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Dicopper(l) Complexes of Unsymmetrical Binucleating Ligands and Their Dioxygen

The design, synthesis, and characterization of binuclear copper(l) complexes and investigations of their dioxygen

reactivities are of interest in understanding fundamental aspects of coppeaivity and in modeling copper

enzyme active-site chemistry. In the latter regard, unsymmetrical binuclear systems are of interest. Here, we
describe the chemistry of new unsymmetrical binuclear copper complexes, starting with the binucleating ligand

UN2-H, possessing ar-xylyl moiety linking a bis[2-(2-pyridyl)ethyllamine (PY2) tridentate chelator and a 2-[2-
(methylamino)ethyl]pyridine bidentate group. Dicopper(l) complexes of UN2-Hp(JdN2-H)]2™ (1), as Pk~
and CIQ™ salts, are synthesized. These react with©u:O, = 2:1, manometry) resulting in the hydroxylation
of the xylyl moiety, producing the phenoxohydroxodicopper(Il) complex,{ON2-O~)(OH™)(CH3;CN)]?* (2).
Compound®(PF;); is characterized by X-ray crystallography, which reveals features similar to those of a structure
described previously (Karlin, K. D.; et al. Am. Chem. So&984 106, 2121—-2128) for a symmetrical binucleating
analogue having two tridentate PY2 moieties; here g@NHligand replaces one pyridylethyl arm. Isotope labeling
from a reaction ofl using80, shows that the ligand UN2-OH, extracted fr@rpossesses dfO-labeled phenol
oxygen atom. Thus, the transformatian+ O, — 2 represents a monooxygenase model system/,(GN2-
OH)(CHCN)]J?" (3), a new binuclear dicopper(l) complex with an unsymmetrical coordination environment is
generated either by reduction ®fvith diphenylhydrazine or in reactions of cuprous salts with UN2-OH. Complex
3 reacts with Q@ at —80 °C, producing theg-1,1-hydroperoxo)dicopper(ll) complex [E4UN2-O7)(OOH")]?*

(4) (Amax 390 nm € 4200 Mt cm™1), formulated on the basis of the stoichiometry of ibtake by3 (Cu:Q, =

2:1, manometry), its reaction with PPgiving O=PPh (85%), and comparison to previously studied close
analogues. Discussions include the relevance and comparison to other copper bioinorganic chemistry.
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Introduction

Copper-dioxygen reactivity studies are relevant to the utili-

zation of atmospheric £n stoichiometric or catalytic oxidative
organic transformations mediated by copper ion compléxes,

as well as to understanding dioxygen utilization by copper
proteins!>~7 The latter class includes hemocyanins (arthropodal

and molluscan blood &transport proteinsy,as well as mono-
oxygenases such as tyrosinasephenols— o-quinones}
dopaming3-monooxygenase (BM; benzylics-amino hydroxyl-

of dioxygen to hydrogen peroxide or water; these include
galactose oxidase (alcohol oxidatioif),}? amine oxidases
(amine oxidative deaminatiori)¢atechol oxidase (catechot
quinone)t? multicopper “blue” oxidases (e.g., laccase, ascorbate
oxidase, and ceruloplasmin, which encompass trinuclear copper
centersf;13 and heme-copper oxidases (proton pumpsy.15

Our own interests have in particular focused on the design
and syntheses of ligands that provide stabilization of copper(l)
in low-coordination (two, three, or four) nitrogen donor ligand
environments yet allow facile dioxygen activation and reactivity.

ation); peptidylglycineo-hydroxylating monooxygenase (PHM;
oxidative N-dealkylationy; and particulate (membrane-bound)
copper-dependent methane monooxygehésaddition, copper
oxidases effect substrate oxidations with concomitant reductio

Mono-, bi-, and trinucleatin§ ligands and copper(l) complexes
have been studied, emphasizing structures of copper(l) com-
n Plexes, kinetics/thermodynamics of eactions? characteriza-

T1IT Madras.
* The Johns Hopkins University.
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copper complexes)>18 and determination of oxygenation or
oxidation productd.Included in the last category are mono-

oxygenase model systems, wherein binuclear copper(l) com-

plexes react with @ with subsequent attack on and hydroxyl-
ation of an arene (i.emxylyl) moiety within the binuclear
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hemerythrin (non-heme diiron Ocarrierf! or urease (urea
hydrolysis at a dinickel active sitéjrespectively. In dicopper
chemistry, most of the previous studies have involved the
syntheses and characterizations of unsymmetrical dicopper(ll)
complexeg$4-33 while we have emphasized dicopper(l) com-

complex. Detailed mechanistic studies have revealed thatpound generation and Q@eactivity34-36

dicopper(l) oxygenation produces an electrophjlie;?:n?-
peroxo intermediate in close proximity to the arene substate!
Following these studies, we were interested in designing

analogue ligands and their binuclear complexes that are unsym-

metrical, where each copper ion is in a different coordination
environment. As pointed out by Sorréflsuch unsymmetrical

dicopper sites are of bioinorganic interest because they occur

in the active sites of metalloproteins, shown by either direct
X-ray structural or protein sequence homology studies for
molluscan hemocyanirfe2? tyrosinase$;?? and catechol oxi-
dasé? and within the trinuclear centers of multicopper oxi-
dase$:13 Another example is the monooxygenase PHM, in
which the dicopper site is the active functional unit, even though
the Cu ions are~11 A apart, and the Cu ions possess very
different ligations, one with a methionine sulfur ligand and the
other without®

While there has not been a great deal of research activity in

this area, a number of groug’;®® including ours®—36 have

striven to generate binucleating ligands that yield unsymmetrical

Here, we describe the synthesis of the new binucleating ligand
UNZ2-H. A dicopper(l) complex of this ligand is synthesized,
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UN2-H UN2-OH =,
and its reaction with @is shown to result in ligand hydroxyl-
ation, producing a dicopper(ll) complex, whose X-ray structure
is reported. From this product is isolated the new unsymmetrical
binucleating ligand UN2-OH, and its dicopper(l) complex

oxygenation chemistry is also described.

Results and Discussion

dicopper complexes. Related studies have been conducted to Syntheses of UN2-H and Its Dicopper(l) ComplexThe
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unsymmetrical binucleating ligand UN2-H containing two
pendant tri- and bidentate groups with amine and pyridyl donors
attached to the 1,3-positions of the-xylyl spacer was
synthesized in three steps, as represented in Scheme 1.

Scheme 1
=
O 0\/\('}'3 BN o
AP N NH EtOAc N-CH
CN 8
Br
PY
PY = 2-Pyridyl LiAIH4l Et,0
PY
! MeOH/AcOH
NN
PY ¢ 3 | NH,  N—CHj
UN2-H N §
PY PY

The dicopper(l) complex was synthesized by the reaction
of UN2-H and 2 equiv of the copper(l) precursor [Cu-
(CH3CN)4]+A7 (A7 = PR~ or C|O47) in CH2C|2; it was
isolated as a yellow solid, followed by precipitation with&t
giving [Cw(UN2-H)]2" (1) (Scheme 2), on the basis of
analytical and spectroscopic data.

The'H NMR spectrum of [C(UN2-H)](PF). (1a) displays
two benzylic protons at two different chemical positions (see
Experimental Section), as expected from its unsymmetrical
nature. The'*C NMR spectrum also indicates chemical in-
equivalence for the benzylic carbons, while the methylene
carbons on the tridentate arms appear equivalent. These
observations are consistent with the unsymmetrical coordination
environments of the two coppers. In the absence of X-ray
structural information, the coordination environments about the

(40) Volkmer, D.; Hostmann, A.; Griesar, K.; Haase, W.; Krebs,|Borg.
Chem.1996 35, 1132-1135.

(41) Stenkamp, R. EChem. Re. 1994 94, 715-726.

(42) Jabri, E.; Carr, M. B.; Hausinger, R. P.; Karplus, P S&iencel995
268 998-1004.



630 Inorganic Chemistry, Vol. 40, No. 4, 2001

Scheme 2
UN2-H
/ [Cu'(CH4CN)4J*
/PY T2+
CUI 2+
I \N 0,,0°C & N’CHS
PY_/ Tomea LN O !
CHyN— SMF 2 PY<—Cul  Cu)—J"NCCHg
s >
Cu' 3CN P\Y \O/ PY
\ T
PY H

[Cup(UN2-H)** (1) [Cun(UN2-O)(CHCN)2* (2)

two copper(l) centers itk can be speculated. The fact that the

30
complex does not contain any solvates (on the basis of elemental
29

analysis and NMR spectroscopy) suggests that the copper(l)

bearing the pendent ligand with one pyridyl unit can only have
2-coordinated near-linear geometry or have intramolecular
Cu---Cu interactions with the tricoordinate (binding the tridentate
moiety) Cu(l) ion:

/\r\ﬁﬂl n\“"‘\l/CHS
o P

Casell4**>and Fering&“"have described copper(l) complexes
with similar bidentate moieties. Complexes having GexQu(l)
interactions, or at least cases with clearly short Cu@u(l)
distances, are well-knowi¥, %6 including a closely related
dicopper(l) complex with tpen (tpers N,N,N',N'-tetrakis(2-
pyridylmethyl)ethylenediamine’. We have reported many
examples of three-coordinate Cu(l) with the bis[2-(2-pyridyl)-
ethyllamine tridentate group.>°

Dioxygen Reactivity of [Cu(UN2-H)]?* (1): Hydroxyl-
ation Reaction. The dinuclear copper(l) complex [QWN2-
H)]2" (1) reacts readily with @ in either DMF or CHCN at
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Figure 1. ORTEP view of the cationic portion of [Gp(UN2-
O7)(OH")(CHCN)](PFs)2 (2(PF)2).

or below room temperature, causing an instantaneous change
to a green color. The product obtained #90% yield is
identified as the phenoxo- and hydroxo-bridged dicopper(Il)
complex [Cy(UN2-O7)(OH7)(CHsCN)]2™ (2) (Scheme 2),
which results from hydroxylation of the arene ring that was part
of the ligand framework. The X-ray structure ®fs described
below. The oxygenation reactiadh+ O, — 2 was monitored
spectrophotometrically at low temperature 7@ °C) in an
attempt to observe the formation of any dioxyg&opper
complex intermediate, as has been seen occasiéhiyithout

the need for fast time scale (i.e., stopped-flow kinetics)
measurements. In fact, only the spectrum corresponding to the
final product2 could be observed after benchtop mixinglQ

s) of O, with 1 at —78 °C, because of its short lifetime and/or
instability. However, formation of a dioxygen adduct is proposed
in part on the basis of analogies to other systems (vide infra)
and of the observed stoichiometry of Qptake. Monometric
measurements (Experimental Section) in DMF &t show

that that 1 mol of dioxygen is consumed/mol of complex

i.e., Cu:Q = 2:1, which is the stoichiometry expected for a
monooxygenase model reaction. Furthermore, FAB mass spec-
tral analysis of the product phenol ligand that is obtained by
the reaction ofl with 180, and isolation by leaching the copper
ions out of2 using aqueous Nfadded to CHCI, (Experimental
Section) shows that it is UN2OH. This demonstrates that one
atom of the dioxygen molecule has been incorporated into the
aryl ring of the binucleating ligand.

X-ray Structure and Other Characterizations of [Cu-
(UN2-O7)(OH7)(CH3CN)]?* (2). A perspective view of the
cationic portion oR(PF), is shown in Figure 1. Selected crystal
and refinement data are given in Table 1, and selected bond
distances and angles are summarized in Table 2. The two copper
atoms are bridged by a common exogenous hydroxo and an
endogenous phenoxo oxygen atom. However, as expected, the
binuclear complex possesses distinctly unsymmetrical coordina-
tion environments about the two coppers ion centers. Cul is
coordinated to the tridentate (bis[2-(2-pyridyl)ethyllamine) N
donor set resulting in a facial geometry, while Cu2 is coordinated
to the bidentate Pdonor set and to an additional ligand, a
molecule of acetonitrile. The geometry about each copper can
be best described as slightly distorted square pyramidal (Cul,
7 = 0.09; Cu2,r = 0.05; based on Addiséhanalysis where
7 = 0.0 for a perfect square pyramid ane- 1.0 for a trigonal
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Table 1. Selected Crystallographic Data fa(PF), linear structure. This may be attributed to crystal packing or
empirical formula GoHa:CUF1NO,P; steric hindrance imposed by the neighboring phenyl and methyl
MW 955.71 groups. Other structural parameters, such as the-Cu
crystal color, shape green, parallelpiped separationJCul-0O—Cu2, anddO1-Cu—02 (see Table 2),
CrySta: dimens, mm 0.k 0-2|_X_ 0.3 are almost identical to those of the “parent” complex{@iYL-
;ﬂfta system 12‘82;’(03')”“ O~)(OH")]2;%8 thus, the absence of one pyridyl arm does not
b A 13:581(2) seem to cause any significant effects on the structure. The
c, A 18.872(3) structure of [Ca(UN2-O~)(OH™)(CH3:CN)]?* (2) also compares
B, deg 90.58(1) very closely with those of related symmetrical compounds
Vv, A3 3826(1) studied by Mukherje& or Feringd® and their co-workers:
Ecgzieg/fgj é‘26/6C (u-hydroxo)- and g-phenoxo)dicopper(ll) complexes formed
Zp group 4 ! by o_xygenati_on of xylyl-type dicopper(l) analogu_es haying two
radiation(Mo Kao), A 0.710 69 equwalc_ant bldentate_i\kjonor arms, the_ latter being e|the_r an
temp, K 296 alkylamine plus a pyridyl arf#55or a Schiff-base plus a pyridyl
abs coeff, cm* 12.92 arm46.66
no- of refined parameters 0 02795 Further characterization of [GUUN2-O~)(OH")(CHsCN)]?*

R, 0.081 (2) was also carried out. Electrospray mass spectrometry (ESI-

MS) performed in acetonitrile solution reveals a major peak
"R= 3 Fol = [Fel/3IFoll. "R = [ZW(IFol = IFD¥ZWIFeT™ W atmyz 769, (M + H)*, corresponding toZPFs — CH:CNJ*,
= AF10*(Fo). in which a molecule of CECN found in the solid is lost; other
Table 2. Selected Distances and Angles R{PF); notable peaks observed correspond2€CH;CN]* and [Cy-
(UN2-O7)]™, possibly formed by reduction of copper(ll) under
electrospray mass spectral conditions. Comesxhibits a

Intramolecular Distances (A)

gﬂi:gliz f'gsf)l(f’ ) &‘gﬁﬁ ggggg strong IR vibration at 3610 crd, indicating the presence of an
Cul-02 1:93(1) CuzN5 2:02(1) O—H group, in this case bridging tht:T two copper(ll) ions. The
Cul—N1 2.06(2) CuzN6 2.36(2) reduced room-temperature magnetic moment of Qu@%er
Cul-N2 2.00(1) N4-C23 1.48(2) copper ion suggests antiferromagnetic coupling between the two
Cul-N3 2.19(2) N6-C31 1.13(2) copper centers, also consistent with the observed EPR silence
Cuz-01 1.97(1) C3xC32 1.47(3) at 77 K. A cyclic voltammogram o2, in either acetonitrile or
Intramolecular Angles(deg) DMF, does not show sequential two-electron reversible behav-
01-Cul-02 76.9(4) O+Cu2-N5 166.9(6) ior; instead, a cathodic wave &0.49 V and two anodic waves
01-Cul-N1 93.7(5) O1-Cu2-N6 94.6(5) at —0.37 and—0.25 V are observed. This behavior has also
01-Cul-N2 159.9(5) 02-Cuz-N4 163.9(5) been seen for analogous dicopper(ll) complexes with XYL-OH
01-Cul-N3 98.8(5) 02-Cu2-N5 94.8(5) , 5 67 :
02— Cul—N1 165.5(6) 02 Cu2—N6 90.0(5) and UN-_OI-_I ligand$867 and is _probably _due to the presence
02—Cul-N2 91.2(5) N4-Cu2—N5 96.7(6) of the bridging hydroxog-OH) ligand, which does not readily
02—-Cul-N3 97.6(6) N4-Cu2—-N6 100.0(6) support both copper oxidation states.
N1-Cul-N2 94.4(6) N5-Cu2-N6 95.4(6) Aspects of the Monooxgyenase ReactiorThe observed
N1-Cul-N3 94.8(6) Cut-Ol1-Cu2 102.0(5) monoxygenase reactivity in the conversibr- O, — 2 is very
giigul:Ns 98.7(6) C“H)Z:C“Z 104.3(5) reminiscent of our previous dioxygen reactivity studies with
u2-02 76.7(5) C22N4—C23 109(1) - i
01-Cu2-N4 89.8(5) Cu2-N6—C31 149(2) blnucleatlng ||gand Complexes of XYL and UN (L) (See the

following diagram), [(L)Clp]?", which give phenoxo- and
bypyramid) with the basal plane around Cul comprising N1,
N2, O1, and O2 and that around Cu2 comprising N4, N5, O1, PY

RY
and O2. The N3 atom of pyridyl and the N6 atom of acetonitrile l\ H
PY

PY

occupy the axial sites of the two coppers. The Cul and Cu2 N

atoms lie 0.26 and 0.18 A out of their respective basal planes. (OH) \ /J (OH) \
PY PY PY

The unusual feature of the structure is that the neutralGDH

molecule is bound to one of the copper(ll) ions. This molecule, XYL-H UN-H

in fact, compensates for the lack of coordination due to the (XYL-OH) (UN-OH)
missing pyridyl arm in the designed UN2-H (and thus also UN2-

O") ligand. The axial CtNccp, bond distance of 2.36 A is LoWL2t + O L0\ G, (OH-Y 2+
longer than the CtPYaa distances, which are-2.25 A. [(bCu2] * 2 I JouT2(OH)]
However, it is in the range observed for Cu(ll) complexes L = XYL-H or UN-H

containing multidentate chelating ligands (2-6250 A) but is

longer than those found in the mononuclear complexes hydroxo-bridged binuclear products [(L=ECuU',(OH™)]?+.21.34.58
[CU'(TMPA)(CH3CN)J2* (~1.98 A) (TMPA = tris(2-pyridyl- In particular, for the XYL system, detailed mechanistic studies
methyl)amined-62and Cu(NQ)2(CHsCN), (1.92 A) &3 Another have been carried out, and stopped-flow kingti€® and
unusual feature is that the CuRI6—C31 angle about aceto- resonance Raman spectroscépistudies have revealed the

nitrile is 149, in contrast to an expected value o180° for a formation of an intramolecular side-om-2:7%-peroxo)di-

(60) Addison, A. W.; Rao, T. N.; Reedijk, J.; van Rijn, J.; Verschoor, G. (64) Ghosh, D.; Lal, T. K.; Ghosh, S.; Mukherjee, &iem. Commun.
C.J. Chem. Soc., Dalton Tran$984 1349-1356. 1996 13-14.

(61) Jacobson, R. R. Ph.D. Thesis, State University of New York at Albany, (65) Ghosh, D.; Mukherjee, Rnorg. Chem.1998 37, 6597-6605.
1989. (66) Ryan, S.; Adams, H.; Fenton, D. E.; Becker, M.; Schindleingrg.

(62) Lim, B. S.; Holm, R. H.Inorg. Chem.1998 37, 4898-4908. Chem.1998 37, 2134-2140.

(63) Duffin, B. Acta Crystallogr.1968 B24, 396. (67) K. D. Karlin and co-workers, unpublished results.
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copper(ll) intermediate upon oxygenation of [(XYL)GJd"; in

a succeeding step, electrophilic attack on the arene (xylyl)
substrate occurs, giving the hydroxylated product [(XYE}O
Cu',(OHM)]2 1 It is interesting that [Ca(UN2-H)]?* (1), even
though it has a 2-coordinate Cu(l) center (with a bidentate
ligand) and/or perhaps a Cu{iCu(l) interaction (vide supra),

is still able to undergo the hydroxylation reaction. However,
the oxygenation reactions wiflwere carried out in coordinating
solvents (DMF, CHCN) and the possibility of solvent coordina-
tion to the second 2-coordinate copper is likely. It should be
noted that CHCN is known to have an inhibitory effect on,O
binding to copper complexes with (pyridylalkyl)amine ligands,
on the basis of low-temperature stopped-flow kinetic studies
(millisecond to minute time scal&}:5°In the present synthetic
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Figure 2. UV—vis spectra of (a) [Cl(UN2-OH)(CHCN)]?* (3) and
(b) its dioxygen adduct [C4(UN2-O7)(OOH")]?" (4) in CHyCl, at

benchtop experiments using acetonitrile as the reaction solvent,~—80 °C.

CHCN inhibition was not noticeable.

A number of other research groups subsequently also studie
related xylyl-hydroxylating sytenf§-47.64-66.70-73 |nyestigations
by Sorrell* have shown that partial replacement of pyridine
moieties by an imidazole or pyrazole donor group completely
inhibits oxygen insertion into these xylyl ligands with two

tridentates, while, in related systems, the presence of other

donors such as benzimidazdfeimidazole?® thioether?> or
alkylamino (e.g., triazacyclononarigé)igands does allow for
the activation of @ and hydroxylation reactions. The strong

dSchemeS
2 Ph\zl\IQHi ,/Q\ T2+
OH [ .CH3
A\ PY£N‘| /':j —~NCCH
PY by
UN2-OH

[Cua(UN2-OH)(CH3CN)J2* (3)

influence of changes in the ligand donors upon reactivity leads [cyi,(UN-0-)(0,27)]* and [CU(UN-O")(OOH")]2* have

to the conclusion that electronic effects are crucial in determin-
ing whether oxygen atom insertion reactions occur.

Dioxygen Reactivity of the Dicopper(l) Complex [Cu-
(UN2-OH)(CH3CN)]?t (3) with an Unsymmetrical Phenol
Ligand: Formation of a Hydroperoxo Species.We have
previously studied the chemistry of dicopper(l) complexes and
their O, reactivities utilizing binucleating ligands that possess
a phenolic function, e.g., XYL-OH and UN-OH (see preceding

been characterized.

With the ability to generate synthetic quantities of UN2-OH
via the oxygenation reactioh + O, — 2, we were interested
in exploring further dicopper(l) chemistry with UN2-OH. The
dicopper(l) complex [Cl(UN2-OH)(CHCN)]?+ (3) was either
generated directly by diphenylhydrazine reduction of the di-
copper(ll) complex [CyUN2-O7)(OH7)(CH3CN)J>" (2) or
obtained by reacting 2 equiv of the copper(l) precursor

diagram); these ligands were obtained by hydroxylation reactions[cy(CH;CN),]* with UN2-OH (Scheme 3).

with their parent ligands XYL and UN. In fact, our first

Analytical and spectroscopic data for [QUWN2-OH)-

authenticated copper dioxygen adduct was obtained in a study(cH,CN)J2*+ (3) indicate the presence of an additional donor

of [CU'>(XYL-O 7)]*, which reversibly forms a stable (at80

°C) adduct, the peroxodicopper(ll) complex [G(XYL-O~)-
(O22)] .75 76 Either protonation of the latter species or, alter-
natively, reaction of @with the protonated percursor complex
[CU'(XYL-OH)] 2" affords the 4-1,1-hydroperoxo)dicopper(ll)
complex [CU(XYL-O ~)(OOH")]?+.7"."8 Analogous chemistry
occurs with UN-OH, and species with greater thermal stability,

(68) Becker, M.; Schindler, S.; Karlin, K. D.; Kaden, T. A.; Kaderli, S.;
Palanche, T.; Zubeilner, A. D.Inorg. Chem1999 38, 1989-1995.

(69) Liang, H.-C.; Karlin, K. D.; Dyson, R.; Kaderli, S.; Jung, B.;
Zuberbinler, A. D. Inorg. Chem, in press.

(70) Menif, R.; Martell, A. E.; Squattrito, P. J.; Clearfield, korg. Chem.
199Q 29, 4723-4729.

(71) Sorrell, T. N.; Vankai, V. A.; Garrity, M. LInorg. Chem.1991, 30,
207-210.

(72) Shen, C.-Y.; Hu, M.-F.; Luo, Q.-H.; Shen, M.-Tansition Met. Chem.
1995 20, 634-635.

(73) Mahapatra, S.; Kaderli, S.; Llobet, A.; Neuhold, Y.-M.; Paladndhe
Halfen, J. A.; Young, V. G., Jr.; Kaden, T. A.; Que, L., Jr;
Zuberbinler, A. D.; Tolman, W. B.Inorg. Chem.1997, 36, 6343~
6356.

(74) Casella, L.; Gullotti, M.; Radaelli, R.; Di Gennaro, P.Chem. Soc.,
Chem. Commuril99], 1611-1612.

(75) Karlin, K. D.; Cruse, R. W.; Gultneh, Y.; Hayes, J. C.; Zubietal.J.
Am. Chem. Sod 984 106, 3372-3374.

(76) Karlin, K. D.; Cruse, R. W.; Gultneh, Y.; Farooq, A.; Hayes, J. C,;
Zubieta, J.J. Am. Chem. S0d.987, 109, 2668-2679.

(77) Karlin, K. D.; Cruse, R. W.; Gultneh, YJ. Chem. Soc., Chem.
Commun.1987, 596-600.

(78) Karlin, K. D.; Ghosh, P.; Cruse, R. W.; Farooq, A.; Gultneh, Y.;
Jacobson, R. R.; Blackburn, N. J.; Strange, R. W.; Zubieta, Am.
Chem. Soc1988 110, 6769-6780.

ligand, CHCN, suggested to be coordinated to the copper(l)
center bound to the bidentate ligand pendent within UN2-OH
(Scheme 3). This leads to unsymmetrical tricoordination about
both copper(l) centers, one having ag dlbnor set from two
pyridyl groups and a tertiary amine and the other having the
same donor set except that the third nitrogen is from acetonitrile
rather than from a pyridyl group. Schindler and co-work&rs
have also described a dicopper(l) complex wherg@¥binds

to only one of the two copper ions, whereas there are many
examples of binuclear copper(l) complexes with nitrogenous
chelators where C¥CN coordinates to each copper i#P0.81

For 3, we do not know if there is an interaction of either or
both copper(l) ions with the nearby phenol oxygen atom;
however, our previous studi®sof a related complex indicate
that such interactions are likely.

Hydroperoxo Formation. The reaction of the dicopper(l)
complex [Clp(UN2-OH)(CHCN)]?* (3) (312 nm,e 3800 M1
cm™; 366 nm,e 2500 Mt cm™1) with O, was monitored by
UV —vis spectroscopy at low-temperature78 °C (Figure 2).

A dark green solution, with a characteristic strong absorption

(79) Schindler, S.; Szalda, D. J.; Creutz J@rg. Chem1992 31, 2255
2264.

(80) Karlin, K. D.; Tyekla, Z.; Farooqg, A.; Haka, M. S.; Ghosh, P.; Cruse,
R. W.; Gultneh, Y.; Hayes, J. C.; Toscano, P. J.; Zubietdnakg.
Chem.1992 31, 1436-1451.

(81) Karlin, K. D.; Haka, M. S.; Cruse, R. W.; Meyer, G. J.; Farooq, A.;
Gultneh, Y.; Hayes, J. C.; Zubieta, J. Am. Chem. S0d.988 110
1196-1207.



Copper/Q Chemistry
Scheme 4

FO N
N,CH3

[Cuz(UN2-OH)CH3CN)?* — - PY-L 3 1)/ %-NCCH
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[Cu,(UN2-07)(OOH)?* (4)

band atimax 390 nm € 4200 Mt cm™) is observed to form
immediately (Figure 2). In addition, a shoulder-a450 nm ¢
1630 Mt cm1) and additional weaker absorptions (observable
at higher concentrations) occur-a630 nm ¢ 400 M1 cm™1)
and 1000 nm { 90 M1 cm™1). The low-energy bands are
assigned to dd transitions typical for a Cu(ll) ion with a°d

Inorganic Chemistry, Vol. 40, No. 4, 200533

copper(l) precursors, have been suggested to be important
intermediates in the reactions of dopamjfienonooxygenase
and peptidylglycinex-hydroxylating monooxygenageA Cu—

OOH species has also been proposed to be involved in the
disproportionation of superoxide (30+ 2H" — O, + H,0y)
mediated by the copperinc superoxide dismutase (SOD)
enzyme?485Solomon and co-workers have proposed a Cui(ll)
hydroperoxo species as an intermediate in the reduction of
dioxygen to water, @— 2H,0, catalyzed by laccase and other
multicopper oxidasesThe generation and understanding of the
chemistry of copperhydroperoxo species warrant further
attention.

Summary

The new unsymmetrical binucleating ligand UN2-H, with
m-xylyl-linked tridentate and bidentate moieties, has led to the

electronic configuration. Dioxygen uptake measurements show generation of two new unsymmetrical dicopper(l) complexes.

that the stoichiometry of the reaction is Cy:© 2:1 (Experi-

The first, [Cyp(UN2-H)]?* (1), provides a new monooxygenase

mental Section), and thus we formulate the green oxygenationmodel system reaction (Cu;& 2:1), leading to the incorpora-

product as the hydroperoxo complex [GIWN2-O~)(O0H")]2"

(4) (Scheme 4), The transition at390 nm is assigned to an
HOO™ — Cu(ll) LMCT transition; however, an absorption due
to a PhO — Cu(ll) LMCT band may also be buried underneath.
Furthermore4 reacts with PPhto cleanly transfer an oxygen
atom to yield PP§=0O (85%), a reaction also characteristic of
the hydroperoxo complexé&’8In contrast, the “parent” per-
oxodicopper(ll) complexes show only dispacement g{@ving

(phosphine)dicopper(l) complexes), rather than phosphine oxi-

dation3576
The formulation of [ClU(UN2-O)(OOH)]?" (4) as a

tion of an oxygen atom derived from,@nto the xylyl linker;
the products are a (phenolato)dicopper(ll) complex!pRuUN2-
O7)(OH")(CHCN)]?* (2), and a new phenol binucleating
ligand, UN2-OH, by way of extraction. From either of these,
another unsymmetrical dicopper(l) complex, [LUN2-OH)-
(CH3:CN)J?t (3), was produced, This reacts with, QCu:0, =
2:1), giving a f-1,1-hydroperoxo)dicopper(ll) complex,
[CU"2(UN2-O7)(OOH")]?+ (4), formulated on the basis of its
similarity to previously studied analogues. These studies show
the versatility of copperdioxygen chemistry involving the bis-
[2-(2-pyridyl)ethyllamine (PY2) tridentate chelator or the 2-[2-

(hydroperoxo)dicopper(ll) complex, as already noted above, in (methylamino)ethyl]pyridine bidentate grdiipand that the
large part is proposed on the basis of the analogy and similarity design of unsymmetrical analogues of previously studied

to the chemistry of [Clp(XYL-O~)(OOH)]2" 7778 and
[CU"x(UN-O7)(OOH)]?+.3° Both of these well-characterized

symmetrical systems (i.e., XYL and XYL-OH) can lead to rich
dicopper(l)/Q chemistries.

species also have strong charge-transfer absorptions near 390 As discusssed above, it is of interest to continue the

nm, values which are blue-shifted compared to #8005 nm

development of hydroperoxecopper chemistry, including the

absorptions found in the spectra of their unprotonated per- input of systematic ligand variations. Further mechanistic studies

oxodicopper(ll) “parent” complexes [Ep(XYL-O~)(O2)]"
and [CU'>2(UN-O7)(O27)]". All of the hydroperoxo species,
including [CU'2(UN2-O7)(OOH")]?* (4), are thought to possess
u-1,1-O0H" ligation on the basis of the X-ray structure obtained
for the acylperoxo complex [CH(XYL-O ~)(m-CICsH4C(O)-
00)]?" 8 and Extended X-ray Absorption Fine Structure
(EXAFS) spectroscopic studies carried out on'[€X4YL-O ~)-
(OOH")]?" 8 and [CU ,(UN-O~)(OOH)]?*.3 Sorrell and co-
worker$® have reported that analogous unsymmetrical com-
plexes, [Cy(Py2Pz2)(NOH)J?* and [Cu(Py2(DMPY)(NgOH)]?*
(Py= pyridyl, Pz= pyrazole, DMP= 3,5-dimethyl-1-pyrazole),
also reacted at low temperature with dioxygen (Gu=02:1),
presumably forming coppethydroperoxo (Ct-OOH) com-

on the complexes described here could involve stopped-flow
kinetics of the reactions df, 3, and a deprotonated phenoxo
analogue o8 with O,. Planned reactivity studies with exogenous
oxidizable substrates may be of considerable interest, as O
adducts involving dicopper complexes with UN2-H or UN2-
O(H) possess a labile site (e.g., the exchangeabC@Higand

in 2 and4), which may facilitate substrate binding and reactivity.

Experimental Section

Materials and Methods. Reagents and solvents used were of
commercially available reagent grade quality. All of the manipulations
of copper(l) species and their dioxygen adducts were carried out under
argon atmosphere using Schlenk techniques. Freshly distilled solvents

plexes with spectroscopic features very similar to the ones dried under argon from appropriate drying agents were used-\i8/
described here. Itis clear from the present and past studies thaspectra were measured on a Hewlett-Packard 8452 A diode array
changes in ligand environments have drastic effects on the Spectrophotometer equipped with a Neslab low-temperature circulator.

formations, stabilities, and reactivities of copper (hydro)peroxo
complexes derived from dioxygénContinuing investigations

employing systematic variations in donor atom type, coordina-
tion number, and geometry can lead to a better understanding

of dioxygen reactions in both biological and abiological systems.
Copper-hydroperoxo (Cy—OOH) species have been impli-

cated in enzyme actions. Such-€Q0OH species, derived from

O, reactions and proton transfer chemistry originating from

(82) Ghosh, P.; TyeklaZ.; Karlin, K. D.; Jacobson, R. R.; Zubieta, Jl.
Am. Chem. Sod 987 109, 6889-6891.
(83) Sorrell, T. N.; Vankai, V. Alnorg. Chem.199Q 29, 1687-1692.

The methods of manipulation and solution preparation for low-
temperature UV-vis spectroscopy have been described previot(st.
Infrared spectra were recorded on a Mattson Galaxy 4030 FT-IR

(84) Bertini, I.; Mangani, S.; Viezzoli, M. SAdv. Inorg. Chem1998 45,
127-250.

(85) Lyons, T. J.; Gralla, E. B.; Valentine, J./8et. lons Biol. Syst1999
36, 125-177.

(86) Itoh, S.; Taki, M.; Nakao, H.; Holland, P. L.; Tolman, W. B.; Que,
L., Jr.; Fukuzumi, SAngew. Chem., Int. Ed. Eng200Q 39, 398—
400.

(87) Sanyal, I.; Mahroof-Tahir, M.; Nasir, S.; Ghosh, P.; Cohen, B. |;
Gultneh, Y.; Cruse, R.; Farooq, A.; Karlin, K. D.; Liu, S.; Zubieta, J.
Inorg. Chem.1992 31, 4322-4332.
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spectrometer for samples in Nujol mulls on NaCl. FAB-MS spectra
were obtained on a VG Instruments 70S gas chromatogragss

Murthy et al.

to precooled (in air) 0C DMF (1400 mL), and then the mixture was
stirred for 3 days at room temperature. The resulting dark green solution

spectrometer operating in the positive mode using nitrobenzyl alcohol was rotoevaporated under reduced pressure to remove DMF, the green
as the matrix, and ESI-MS spectra were obtained on a Finnigan LCQ residue was dissolved in a mixture of &N and CHCI, (20:80, v/v),

trap mass spectrometer equipped with a standard electrospray sourceand the solution was passed through a short column 8&m) packed
Room-temperature magnetic moments were determined with the usewith silica gel. The green fraction was collected, concentrated to 300

of a Johnson Matthey magnetic susceptibility balance. Cyclic voltam-

mL, and layered with diethyl ether (600 mL). After a few days, X-ray-

metry was performed on a Bioanalytical Systems (BAS) electrochemical quality crystals were obtained. The crystals were washed with diethyl
analyzer at 25C under an argon atmosphere. These measurementsether and dried under vacuum to give 19 g (77%R@*Fs).. Anal.

were carried out on-24 mM copper complexes with 0.1 Mi{BusN)-
ClO, or (n-BusN)PFs as the supporting electrolyte in either dry €H
CN or DMF at scan rates of 2660 mV s*. A conventional H-type
cell was used with a platinum disk (3 mm) as the working electrode,
a platinum coil as the counter electrode, and Ag/AgN®1 N in CH-

CN) as the reference electrode.

Synthesis of UN2-H.The ligand was synthesized in three steps.
N-Methyl-N-[2-(2-pyridyl)ethyl]-m+tolunitrile was synthesized by mix-
ing a solution ofr-bromom-tolunitrile (20 g, 102 mmol) in ethyl acetate
(250 mL) with 2-[2-(methylamino)ethyl]pyridine (13.9 g, 102 mmol)
containing triethylamine (13 g, 129 mmol). Purification was effected
by column chromatography on alumina/ethyl acetate, yielding 19 g
(74%). In the second step\N-methyl-N-[2-(2-pyridyl)ethyl]-o,a'-
diaminom-xylene was prepared by the reduction of the nitrile derivative
with LiAIH 4 in diethyl ether. The product was purified by column (5

Calcd for GoHzsCwF12NgO-P2: C, 40.21; H, 3.98; N, 8.80. Found:
C, 40.30; H, 4.05; N, 8.70. Room-temperature t\'s [CH3CN; Amax

nm €, M~ cm™)]: 216 (7400), 243 (20 000), 259 (20 300), 336 (2300),
375 (3550), 635 (200). IR (Nujol; cmd): 3610 (s, OH), 2300 (br, CH
CN), 2262 (s, CHCN), 1605 (s, &C), 1505 (s, &C), 840 (s, PF).
Molar conductivity, Ay (DMF): 300Q~* cn® mol~. Magnetism (solid,
room temperature)ues = 0.95+ 0.10 ug/Cu. EPR (DMF, 77 K):
silent. Manometry, as described below, and in previous publica-
tions81890was carried out in DMF at OC, showing that Cu:@=

2:1.

Reaction of [Cu2(UN2-H)](CIO ), (1b) with 180,. A solution of
[CuU'2(UN2-H)](CIOy), (1b) (0.30 g, 0.38 mmol) dissolved in 30 mL
of argon-saturated DMF was exposed to an atmosphef®©e{ICON,

96 atom %, 100 mL) at OC in an ice-water bath and stirred overnight
at room temperature. The solvent was then removed under reduced

H 25 cm) chromatography on alumina/ethyl acetate, which removed pressure (40C). The residue was dissolved in &El,, the solution
unreacted starting material; the product was obtained by eluting with was filtered through filter paper, and the crude product was precipitated

methanol*H NMR (CDCls, 80 MHz): 6 2.2 (s, 3 H), 2.6-3.15 (m, 4

H), 3.50 (s, 2 H), 3.70 (br s, NK12 H), 3.75 (s, 2 H), 6.967.70 (m,

7 H), 8.45 (d, 1 H). In the final step, the above amine (15 g, 59 mmol),
acetic acid (15 g, 250 mmol), and 2-vinylpyridine (26 g, 248 mmol)
were reacted in methanol (150 mL) for 5 days-b5 °C. The methanol
and excess 2-vinylpyridine were removed by high-vacuum rotary
evaporation. The product was purified by column (6 H 30 cm)
chromatography on alumina/diethyl ether to remove traces of vinyl-
pyridine and then by elution of the product ligand with ethyl acetate to
give 12.2 g (45%) of a brown-yellow oiR = 0.38 (alumina/ethyl
acetate)H NMR (CDsCN, 300 MHz): ¢ 2.25 (s, 3 H), 2.83 (t, 2 H),
2.90-3.04 (m, 10 H), 3.47 (s, 2 H), 3.65 (s, 2 H), 7-60.20 (m, 10

H), 7.45 (m, 3 H), 8.45 (d, 3 H}*C NMR (CDsCN, 300 MHz): &

by the addition of diethyl ether. The precipitate was washed with ether
and dried in air to give 0.28 g (85%) of green product. The-tiAé

and IR spectra were similar to those of an authentic sam@BeO,)..

The complex was reduced by KCN, and the ligand extracted showed
100% hydroxylation according to thin-layer chromatography. Mass
spectrometry (FAB) showed incorporation 80 (97%1€0, 3% 0)

into the ligand: UNZ2¥OH, nm/z 484 (100%; M+ 1); UN2-OH with

160, m/z 482.

Synthesis of [Cux(UN2-OH)(CH3CN)](PFe). (3(PFs)2). A degassed
solution of 0.41 g (2.23 mmol) of diphenylhydrazine in 20 mL of £H
CN was addedat 1 g (1.05 mmol) of green crystalline complgPFs)..

The mixture was stirred fo6 h atroom temperature, after which the
resulting orange-yellow solution was treated with dry, degassed diethyl

35.60, 35.96, 41.73, 53.53, 57.08, 58.11, 61.78, 121.06, 121.12, 123.15¢ether (250 mL) to give a light yellow oily precipitate. This precipitate
123.27,127.28, 127.33, 127.91, 129.28, 136.01, 136.08, 139.22, 139.79was then dissolved in dry degassedsCN (15 mL), the solution was

149.09, 149.11, 160.69, 160.75.

Synthesis of [CUx(UN2-H)](A"). (A~: PFs, la; ClO4, 1b).
Under an Ar atmosphere, the ligand UN2-H (0.50 g, 1.07 mmol)
dissolved in degassed GEl, (20 mL) was added dropwise with stirring
to solid [Cu(CHCN)4CIO,4 (0.77 g, 2.06 mmol). After 20 min, the

filtered through a medium-porosity frit, and diethyl ether (250 mL)
was added to the filtrate, again giving an oily precipitate. This was
washed twice with dry diethyl ether, further stirred with ether{@&0
min, and then dried under vacuum to give 0.78 g (76%) of highly air-
sensitive product. Anal. Calcd fors@3sCuF12NsOP:: C, 40.89; H,

product was precipitated using saturated diethyl ether (150 mL). The 4.05; N, 8.95. Found: C, 41.00; H, 4.59; N, 8.80. Bus (CH,Cl;

precipitate was then dissolved in @, (15 mL), diethyl ether was

Amax NM €, M1 cmY): 312 (3800), 366 (2500§H NMR (CD:CN,

added until the solution became cloudy, and the resulting solution was 300 MHz): 6 1.98 (s, CHCN, 3 H), 2.35 (s, 3 H), 2.762.90 (m, 10

filtered through a medium-porosity frit. Precipitation by diethyl ether
(100 mL) afforded a yellow microcrystalline material. The solvent was

H), 3.10 (t, 2 H), 3.75 (s, 2 H), 4.12 (s, 2 H), 6.72 (t, 1 H), 6.98 (d, 1
H), 7.05-7.15 (m, 2 H), 7.257.35 (m, 5 H), 7.65 (t (etd), 1 H),

decanted, and the solid was washed with diethyl ether and dried under7.80 (t (d-d), 2 H), 8.42 (d, 1 H), 8.50 (d, 2 H}*C NMR (CD:CN,

vacuum (yield 0.69 g, 85%). Anal. Calcd fordElsCl,CwLNsOs: C,
4551; H, 4.42; N, 8.85. Found: C, 45.07; H, 4.53; N, 8T 6NMR
(CDsCN, 300 MHz): ¢ 2.39 (s, 3 H), 2.663.04 (m, 12 H), 3.88 (s, 2
H), 4.20 (s, 2 H), 7.297.44 (m, 10 H), 7.757.88 (m, 3 H), 8.44 (d,
1 H), 8.53 (d, 2 H)}*C NMR (CDsCN, 300 MHz): 33.04, 33.28, 42.88,

75.4 MHz): 6 33.67, 34.74, 39.90, 52.26, 52.89, 55.54, 60.13, 119.65,
121.74,121.97,122.25, 122.46, 123.99, 124.52, 128.71, 129.04, 131.03,
131.78, 137.27, 137.57, 149.31, 159.21, 160.67. IR (Nujol;¥m
2310, 2272 (CN of CKCN), 846 (Pk").

Measurement of Gas (Q) Uptake by [Cu',(UN2-OH)(CH3CN)]?"

51.95, 55.77, 59.07, 62.30, 122.22, 122.56, 124.32, 124.61, 127.71,(3) To Form [Cu" (UN2-O")(OOH")]?* (4). O, gas uptake measure-
130.16, 130.68, 131.62, 132.63, 133.48, 137.60, 137.68, 149.32, 149.35ments were carried out at82 °C in a gas buret system, as previously

160.65, 160.70. IR (Nujol; cnt): 2010 (m, br, CIQ-), 1600, 1570
(C=C), 1090 (vs, br, Cl@). The Pk~ analoguela was similarly
synthesized, using [Cu(GEN),]PFs. Anal. Calcd for GoH3sNsP2F12-
Cuw: C, 40.81; H, 3.97; N, 7.94. Found: C, 41.66; H, 4.22; N, 8.25.
Reaction of [CUx(UN2-H)](PFe). (1a) with O,: Isolation of [Cu'",-
(UN2-O7)(OH")(CH3CN)](PF¢)2 (2(PFe)2). Under an argon atmo-
sphere, the ligand UN2-H (12.21 g, 26.26 mmol) dissolved in DMF
(250 mL) was introduced to solid [Cu(GBN)4PFs (19.16 g, 51.43
mmol). After 30 min of stirring, the resulting yellow solution was added

(88) Wei, N.; Murthy, N. N.; Chen, Q.; Zubieta, J.; Karlin, K. Dhorg.
Chem.1994 33, 1953-1965.

described8%9%°A 50 mL Schlenk flask with a mark on the neck was
charged with comple(PFs)2 (0.450 g, 0.479 mmol) under Ar. The
complex was dissolved in Ar-saturated &b, and the solution was
diluted up to the mark on the neck of the reaction flask. The sidearm
of the flask was attached to the buret assembly, and the flask was
immersed in a cold bath at82 °C. After temperature equilibration,
the flask was evacuated for 20 min while the contents were stirred.

(89) Lee, D.-H.; Wei, N.; Murthy, N. N.; TyekfaZ.; Karlin, K. D.; Kaderli,
S.; Jung, B.; Zuberthler, A. D.J. Am. Chem. So&995 117, 12498~
12513.

(90) Tyekla, Z.; Jacobson, R. R.; Wei, N.; Murthy, N. N.; Zubieta, J.;
Karlin, K. D. J. Am. Chem. S0d.993 115 2677-2689.
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The stopcock leading to the reaction flask was then closed, and thefor Lorentz and polarization effects were applied. The linear absorption
buret system was equilibrated to 1 atm of @essure by vacuum/O coefficients for Mo Ku radiation were low, and azimuthal scans of
cycles. After equilibration, the stopcock leading to the reaction flask several reflections indicated no need for absorption correction. The
was opened. The volume of gas was read by adjusting the Hg reservoirpositional parameters of the copper and phosphorus atoms were located
height in the U-tube of the buret assembly. The volume changes in the by direct methods and the remaining non-hydrogen atoms were located
buret were recorded after every-280 min, and the final reading was by subsequent difference Fourier maps and least-squares refinements.
recorded when no further change in volume was observed over a periodOnly the copper, phosphorus, and oxygen atoms were refined aniso-
of 1.5-2.5 h. The volume of @taken up by the solvent was determined tropically by full-matrix least-squares techniques. All measurements
by a blank run performed under similar conditions. The number of were made at room temperature on a Rigaku AFC6ES diffractometer
moles of gas taken up by the complex was calculated by using the using Mo Ko radiation and a graphite monochromator. All calculations
ideal gas law. The stoichiometry of the reaction v&®, = 1.06:1 were performed on a VAX 3520 computer using the TEXSAN
(average of two trials). crystallographic software package. Selected crystal and refinement data
Reaction of [Cu'(UN2-O7)(OOH")]?" (4) with PPhs: Oxidation are given in Table 1. Further details of the crystal data refinement, the
of PPhs. To a green solution o#(PFs;),, obtained by introducing positional and thermal displacement parameters, and complete bond
dioxygen into a CHCI, solution of 3(PFs). (0.140 g, 0.149 mmol) at distances and angles are given in the Supporting Information.
—80 °C, was added a slight excess of 1 equiv of PRihe solution . .
was stirred at-80 °C for 12 h. The resulting mixture was warmed to Acknowledgment. We are grateful to the National Institutes
room temperature, and the solvent was removed by rotary evaporation.0f Health (Grant GM28962) for support of this research. We
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ether. Gas chromatographic analysis of the ether extracts showed theJohns Hopkins University) and Dr. Lisa Marzilli and Prof.
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(PFe)2 (2(PFs)2). Green crystals 02(PFs). suitable for X-ray analysis obtaining the ESI-MS data.
were obtained from a solution of GAEN/CH,CI, (1:4, v/v) layered
with diethyl ether. A crystal covered with epoxy was mounted on a Supporting Information Available: Listings of X-ray crystal data
Rigaku AFC6S diffractometer. Automatic centering and least-squares and refinement details, atomic coordinates and isotropic temperature
routines were carried out on 25 reflections to obtain the unit cell factors, anisotropic temperature factors, and bond distances and angles
parameters. Av—20 scan mode was employed for the collection of for 2(PFs).. This material is available free of charge via the Internet at
intensity data. Three check reflections measured after every 150 http://pubs.acs.org.
reflections exhibited no significant crystal decay. The data were
collected (3.5< 20 < 50°) at a scan speed of 32.tin"%. Corrections 1C000792Y





