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ligands and their copper(I) complexes related to metalloenzymes
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Abstract—Tris(4-imidazolyl)carbinol, which has close coordination environment to the active site of metalloenzymes, has not been
utilized as a biomimetic ligand because of its instability. We have synthesized stable tris(4-imidazolyl)carbinol derivatives having a
methyl group as the NH protective group and a bulky substituent on the imidazole ring for stabilizing reactive species bound to the
metal center. These ligands provide stable monomeric copper(I) complexes whose coordination environment are very close to the

active site of metalloenzymes.
© 2005 Elsevier Ltd. All rights reserved.

In non-heme metalloenzymes, imidazole rings of histi-
dine residues often form part of the metal-binding site.!
For example, in the active sites of hemocyanin (Cu),'?
nitrite reductase (Cu),'® and carbonic anhydrase
(Zn),'® three imidazoles coordinate to one metal ion
(Fig. 1a). Because the coordination environment with
three histidine imidazoles are generally occurred in
many non-heme metalloenzymes, tripodal N-donor li-
gands such as hydrotris(2-pyrazolyl)borate and triazacy-
clononane have been used for synthetic model studies to
mimic the active centers.”> For biomimetic studies,
ligands with imidazolyl units are more desirable to
understand the nature of metalloenzymes. Especially, a
tripodal ligand with three 4-imidazolyl units, e.g.,
tris(4-imidazolyl)carbinol,® is better suited because the
coordination environment of this ligand is close to the
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Figure 1. (a) Structure of the active site of copper-containing nitrite
reductase. (b) Tris(4-imidazolyl)carbinol.
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active sites of metalloenzymes, as shown in Figure 1.
Recently, Collman et al. succeeded in synthesis of
tris(4-imidazolyl)carbinol by nucleophilic addition of
4-magnesio-1-tritylimidazole to methyl chloroformate.*
However, the labile trityl protecting group and the ab-
sence of steric effect around the metal ion of this ligand
prevent the application to biomimetic study. Actually,
the absence of bulky substituents in tripodal ligands re-
sults in the formation of the complex coordinating two
ligands to one metal ion or the intermolecular dimer
bridged by the ligand.?¢ The use of appropriately posi-
tioned, large alkyl substituents on tripodal ligands is
critical for enabling isolation of many reactive model
complexes of enzyme intermediates.’®® Therefore, it is
desirable to synthesize tris(4-imidazolyl)carbinol with
stable NH protecting group and sterically hindered sub-
stituent to mimic the reactive intermediates. Here, we re-
port the synthesis of tris(4-imidazolyl)carbinol ligands
having chemically stable methyl group as the NH pro-
tective group and bulky substituent (isopropyl or phen-
yl) for stabilizing reactive species bound to metal center.
The copper complexes prepared from these ligands can
reproduce the metal active site of copper enzymes and
are suitable for biomimetic studies.

For the synthesis of new tris(4-imidazolyl)carbinol
ligands we employed the nucleophilic addition of 4-mag-
nesioimidazole derivatives to CICO,Me (Scheme 1) in a
similar way reported by Collman et al.* 4-Todoimidazole
compounds la and 1b were readily prepared from 2-
substituted imidazoles in a large scale using the literature
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Scheme 1. Synthesis of tris(imidazolyl)carbinol ligand 5.

method?® in 78% and 84% yield, respectively. Methylation
of 1 by using NaH-CH;I procedure in THF generated the
mixture of 4-iodo isomer 2 and 5-iodo isomer 3, which
were separated by silica-gel column chromatography
(R = i-Pr: 2a 42%, 3a 40%. R = Ph: 2b 43%, 3b 42%).°
Reaction of CICO,Me with 3 equiv of 4-magnesioimidaz-
ole reagent 4 generated from 2 and EtMgBr in CH,Cl, at
room temperature afforded tris(4- 1m1dazolyl)carb1n01
derivative HOC(Im"*")5 (5a) or HOC(Im""); (5b), which
were isolated by alumina column chromatography in 38%
or 33% yield, respectively.” The structures of 5a and 5b
were mainly confirmed by using 'H NMR, '*C NMR,
and MS spectroscopy. In the 'H and '*C NMR spectra
of 5a and 5b, one set of imidazolyl signals were observed
together with the bridgehead (COH) signal in each case,
indicating that three imidazolyl groups are in equivalent
conditions. The MS analysis of 5a and 5b showed the
medmn}gful peaks asmg ned for tertiary carbocation
[C(Im™"")5]" and [C(Im™);]" generated by elimination
of the bridgehead OH™ from 5a and Sh, respectively.
The structures of these compounds were also confirmed
by single crystal X-ray analysis of their copper(I) com-
plexes (see below). Compound Sa and Sb are stable both
in the solid and solution at room temperature.

a:R=FiPr
b: R=Ph
3
R R
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By the use of 5a and 5b as supporting ligands, we }pre-
pared acetonitrile copper(I) complexes [HOC(Im'
Cu(CH*CN)]-ClO4 (6a) and [HOC(Im® h)3Cu(CH3CN)]
ClO, (6b). Reaction of Cu(CH3CN),-ClO,4® with 1 equiv
of 5a or 5b in CH,Cl, gave 6a or 6b as colorless crystals
in 68% or 75% yield, respectively.” The X-ray crystal
structure showed that 6a and 6b are monomeric com-
plexes having a distorted tetrahedral geometry with
three imidazolyl groups of the ligand and an acetomtrlle
molecule coordinating to the central metal (Fig. 2)."°
The coordination environment in 6a and 6b are similar
to the metal-binding site in copper enzyme. It has been
reported that a non-substituted tripodal ligand such as
tris-(2-imidazolyl)carbinol does not form the mono-
meric complex but the intermolecular copper(I) dimer
bridged by the ligand,>®!! so the formation of the
monomeric complexes 6a and 6b results from the steric
effect of the isopropyl or the phenyl groups in each li-
gand. The crystal structures of both complexes 6a and
6b were very close to each other in respect of their bond
lengths and angles around the copper(I) ions.'® On the
other hand, the average bond lengths of Cu—N(ligand)
in 6a and 6b are shorter than those of acetonitrile com-
plex of sterically hindered triazacyclononane and longer

Figure 2. ORTEP view of [HOC(Im""");Cu(CH;CN)]* in 6a and [HOC(Im™);Cu(CH;CN)]" in 6b drawn with the thermal ellipsoids at the 50%
probability level. Selected bond lengths (A) and angles (deg): 6a: Cu(1)-N(1), 2.100(3); Cu(1)-N(3), 2.075(3); Cu(1)-N(5), 2.130(3); Cu(1)-N(7),
1.896(4); N(1)-Cu(1)-N(3), 89.0(1); N(1)-Cu(1)-N(5), 91.3(1); N(1)-Cu(1)-N(7), 121.6(1); N(3)-Cu(1)-N(5), 89.2(1); N(3)-Cu(1)-N(7), 134.1(1);
N(5)-Cu(1)-N(7), 120.1(1). Compound 6b: Cu(1)-N(1), 2.072(8); Cu(1)-N(3), 2.105(6); Cu(1)-N(5), 2.108(7); Cu(1)-N(7), 1.883(6); N(1)-Cu(1)-
N(3), 88.9(3); N(1)-Cu(1)-N(5), 90.4(3); N(1)-Cu(1)-N(7), 121.5(4); N(3)-Cu(1)-N(5), 87.5(3); N(3)-Cu(1)-N(7), 128.3(3); N(5)-Cu(1)-N(7),

128.2(3).
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than that of sterically hindered hydrotrispyrazolyl-
borate.!? It is noteworthy that the terminal methyl
groups of three isopropyl substituents in 6a are directing
to metal side. This behavior is in contrast to the other
copper complexes bearing isopropyl-substituted tripodal
ligands, in which the terminal methyl groups are direct-
ing to the opposite side of the metal center.?* < The steric
repulsion between the isopropyl group and the adjacent
N-methyl group would direct the methyl group to the
metal side. Because of this unique structure, the isoprop-
yl group of 6a functions as the ¢-butyl group and pre-
vents the intermolecular dimer formation.2d "H NMR
measurements of 6a and 6b indicated that these struc-
tures are retained even in solution. Especially, the strong
NOE between the CH proton of the isopropyl group
and the N-methyl group in 6a suggest retention of the
unique orientation of the isopropyl group in solution.
The redox potential of 6a for Cu(I)/Cu(Il) was
+0.56 V versus SCE, which was extremely lower than
that (+0.93 V) of the hydrotrispyrazolylborate com-
plex.!! The neutral character of tris-(4-imidazolyl)carbi-
nol ligand would stabilize Cu(II) oxidation state, leading
to the decrease in the redox potential.

We have succeeded in synthesis of stable tris(4-imidazol-
yl)carbinol derivatives having methyl group at the 1-po-
sition and bulky substituent at the 2-position of each
imidazolyl ring. These ligands are suitable for mimick-
ing the metal-binding sites of non-heme metallo-
enzymes. Further studies with these new ligands are
now underway.
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