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Employing a tetradentate N3Snicether) ligand, LN, dioxygen reactivity
of a copper(l) complex, [(LN®S)Cul* (1) was examined. In CH,Cl,,
acetone (at =80 °C), or 2-methyltetrahydrofuran (at =128 °C), 1
reacts with O, producing the end-on bound peroxodicopper(ll)
complex [{ (LNS)Cu"} o(e-1,2-0,7)?* (2), the first reported copper—
dioxygen adduct with sulfur (thioether) ligation. Its absorption
spectrum contains an additional low-energy feature (but not a Cu-S
CT band) compared to the previously well-characterized N, ligand
complex, [{(TMPA)CU"}(u-1,2-027)>* (3) (TMPA = tris(2-
pyridylmethyl)amine). Resonance Raman spectroscopy confirms
the peroxo formulation {v(o-o) = 817 cm~ (¥¥180, A = 46 cm™)
and vcy—0) = 545 cm~! (¥¥180, A = 26 cm™Y), in close analogy
to that known for 3 {v(0—0) = 827 cm™* and v(c,—0) = 561 cm™}.
Direct evidence for thioether ligation comes from EXAFS spec-
troscopy {Cu K-edge; Cu-S = 2.4 A}

One aspect of contemporary interest in'/Od chemistry
is the influence of thioether sulfur ligation, in comparison

ligands? this O-binding site generates a substrate H-atom
abstracting agent, possibly a superextu(ll) moiety #5892

An important issue is how the thioether ligation influences
the structure(s), spectroscopy, and reactivity of,€(0,)-
derived species while precluding irreversible thioether oxida-
tion.

Recent literature includes (i) extensive studies of Rora-
bacher and Ochrymowycz on Ethioether ligand complex
redox propertie¥? (i) a dicopper(l) complex with Met-based
ligands shown by Casella to react with &nd exhibit C-H
hydroxylation chemistry? (iii) a study by Reglier showed
a NsStioether ligand—Cu(l) complex transforms to a Cu(ll)
species with @2 (iv) via Cu'—H,0, reactivity, Kodera
characterized a novel €¢OOH species with a related
ligand® and (v) Tolman reported ¢®, chemistry with
N2Smicetherligands (however, the S donor does not coordinate
to copper ion in @adducts characterize#)Thus, until now,
there has not been any discrete well-characterized cepper
O, complex which includes thioether ligation.

In this report, we describe copper(lY@activity employ-

to the large recent literature on such reactivity studies with ing a tetradentate ligand™éS (Scheme 1). Physical data,

all nitrogen ligands:2 Inspiration comes from the unique

including X-ray absorption spectroscopy (XAS) and reso-

active-site chemistry of the monooxygenases dopaminenance Raman (rR) provide definitive evidence for S(thiother)

p-hydroxylase ([BH) and peptidyl glycinex-hydroxylating

coordination in the observed peroxdicopper(ll) complex

monooxygenase (PHM), two structurally related copper (Scheme 1). This is the first achievement of (reversible)

enzymes involved in neurotransmitter biosynthesisrmone
regulationt™® X-ray structure® reveal the key active-site
Cuion in PHM, Cuyy, to be ligated by two His and one Met

copper(ly-O; binding and adduct formation/characterization
in a sulfur ligand environment. The chemistry follows in
close analogy to that for the tripodal tetradentate ligand
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Figure 1. Absorbance spectra @f1,2-peroxodicopper(ll) complexes
(red) with Ny TMPA ligand (EtCN or acetone solvents,;93 °C) and2

(blue) with thioether NS ligand LN3S (MeTHF solvent,—125 °C).

450

Scheme 1

+0, === [{(L"*)Cu"}(02 )"

(L"E)CuT (1) (2

{(TMPAICUL(0)12* (3)

[(TMPA)CU(RCN)J*

TMPA (Scheme 1);{(TMPA)CU"} »(u-1,2-O,27)]?* (3) has
been extensively characterized, in terms of kinetics of
formation, electronic structure, and other physiegpectro-
scopic propertieSimax = 525 € = 11 500), 600 nm, (Figure
1, red spectrum> 1" Our hypothesis, which has been borne
out, was that an '*S analogue, where one pyridyl arm of
TMPA is replaced by a thioether donor, would exhibit related
chemistry.

Complex [(IN*S)CuU (1) was synthesized as an off-white
air-sensitive solid, either as a CfOor B(CsFs), salt’®
Oxygenation of1 at —80 °C in CH,CIl,, acetone, or
2-methyltetrahydrofuran (MeTHF) gives dark blue solutions
which persist for only 1620 min and which possess
apparente values (i.e., at 530 nm) which are low in
comparison to established copp@lioxygen complexes,
including 3. However, oxygenation ofL under colder
conditions, —125 °C in MeTHF, leads to a quite stable
situation, (Figure 1, blue spectrum); the new dioxygen
adduct, formulated as @-1,2-peroxodicopper(ll) complex
[{(LN3S)CU"} (u-1,2-O2)]? (2), is EPR silent and exhibits
peaks with intensities rather similar to those3pwith Amax
= 530 (€ ~ 9200 M1 cm™t) and 605 nmd ~ 11 800 M
cm™Y) (Figure 1). In fact, the binding of Oto 1 is fully
reversible; as monitored by UWis spectroscopy, warming
—125 °C solutions of2 (MeTHF solvent) to—80 °C,
followed by application of a vacuum, releases @nd
regenerates copper(l) compléx?®
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(19) Warming2 above—80 °C leads to irreversible ligand sulfoxidation,
to be described elsewhere.
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Figure 2. IR spectra of CKCl; solutions of2, with 160, (red) and'®O,
(blue) isotopic substitutiofi77 K, Aexit = 620 nn}. See text.

The absorbance spectrum2has a more intense lower-
energy band, opposite to that observed3¢Figure 1) and
other u-1,2- end-on peroxo dicopper(ll) compleXe3he
absorbance spectrum 8fexhibits three peaks: a dominant
absorption at 525 nme(= 11 500 Mt cm™) and peaks at
615 € = 5800 Mt cm™?) and at 435 nmd = 1700 M*
cm 1), assigned as electric dipole-allowed singlet transitions
from the peroxider* , ands*, orbitals and the spin-forbidden
triplet transition from the peroxide*, orbital, respectively®
However, the absorption features ®»fcannot be resolved
with only these three bands. The asymmetry in the dominant
low-energy band indicates that another transition is present,
which rR shows has only CtO charactef? Four bands at
~15 400, 16 800, 19 000, and 22 500 ¢hare required to
fit the absorbance spectrum (see Figure 82)he fact that
the additional transition is present indicates that the coor-
dination geometry for the § ligand around the Cu is
distorted from the idealized trigonal bipyramidal coordination
present in3.16 Such a distortion is known for a Cu(ll)
complex of a tripodal tetradentate ligand with one thioether
arm and is also seen for other modified tipodal ligand
copper complexe¥:?1.22 The geometric distortion would
decrease overlap of the peroxidé, orbital with the half-
occupied Cu orbital and weaken the €0 bond (see rR
spectroscopic discussions, below). This distorted coordination
geometry around the Cu and the distorted@xcore would
invert the z*,/m*, intensity pattern in the absorbance
spectrum relative to the TMPA complex, as well as reduce
the symmetry of the complex leading to absorption intensity
in both of thex*, components.

Resonance raman data f2mwith 160, and 80, isotopic
substitution (Figure 2) show primary features at 87290,

A =46 cnt?) and 545 cm? (1520, A = 26 cn1%).22 These
values are similar to those observed ®{v-o) = 827
cm ! andvcy-0) = 561 cnr}.15 Thus, the IR features &
can be assigned ag-o) andv(c,-o), respectively, belonging
to au-1,2-peroxodicopper(ll) species. No €8 vibration
is observed, consistent with the absence of €C8 charge-

(20) Karlin, K. D.; Solomon, E. I.; et al. Unpublished results.

(21) Schatz, M.; Becker, M.; Thaler, F.; Hampel, F.; Schindler, S.; Jacobson,
R. R.; Tyekla, Z.; Murthy, N. N.; Ghosh, P.; Chen, Q.; Zubieta, J.;
Karlin, K. D. Inorg. Chem.2001, 40, 2312-2322.

(22) Lucchese, B.; Humphreys, K. J.; Lee, D.-H.; Incarvito, C. D.; Sommer,
R. D.; Rheingold, A. L.; Karlin, K. DInorg. Chem2004 43, 5987
5998.

(23) Note that thé"%O,-derived features are slightly split with additional
peaks at~800 and~560 cn1l, which gain some intensity through
Fermi mixing, as they are not present in tH©,-prepared sample.
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o7 further support its formulation asa1,2-peroxo-dicopper-

I (I) complex, where each Cu(ll) ion is in a distorted
5-coordinate environment.

With thioether coordination demonstrated, the results
4 6 8 10 13 presented here are in accord with expectations from known
copper-dioxygen chemistry. If the thioether donor iW'3
were to dangle (as in Tolman'’s recently described chemistry
o 1 2 3 4 s 6 (see abové} and not coordinate, the remaining “tridentate

_ , By _ amine” ligand (N portion of LN3S) would likely form a
Figure 3. Fourier transforms (non-phase-shift-corrected) and EXAFS data

(Inset) of2 in frozen MeTHF solution. Data (black), fit (red). metastable Side'onfbou_mﬂ:”z'per_oxo dicopp_er(ll) species
(Amax =~ 350 nm) or its bist-oxo dicopper(Ill) isomer Amax

~ 385 nm)3.32 Tripodal tetradentate ligand-containing
systems, however, typically give-1,2-peroxodicopper(ll)
complexes, as demonstrated here, even with a thioether
instead of nitrogen donor. Future studies will address the
i : i effects of thioether coordination and the electronic structure
electron density is donated from the peroxideorbitals, of 3. We will also attempt (using flash-and-trap approactes)
which in turn weakens the €0 bond and lowerso-o. g detect and characterize a mononuclear adduct3jL
These effects can be ascrlb_ed to !ncreased thlqether donat|0@u_02]+’ which would likely be a kinetic precursor inter-
in 2 when compared to pyridyl nitrogen donation3n mediate to peroxo compleX and relevant to Caenzyme
Direct ewdence for thioether ligation i comes from (PHM and [BH) chemistry.
EXAFS carried out on frozen (MeTHF) solutions. Tk
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transfer band in the absorption spectréfntiowever, the
observed vibrational data indicate the ,€®, bonding is
weaker overall in2 than 3; the lower v,y frequency
observed ir2, indicating a weaker CdO bond, means less

(24) The sulfur-to-copper(ll) charge-transfer transition is likely at higher 1C061813C
energy than 350 n#i~27 and was not probed with rR spectroscopy.
Thus, a Cu-S vibration was not observed. (29) Santra, B. K.; Reddy, P. A. N.; Nethaji, M.; Chakravarty, Alirg.
(25) (a) Nikles, D. E.; Powers, M. J.; Urbach, F.Inhorg. Chem.1983 Chem.2002 41, 1328-1332.
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