenol bonding,
the axial Cu—O(4”)(phenol) distance, 2.601 (4) A, is considerably
longer than the sum of the ionic radii for Cu(II) (0.72 A) and
-0~ (1.40 A)" and the axial Cu~O(water) bond length, 2.301
A, reported for a similar five-coordinated pyramidal Cu(II)
complex.!? It is still within the range of 2.2-2.9 A known for the
axial Cu—O bond lengths,'* and the O(4”) atom is considered to

(8) Yamauchi, O.; Tsujide, K.; Odani, A. J. Am. Chem. Soc. 1985, 107,
659

(9) Crystal data: CuC,sH (N, Oy M, = 397.88, orthorhombic, space group
P2,2\2),a =17.388 (5) 3.. b=6.560 (1) A, c=13.060 (2) A, V=
1489.7 A3, Z =4, D, = 1.774 g cm™3, u(Cu Ka) = 23.74 cm™!, crystal
dimensions 0.1 X 0.1 X 0.2 mm. Intensity data in the range 26 < 120°
were collected by the w—28 scan technique using a Rigaku AFC-5RU
automated diffractometer. The structure was solved by a direct method
(MULTANT8) and was refined by least-squares techniques. The final R
and R, values were 0.033 and 0.033, respectively, for 1287 unique
reflections with |F | 2 30|F,|. Full details are provided in the supple-
mentary material.

(10) van der Helm, D.; Tatsch, C. E. Acta Crystallogr. 1972, B28, 2307.

(11) Freeman, H. C., Adv. Protein Chem. 1967, 22, 257.

(12) Pajunen, A,; Pajunen, S. Acta Crystallogr. 1982, B38, 3093.

(13) Wells, A. F. Structural Inorganic Chemistry; Oxford University Press:
New York, 1975; p 259.

(14) Procter, I. M.; Hathaway, B. J,; Nicholls, P. J. Chem. Soc. A 1968,
1678.
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be weakly coordinated. No such coordination has been observed
in [Cu(L-tyrosine),]'9 and the ternary complexes [Cu(2,2’-bi-
pyridine)(L-tyrosine)]* and [Cu(l,10-phenanthroline)(L-tyro-
sine)]*.}*  Spectroscopic evidence supports the Cu(I1)-OH-
(phenol) bonding; the circular dichroism (CD) spectra of 1 and
Cu(L-tyrosine), measured in the solid state (KBr disk)!¢ revealed
that 1 has a positive peak at 350 nm probably due to the Cu-
(IT)-OH(phenol) bond, whereas the latter without such a bond
does not have a peak around this wavelength (Figure 2). The
equatorial Cu(II)-O (phenolate) bond in a dimeric complex gives
rise to a negative peak at 390-400 nm in aqueous solution.?
Solution equilibrium studies have shown that the phenol OH group
of 1 has a macroscopic pX, value of 9.18,% which is comparable
with the microscopic constant (9.5) reported for the side chain
phenol group in Cu(II)—glycyl-L-tyrosine!” and indicates that the
OH group is undissociated at neutral pH.

Another feature of the complex is the close contact between
the Cu(II) ion and the carbon atom (C(4)) of the phenol ring
(Cu-C(4) = 3.59 A). Examples of similar and closer contacts
(3.04-3.34 A) between Cu(II) and aromatic rings have been
reported for Cu(L-tyrosine),'® and Cu(II)-peptide complexes!'®1°
and are also found in the ternary complexes cited above. For steric
reasons, the Cu(II)-aromatic ring interaction is considered to be
cooperative with the intramolecular aromatic ring stacking.?® The
closest Cu-Cu distance in 1 is 6.725 (2) A, which excludes
magnetic interactions between the two Cu(II) centers.?!

Although the axial Cu(II)-OH{phenol) bonding is not expected
to be maintained in aqueous solution, it can probably exist in a
hydrophobic environment in the absence of other ligating groups.
The present finding suggests the possibility that the undissociated
phenol group of tyrosine is initially bound at the axial position
of the active site of tyrosinase and then undergoes facile depro-
tonation in the course of the enzyme action. The phenol ring-
imidazole ring stacking?® may assist the hydroxylation reaction.
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angles (6 pages); a listing of structure factor amplitudes (F,, F.) (6
pages). Ordering information is given on any current masthead page.
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