Models for Copper-Containing Proteins:
Five-Coordinate Complexes of Copper(l)
Sir:

Hemocyanin, tyrosinase, laccase, cytochrome oxidase, and
galactose oxidase are all proteins which contain copper and
which bind and/or utilize molecular oxygen. Neither the mode
of action nor the nature of active sites of any of these proteins
has been clearly defined but all employ Cu(I) in reactions.
Moreover, nitrogen ligands, e.g., imidazoles of polypeptidyl
histidines, are thought to play a major role in binding copper
in these proteins.!:2 To help elucidate the nature and mecha-
nisms of action of these and related copper-containing proteins
we are investigating the structures and reactivities of a number
of Cu(I) complexes with nitrogen ligands. Since both Cu(I)
and Cu(II) are substitution labile, polydentate ligands, some
macrocyclic, have been employed to provide a well-defined
ligand environment, even in solution. Herein we report the
preparation of unique five-coordinate Cu(I) complexes via the
agency of a macrocyclic ligand.

Addition of a hot DMK? solution of Cu(ClO4)2:xH-0 to
a twofold excess of HDOH,3# in hot DMK yields, upon cool-
ing, dark red-brown, crystalline Cu(DOH)Cl0O4H,0,5¢ 1.
Treating 1 with boron trifluoride etherate in boiling dioxane
followed by recrystallization from DMK /dioxane yields red
crystalline [Cu(DOBF,)Cl0,],-C4Hs0,,° 2 in which dioxane
may be serving as a u-bidentate ligand.” No suitable chemical
reducing agents for 1 or 2 have been found; thus far all at-
tempts have led to copper displacement from the macrocycle,
often with production of copper metal. However, cyclic volt-
ammograms® of 1!°and 2!! in CH3CN, DMK, and CH,Cl,
indicate nearly reversible electrochemical redox behavior.
Constant potential electrolysis® (cpe) under N; of red CH3CN
solutions of either 1 (at —=1.2 V) or 2 (at —1.0 V) yields dark
blue solutions of the corresponding Cu(I) complexes. These
solutions are very stable at 25 °C, under N, giving no indi-
cations of disproportionation. When cpe of 2 is effected in
DMK (0.1 M in 2) red, crystalline complex, Cu(DOBF,), 3,
(blue when ground to a powder) is formed during electrolysis
and can be isolated, by filtration.® Though the solid Cu(I)
complex, 3, appears stable in air, its blue solutions (DMK,
CH;CN, CH,Cl,, CsH3) irreversibly turn brown upon expo-
sure to O,. Neither the O; reaction nor the oxidation products
are simple but rather are very solvent and temperature de-
pendent; these are the focus of continuing investigation.
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Blue solutions of 3 (DMK, CH3CN, CH,Cl,, C;Hg) at 25
°C react rapidly with CO to give light yellow solutions. Purging
the yellow solutions with N; or placing them in vacuo rapidly
restores the blue color, a process which can be repeated several
times without apparent decomposition. Presumably five-
coordinate, orange, crystalline carbonyl complex, Cu-
(DOBF;)(CO), 4, can be isolated from CO saturated DMK
solutions of 3 by slow addition of heptane® (air stable as solid,
vco 2068 cm").
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Blue DMK solutions of 3, under N, also appear to react
with added 1-MeIm. Slow addition of heptane to the resulting
emerald green solutions yields the crystalline 1-Melm adduct,
Cu(DOBF;)(1-MeIm),’ 5.

We suggest that the carbonyl, 4, and 1-Melm, §, adducts
are five (or more)-coordinate complexes, a coordination
number that has apparently not been previously reported for
Cu(I).'2 That these complexes are five coordinate, probably
square pyramidyl, is suggested by several observations. (1)
Elemental analyses are consistent with the empirical formulas.
(2) 1t is highly unlikely that any of the four macrocycle-ni-
trogen ligands of 3 are dissociating upon formation of the
carbonyl or imidazole adducts. In fact, there are no clear ex-
amples of readily reversible dissociation~-association of one or
more liganding atoms in a tetradentate, macrocyclic complex.
(3) Solutions of 3 in DMK, CH,Cl5, and C;Hjg are all royal
blue but CH3CN gives, at 25 °C, an aquamarine colored so-
lution. Cooling the latter to —40 °C yields an emerald green
solution, similar to that of Cu(DOBF,)(1-Melm), §,in DMK
at 25 °C. Rewarming the green CH;CN solution to 25 °C
restores the aquamarine color. This temperature sensitivity is
best explained by formation of a five (or more)-coordinate
Cu(I) complex in which at least one CH3CN is weakly coor-
dinated to Cu. Thus cooling the solution drives the equilibrium
ta the CH3CN complex, 6. That CH1CN, which competes only
poorly as a ligand at 25 °C, should induce even partial mac-
rocyclic-ligand-nitrogen dissociation at —40 °C seems espe-
cially unlikely.

Cu(DOB¥,) + nCH,CN == Cu(DOBF,XCH;CN),

blue green
3 6

If the carbonyl complex, 4, is indeed five coordinate (a
structural investigation is in progress), its infrared stretching
frequency (vco 2068 cm™!) is notable. Only three other car-
bonyl adducts of simple Cu(I) complexes with nitrogen ligands
are known and all are four coordinate. Tetrahedral hydro-
tris(1-pyrazolyl)borato(carbonyl)copper(1)!3:14 has vco 2083
cm™!, and its dimethyl analogue, hydrotris(3,5-dimethyl-1-
pyrazolyl)borato(carbonyl)copper(I),!® exhibits vco 2066
cm™!, while the isoindoline complex, 6'¢ (probably distorted
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square planar), has vco 2068 cm™!. Thus only small variation
in vco has been observed despite rather different coordination
geometries for Cu(I). Thus the CO derivative of hemocyanin
(vco 2040-60 cm™! 17), whose coordination geometry has not
been determined, could have one or both copper atoms in the
active site as five (or more) coordinate. More generally the
possibility of five (or more) coordination in any Cu(I) con-
taining protein must not be overlooked. '8
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Pseudodilution, the Solid-Phase
Immobilization of Benzyne
Sir:

Among the various advantages associated with solid-phase
synthesis, the possibility of maintaining mutual separation of
reactive functional groups bound to the same polymer support

is particularly attractive. The results of studies directed at
determining the extent of such isolation! have not been very

encouraging and, in fact, examples of extensive reaction be-
tween polymer-bound functional groups have been reported.?
We have found that the ubiquitous dimerization reaction of
benzyne is completely suppressed by attachment of this reac-
tive molecule to a polystyrene resin, thereby extending its
lifetime at room temperature to more than a minute.

While benzyne has been isolated as a stable entity in rigid
matrices at very low temperature,? its lifetime in solution and
in the gas phase is limited by dimerization to form biphenylene.
This process occurs at a rate approaching diffusion control.*
In order to determine the effect of polymer immobilization the
method of Campbell and Rees? for the generation of benzyne
was adapted.
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The ketomalonate imine of 6-38-hydroxyethyl-1-amino-
benzotriazole, Ia, was attached to carboxylated polystyrene
resin® as the ester Ib. For control experiments the benzoyl ester
Id was prepared as well. Deprotection of the amino group was
effected by selective hydrolysis with aqueous hydroxylamine.
Oxidation of the aminotriazole with lead tetraacetate resulted
in rapid evolution of N, and formation of characteristic aryne
addition products.? Thus reaction of IIb in dichloroethane with
1 equiv of lead tetraacetate at 23 °C in the presence of excess
tetracyclone, followed by saponification of the resin esters,
yielded IIIa (99% based on N, evolution).
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In the absence of trapping agents, behavior of the resin-
bound and solution-phase arynes differed greatly. Oxidation
of 1Id in concentrations as low as 0.006 M provided the two
isomeric biphenylenes IVd as the only isolable product (65%
yield). By contrast, oxidation of IIb, followed by saponification
of the product yielded no detectable amount of the corre-
sponding dimer alcohols, IVa. A yield as low as 0.3% would
have been detected. The possibility that resin-bound dimers
were formed but resisted saponification was ruled out by the
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