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Tripodal bis(imidazole) thioether ligands and the corresponding but only one Clianalogue has been reporte@iven the
copper(l) complexes [(BIMT-OR)CU(L)]PFs [L = CHsCN (2), CO significantly different basicify? and donof-acceptor proper-
(3); R = H (a), CHs (b)] have been prepared as models for the ties!? of imidazole vis a vis the other common nitrogen lig-
Cu(B) site of copper hydroxylase enzymes. The IR »(CO) values : .
of 3a:and 3b (L = CO) are comparable to those of the carbonylated ands, the most accurate structural and functional mimics for
enzymes. The reaction of 2a with O, gives dinuclear complex 4 histidine-rich metalloenzymes are likely to be provided by
with bridging BIMT-O ligands and oxidized —SMe groups, whereas incorporating the actual biological donor set. Toward this
oxygenation of 2b affords [(BIMT-OMe),Cu0(H),](CF:SOs). (5) goal, we report here the preparation of biomimetic tripodal
and Cu(BIMT-OMe)(DMF).](PFe): (6). bis(imidazole) thioether (BIMT) ligands, the corresponding
Cu complexes, and their reactivity with CO and.O
The copper hydroxylase enzymes, dopanfirieydroxy- To provide the desired bis(imidazole) thioether donor set

lase (OBH) and peptidylglycinex-hydroxylating monooxy- of the Cu(B) center in a sterically encumbered environment
genase (PHM), catalyze the regio- and enantioselective hy-that could limit the formation of bimetallic species, we
droxylation of mildly activated €H bonds by Q. These targeted the phenylated tripodal ligands BIMT-Oté) and
enzymes appear to have very similar active-site structures,BIMT-OMe (1b), which are conveniently prepared from 4,5-
featuring two Cu centers separated by ca. 11 A, with the diphenylimidazole (Scheme 3 Compounddaand1b react
Cu(A) site being ligated by three histidine-derived imidazoles readily with [Cu(CHCN)4PFs (CH.Cl,, rt) to afford the

and the Cu(B) site by two histidines and a methionine re- somewhat air-sensitive [(BIMT-OR)Cu(GEN)]PF; (2a,b);
sidue? Spectroscopic and amino acid deletion studies suggestthe former was characterized spectroscopically.

that upon reduction both Qand the substrate are activated =~ Complexe2aand2b are convenient precursors for inves-
at the Cu(B) sité.A recent X-ray structure of the £bound tigating reactions with biorelevant substrates such as CO and
PHM enzyme has revealed an unusual end-on coordinationO,. Bubbling CO into a CHCl, solution of2ab (3 h, rt)
mode to the Cu(B) centéf contrasting with the more com-
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(deg): Cut-C43 1.811(2), CutN25 2.0005(19), CuN1 2.0259(17),
Cul-S1 2.4392(7), C43044 1.123(2); C43Cul-N25 122.90(9), C43

Cul-N1 132.84(10), C43Cul-S1 118.81(9), N25Cul-N1 90.67(7),
N25-Cul-S1 93.37(6), N+ Cul-S1 87.33(5), CutC43-044 177.4(2).
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Scheme 2

2+

2PFg

N1 1.958(2), Cu+038 1.9599(16), CutCulA 3.0302(7).

2) showed it to be a product of adventitious oxidation. The
centrosymmetric dinuclear structuredfFigure 2}’ consists

resulted in the appearance of a strong IR absorption nearqs yyq five-coordinate Cticenters, each terminally coordi-

2100 cml. Addition of ether-petroleum ether induced
crystallization of the colorless, air-sensitive carbonyl com-
plexes [(BIMT-OR)Cu(CO)]Pk (3ab; Scheme 1). The
molecular structure ddawas established by X-ray diffraction
(Figure 1}2 and consists of a slightly distorted pyramidal
arrangement about the Ceenter formed by the tridentate
BIMT and CO ligands. Notwithstanding the uniqueSN
(L)—Cu donor atom set and a bifurcated—®l—FPF

nated to one imidazole N, a DMF O, and a sulfoxide O,
with the Cu centers bridged by two alkoxo O atoms from
the deprotonated tripodal ligands. Thus, both the Cu and S
atoms are oxidized during the conversion2afto 4. This
facile S oxidation can be compared to known Cu-mediated
oxidations of thioethet8 and of the methionine residue of
the amyloid3-peptide (A3)'° but contrasted with the apparent
oxidative inertness of the Cu(B) active-site methionine in

hydrogen bond, the observed bond lengths and angles argygyy ang pHM. Related tris(imidazole) carbinol ligands have

unexceptional relative to reporteck@®LI—CO structured?
A close electronic similarity of the Cu centers in the carbonyl
complexes8aand3b with the Cu(B) site of the carbonylated

also been found to form polynuclear, alkoxo-bridged' Cu
complexe<?
In contrast, room-temperature oxygenation of the BIMT-

copper hydroxylases is indicated by comparable CO vibra- qpe complexeb or 3b (1 atm of Q, CH,Cl,, 12 h), for

tional frequencies: PHM (2093 cf),*> DSH (2089 cnit),6
3a (2102 cmt), and3b (2095 cn1?).

The reactions of the hydroxy and methoxy tripodal com-
plexes2a and 2b with O, produced remarkably different
results. Slow recrystallization &a from a dimethylforma-
mide (DMF)—ether solution over a week’s time afforded
green crystals of a new compldxwhose electrospray ioni-

which alkoxide formation is blocked, followed by crystal-
lization from CHCI,—Et,0 produced an amber compound
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100.227(5), V = 3759.8(10) B Z =4, T= —173°C, Dcaica= 1.451
gem 3,4 =0.710 73 Ay = 7.48 cn1?, Rlphsa= 0.0360, wR2y(F 2
= 0.0930.

Biol. Chem.199Q 265, 15383-15386.
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& 4H100), fw = 1983.02P1 (No. 2),a = 9.7020(12) Ab = 15.521(2)
,c= 15.775(%,&,(1 =83.976(5), f = 79.171(5), y = 81.070(5),
V=22979(5) R, Z=1,T=—-173°C, Deaicg= 1.433 g cm3, 1 =
0.710 73 A = 6.31 cnT?, Rlopsg= 0.0457, wR2)(F?) = 0.1298.
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Cu(1)-O(1y 1.917(3), Cu(1}-O(1) 1.931(3), Cu(:yCu(1) 3.0206(9),
Cu(1)-S(1) 2.868(3), O(HO(1) 2.383(3).

5, whose ESI-MS was indicative of a dinuclear complex that
had incorporated two oxygens.
The X-ray structure ob (Scheme 3 and Figure B)re-

Scheme 3

2b —_—

+ 02 5

vealed it to be a dinuclear complex having a,Cucore
with each copper coordinated to a BIMT-OMe ligand and
forming a square pyramid at Cu. The €0, O—0, and Cu-

Cu distances i are indicative of either a-oxocopper(lIl)

or u-hydroxocopper(ll) formulation, which cannot be dis-
tinguished definitively with the available spectroscopic data.
Thus, by capping the hydroxyl group, as in the BIMT-OMe
complexes, Cu-centered oxygenation proceeds to §jve
avoiding not only the alkoxo-bridging tripod (as #) but
also S oxidation as well. The relatively unhindered S center
of the BIMT-OMe ligand apparently is insufficient (at least
at room temperature), however, to prevent the formation of
an O-bridged dinuclear complex.

Lability of the CyO; linkage of5 was suggested during
its recrystallization from DMFether when blue crystals of
a new compound were also obtained. The ESI-MS 6f
suggested a [(BIMT-OMe)CYDMF),)?" formulation. In-
deed, the X-ray structure 6f(Figure 452 revealed a cationic
mononuclear Clicomplex of square-pyramidal geometry
with its basal plane defined by the two imidazole N atoms
and two DMF O atoms with an apicatSMe group. It is

(18) Firouzabadi, H.; Iranpoor, N.; Zolfigol, M. ASynth. Commuri.998
28,1179-1187.
(19) (a) Huang, X. D.; Atwood, C. S.; Hartshorn, M. A.; Multhaup, G.;
Goldstein, L. E.; Scarpa, R. C.; Cuajungco, M. P.; Gray, D. N.; Lim,
J.; Moir, R. D.; Tanzi, R. E.; Bush, A. Biochemistry1999 38, 7609-
7616. (b) Ciccotosto, G. D.; Barnham, K. J.; Cherny, R. A.; Masters,
C. L.; Bush, A. I.; Curtain, C. C.; Cappai, R.; Tew, Dett. Pept. Sci.
2004 10, 413-417. (c) Hong, J. Y.; Schoneich, Eree Radical Biol.
Med. 2001, 31, 1432-1441.
Higgs, T. C.; Helliwell, M.; McInnes, E. J. L.; Mabbs, F. E.; Harding,
C. J.; Garner, C. DJ. Chem. Soc., Dalton Tran&997 927-933.
X-ray crystal data fob: (C7eH76CUNg04S,)(PFs)2(CH2Cl2)2(CaH100),
fw = 1890.56,Pc (No. 7),a = 14.446(2) A,b = 18.150(3) A,c =
18.005(3) A, = 113.351(5), V = 43342(12) R, z=2,T =
—173(2)°C, Deaica= 1.449 g cmi3, 1 = 0.710 73 Au = 7.80 cntl,
The metal complex suffers from “whole-molecule” disorder. Appar-
ently, good quality intensity data from four crystals has led to
essentially this same model.
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Figure 4. Crystal structure of the dication & Selected bond lengths
(A) and angles (deg): Cwi03 1.9474(18), CutN2 1.952(2), Cu+0O2
1.9527(17), CutN1 1.968(2), CutS1 2.6892(8); O3Cul—N2 98.75(8),
03-Cul-02 84.85(7), N2 Cul—N1 84.70(9), O2Cul-N1, 91.45(8).
noteworthy thab retains the NS coordination mode of the
oxidized Cu(B) site of the hydroxylase enzyniés:urther-
more, the Cli—S distance of6 (2.69 A) is considerably
longer than the CuS length of3a (2.44 A), suggestive of
tighter binding of the S ligand to the reduced Cu center. The
same effect has been seen with the oxidized (2.68 A) and
reduced (2.27 A) forms of PHNP.

In conclusion, the biomimetic (BIMT-OR)Cu complexes
reported herein exhibit several close parallels with the Cu(B)
site of the copper hydroxylases, including the formation of
electronically similar carbonyl adducts and their Cu-centered
oxidation and oxygenation (when 8 Me). Our ongoing-
efforts are focused on identifying oxygenation reaction
intermediates, potentially including €, adducts, and
exploring the stoichiometric and catalytic oxidation reactions
promoted by these and related poly(imidazole) complexes.
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