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The dinuclear copper(l) complex [Cu,L}(CH3CN),](CIO,), (1, L* = 3,6,9,17,20,23-hexaazatricyclo[23.3.1.1]triaconta-
1(29),2,9,11(30),12(13),14,16,23,25,27-decaene) has been structurally characterized. As previously described,
intramolecular ligand hydroxylation (at the aromatic ring) was observed when 1 was reacted with dioxygen. A
stopped-flow analysis of the reaction of 1 with dioxygen under different conditions did not allow a “dioxygen
intermediate” to be spectroscopically detected. Detailed NMR and electrochemical data on 1 are also presented
and evaluated for the first time. No copper(ll) complexes of L could be characterized due to hydrolysis of the
compounds. In contrast, complex 2—differing from 1 only in an increase in the size of the chelate rings—did not
undergo intramolecular hydroxylation when it was oxidized. The crystal structure of 2 is also described.

Introduction

A dinuclear copper center forms the active site of the
enzyme tyrosinase, a monooxygenase which activates di-

oxygen for theortho-hydroxylation of monophenols (ty-
rosine) and further oxidizes thediphenol to aro-quinone! >

Efforts to functionally model this protein and the related
dioxygen transport protein hemocyanin led to the develo

use as catalysts for selective oxidations of organic substrates
with dioxygen!” Tyrosinase activity was first modeled
successfully by Karlin and co-workers, who found that an
intramolecular ligand hydroxylation occurred during the
reaction of dioxygen with the dinuclear copper(l) complex
[Cux(XYL-H)] 2" wherein am-xylyl group links two bis[2-

p- (2-pyridyl)ethyllamine unit3®1°The occurrence of a peroxo

ment of a series of mononuclear and dinuclear copper modelCoMmplex as an intermediate during this reaction was proven

complexes. However the detailed mechanism for the aromati

ring hydroxylation reaction still remains uncleat® The

interest in modeling these proteins derives from their possible
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Figure 1. Reaction of [CuLY(CH3CN),](ClO4)2 (1) with dioxygen.

at low temperature® 22 Resonance Raman spectroscopic
studies indicate that this intermediate ig-a% 1>-peroxo-
bridged dicopper(ll) species.

To gain further understanding of this reaction dinuclear
copper(l) complexes with the-xylyl group linking different
donor units have been investigated. For many of these
compounds intramolecular aromatic ring hydroxylation was
observed during their reaction with dioxyg&rf* 3> This
kind of reactivity is also described for the macrocyclic
dicopper(l) complex [CiL}(CH3CN),]J(ClOy). (1) (Figure
1).3436.37Until now no detailed structural characterization of

distilled prior to use. [Cu(CECN),]CIO4 was synthesized according
to a literature procedur® Preparation and handling of air-sensitive
compounds was carried out in a glovebox filled with argon (Braun,
Garching, Germany; water and dioxygen less than 1 ppm). Samples
for NMR spectra were prepared in the glovebt#.and3C NMR
spectra were recorded on a DXP 300 AVANCE spectrometer or
Bruker AVANCE DRX-400 spectrometer with a wide-bore magnet,
respectively. Infrared spectra were recorded as KBr pellets on a
ATJ Mattson Infinity 60 AR-FT-IR instrument. Elemental analyses
were carried out on a Carlo Erba model 1106 element analyzer,
and FD mass spectra were measured on a JEOL JMS 700 instrument
at 70 eV and a source temperature of 2Q0

Electrochemical measurements were carried out at 20.6n
oxygen-free 0.005 M solutions of !Lin dichloromethane or
acetonitrile in the presence of varying amounts of [Cu{CN),]-
ClO, (added via syringe addition from a 0.2 M stock solution) using
a glassy carbon disk working electrode (i.d. 0.5 mm), a Pt wire
auxiliary electrode, and a Ag/0.1 M AgNMIeCN reference
electrode with a BAS 100B instrument. The supporting electrolyte
was 0.1 M tetrabutylammonium perchlorate. Potentials are reported
referenced to ferrocene-Q0.38 V vs the Ag/AgNQreference) used
as the internal standard. Solvents (Merck, HPLC grade) for the
electrochemical studies were distilled onto freshly dried 4 A
molecular sieves prior to use.

Aromatic Ring Hydroxylation Studies. To a 0.005 M solution

this complex has been available. Herein we report the crystalof L! in oxygen-free dichloromethane (50 mL) was added varying

structures of [CpLY(CHsCN),](ClO4). and of the related
compound [CeL?|(ClOy), as well as further details on the
solution chemistry and the reactivity of both complexes
toward dioxygen.

Experimental Section

Materials and Methods. Reagents and solvents used were of

amounts of [Cu(CHCN)4CIO,4 (from a 0.2 M stock solution in
acetonitrile). The mixture was stirred, and then air was bubbled
through the solution briefly before being left to stir open to air for
12 h. The initial pale-yellow colored solution of the mixture turned
a bright olive-green color. The mixture was then evaporated to
dryness and treated with dilute HCI (0.5 M) causing complete
hydrolysis of both the copper complex and any free Schiff-base
ligand to give Cé"(aq), dienH3**, and a mixture of isophthal-

commercially available reagent quality. Organic sc_;lvents used in aldehyde and 2-hydroxy-1,3-benzenedicarbaldehyde. The carb-
the syntheses of the copper(l) complexes were dried in the usualigehyde mixture was then extracted with dichloromethane, dried
way. Diethylenetriamine (dien) and bis(3-aminopropyl)amine were yar anhydrous NSOy, evaporated again to dryness, and finally
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taken up in CDG/TMS for the'H NMR studies. The relative ratio

of the two aldehydes, found from integrating the two aldehydic
C—H resonances and the OH resonance in the low-field region of
the spectrum above 10 ppm, gives a measure of the % hydroxylation
at one ring. This was plotted against the number of equivalents of
Cu(l) added to L in the original mixture.

Variable-Temperature Stopped-Flow MeasurementsSolu-
tions of complexes for the collection of time-resolved B¥s
spectra were prepared in the glovebox and transferred using syringes
to the low-temperature stopped-flow instrument. A dioxygen
saturated solution was prepared by bubbling dioxygen through
methanol or acetone in a syringe (solubility of dioxygen af@5
methanol, 0.0104 M? acetone, 0.0102 #). The reaction was
studied under pseudo-first-order conditions ([complex][O,]),
and time-resolved UWvis spectra of the reactions of dioxygen

with copper(l) complexes were recorded with a modified Hi-Tech

SF-3L low-temperature stopped-flow unit (Salisbury, U.K.) equipped

with a J&M TIDAS 16-500 photodiode array spectrophotometer

(J&M, Aalen, Germany). Data fitting was performed using the
integrated J&M software Kinspec.

X-ray Structure Determination of [Cu ;L Y(CH3CN),](CIO ),
(1) and [Cu,L?(ClO4), (2). Single crystals were coated with
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Table 1. Crystal Data and Structure Refinement for
[CUle(CchN)z](C|O4)2 (1) and [CLQLZ](C|O4)2 )

param 1 2
chem formula @3H36N3CU2C|203 ngH35N5CU2C|203
fw 810.63 782.61
temp (K) 294(2) 173(2)
wavelength (A) 0.710 73 0.710 73
space group C2lc P2i/c
a(h) 36.242(4) 13.9342(5)
b (R) 11.391(3) 7.9472(3)
c(A) 19.065(2) 15.0109(6)
o (deg) 90 90
f (deg) 116.89(1) 102.008(2)
y (deg) 90 90
V (A3) 7020(2) 1625.90(11)
z 8 2
Dcalea (Mg/m?3) 1.534 1.599
abs coeff. (mm?) 1.422 1.530

Rindices[ > 26(1)]  R1(F,) = 0.0551
WR2(F?) = 0.1332
RE) = 0.0914

WR2(F,2) = 0.1538

R1F,) = 0.0532
WR2F?) = 0.1313
R1F,) = 0.0894

WR2F?) = 0.1510

R indices (all data)

Table 2. Bond Lengths (A) and Angles (deg) fdrand 2
Bond Lengths fod

Cu(1)y-N(1) 2.081(4) Cu(LyN(3) 1.996(3)
Cu(1)y-N(2) 2.193(4) Cu(LyN(7) 1.894(4)
Cu(2)-N(4) 2.048(4) Cu(2)yN(5) 2.219(5)
Cu(2)—N(6) 2.039(4) Cu(2yN(8) 1.912(4)
Bond Angles forl
N(7)—Cu(1)-N(3) 137.9(2) N(8)Cu(2)—N(6) 129.1(2)
N(3)—Cu(1)-N(1) 103.1(2) N(6)Cu(2)—N(4) 103.3(2)
N(3)—Cu(1)-N(2) 85.1(2) N(6)-Cu(2)-N(5) 80.7(2)
N(7)—Cu(1)-N(1) 116.2(2) N(8)-Cu(2)—-N(4) 125.8(2)
N(7)—Cu(1)-N(2) 114.4(2) N(8)Cu(2)—N(5) 113.3(2)
N(1)—Cu(1)-N(2) 80.8(2) N(4)-Cu(2)-N(5) 84.6(2)
C(25)-N(7)—Cu(1) 177.4(4) C(2AN(8)—Cu(2) 173.8(5)
Bond Lengths fo2
Cu(1)y-N(1) 1.942(3) Cu(LyN(3) 1.943(4)
Cu(1y-N(2) 2.110(3)
Bond Angles for2
N(1)—Cu(1)-N(3)  158.80(14) N(1)Cu(1}-N(2) 104.72(15)
N(3)—Cu(1)-N(2) 96.27(14)

polyfluoroether oil and mounted on a glass fiber. Datalfovere
collected on a Siemens P4 diffractometer at 294(2) K an@ fam
a Nonius Kappa diffractometer with a CCD array detector at 173(2)
K (graphite-monochromator) (see Tables 1 and 2). Lorentz,

Utz et al.

a manner similar to previously published proceddfé8A solution

of 5.32 g (39.7 mmol) of isophthalaldehyde in 650 mL of T

was added dropwise (over 8 h) to a solution of 4.10 g (39.7 mmol)
of freshly distilled diethylenetriamine in 1000 mL of GEN. The
reaction mixture was stirred for 17 h at room temperature. The
resulting yellow precipitate was filtered off and recrystallized from
a mixture of CHCN/CH,CI; (1:3) to yield 5.88 g (14.60 mmol) of

a white solid (yield: 74%). The 300-MH#H NMR spectra in
CDCl; are complex because of a ring-forming tautomeric equilib-
rium of the Schiff-base in solutiotf. Anal. Calcd: C, 71.61; H,
7.52; N, 20.88. Found: C, 71.72; H, 7.50; N, 20.93. FD-MS (GHICI
70 eV): m/iz = 201/202 [L4]?+, 403/404 [l}]". IR (KBr, cm™):
3274 v(N—H), 3057/3034v(C—H), 2926/2891/2839/2789(C—

H), 1649v(C=N), 14445(C—H), 793/7005(C—H).
[CusLY{CH3CN),)(ClOy)2 (1). To a suspension of 0.402 g (1
mmol) of L in 20 mL of MeOH was added a suspension of 0.654

g (2 mmol) of [Cu(CHCN),]CIO,4 in 40 mL of MeOH and heated
for 5 min at 60°C. After the mixture was stirred fd h atroom
temperature, a yellow precipitate was obtained in 98% yield (0.800
g, 0.98 mmol). Yellow crystals suitable for X-ray diffraction studies
were obtained by diffusion of THF into a solution bfn a mixture

of MeOH, CH,CN, and CHCI, (2:2:1). Anal. Calcd for GgH3gNg-
CwCl,Og: C, 41.49; H, 4.48; N, 13.82. Found: C, 41.39; H, 4.99;
N, 13.50. IR (KBr, cml): 3355v(N—H), 3034 v(C—H), 2928/
2857v(C—H), 1636v(C=N), 14435(C—H), 1090v(CI-0), 783/
691 6(C—H).

[Cu,L?(ClOy), (2). A solution of 0.394 g (3 mmol) of bis(3-
aminopropyl)amine in 10 mL of MeOH and 0.982 g (3 mmol) of
[Cu(CH,CN),]CIO4 was added to a solution of 0.402 g (3 mmol)
of isophthalaldehyde in 15 mL of methanol. The reaction mixture
was heated at 60C for 15 min and then stirred fB h atroom
temperature. The resulting orange solid was filtered off and dried
in vacuo to yield 0.563 g (0.718 mmol) &f (48%). Red single
crystals suitable for X-ray diffraction studies were obtained by
diffusion of EtO into a solution oR in a mixture of MeOH/CHCN
(1:1). Anal. Calcd for GgH3gNsCW,Cl,0s: C, 42.86; H, 4.88; N,
10.71. Found: C, 42.75; H, 5.08; N, 10.63. FD-MS (T, 70
eV): m'z= 459 [L?]*, 522 [Cul?]™. IR (KBr, cm™%): 3271v(N—

H), 3045v(C—H), 2919/2862/(C—H), 1624v(C=N), 14586(C—
H), 1092v(CIl-0), 788/6896(C—H).

Results and Discussion
Synthesis and Characterization of [CyuL(CH3CN),]-

polarization, and empirical absorption corrections were applied. ClO4)2 (1) and [Cu,LF(ClO4), (2). Metal complexes of
Space groups were determined from systematic absences anG&chiff-hase macrocycles have been used successfully in the

subsequent least-squares refinement. The structures were solve
by direct methods and refined oR? using full-matrix least-
squares techniqués. Non-hydrogen atoms were refined with
anisotropic thermal parameters. Foall hydrogen atom positions
were taken from a difference Fourier map but were not refined.
The crystallographic data were deposited as supplementary publi-
cation nos. CCDC 180448L), CCDC 181311 %), and CCDC
183547 B) at the Cambridge Crystallographic Data Centre and
are available on request from the following: CCDC, 12 Union
Road, Cambridge CB2 1EZ. Fax+44)1223-336-033. E-mail:
deposit@ccdc.cam.ac.uk.

Syntheses of Ligands and Complexe£aution! Perchlorate
salts are potentially explogé and should be handled with great
care

3,6,9,17,20,23-Hexaazatricyclo[23.3.1.1]triaconta-1(29),2,9,
11(30),12(13),14,16,23,25,27-decaené)(lL was synthesized in

(41) SHELXTL 5.10Q Bruker AXS: Madison, WI, 1998.
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ﬁast for modeling metallobiosité3 General procedures to
synthesize such complexes were established by Nelson and
co-workers'® The macrocyclic ligand Lwas readily prepared

in good yields similar to published procedufég¢4*NMR
spectra of Lin CDCl; are complex and suggest the existence
of several isomeric/tautomeric species in solufibtf. The
crystal structure of one of the isomers was determined and
revealed a ring contraction from the 24-membered macro-
cycle to an 18-membered macrocycle due to a ring-forming
tautomerism resulting from reaction of the secondary amine
group with one of the imine¥:**However these Schiff-base
tautomers are in equilibrium with the 24-membered tetra-
imine form which is the form that complexes with copper(l).

(42) Collinson, S. R.; Fenton, D. Eoord. Chem. Re 1996 148 19.

(43) Nelson, S. MPure Appl. Chem198Q 52, 69.

(44) Adams, H.; Bailey, N. A.; Fenton, D. E.; Hempstead, P. D.; Westwood,
G. P.J. Inclusion Phenom. Macrocyclic ChedB91, 11, 63.
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that the calculated structure correctly describes the important
features of the experimentally determined crystal structure
of 1 such as the “bowl shape” of the complex which brings
the copper(l) ions into relatively close proximity. Small
deviations in bond lengths and angles are apparent by
replacing acetonitrile by ammonia to simplify the calcula-
tions* However, the calculated CtCu separation of 3.4
A'is 0.8 A shorter than the experimental value, a feature
conceivably due to accommodation of the larger acetonitrile
ligands.

Use of other spectroscopic and analytical methods have
failed to characterize complekin detail. While elemental
analysis data indicate that the complex is formed, no
information on solvent coordination can be gained. IR
spectroscopy also supported the formatiord dbut again it
was not possible to ascertain if acetonitrile molecules are
coordinated or not. The role played by any coordinated
acetonitrile molecules in these copper(l) complexes is perhaps
more important to consider. In earlier work dnit was
assumed that acetonitrile molecules are not coordinated to
the copper(l) iong*3® For the MM calculations ori the

c8

Figure 2. Molecular structure of the cation of [GLY(CH3CN)z](ClO,)2
(). (Hydrogen atoms are omitted for clarity.)

Although reaction of the copper(l) complex of with
dioxygen has been previously reported, a detailed charac-
terization of this complex has so far been lackifhéf374°
This is mainly a consequence of the high reactivitylah
solution toward dioxygen. However, under the inert condi-

tions of a glovebox we obtained crystals of this complex coordination of a solvent ligand on each copper(l) ion was

suitable for X-ray analysis. The complex can also be . L "
. : . included because of the known coordination of acetonitrile
synthesized by a template reaction following the procedure . : .
n the isomerigp-phenylene copper(l) compléX However,

described for [CpL?(ClO4), (2) above. The molecular !

structure of the cation of [GlI(CHCN),](CIO)s (1) with sgch a varlat!on in the ligand system can lead to a quite
. . . S different reactivity of the copper(l) complex and furthermore
the atomic numbering scheme is shown in Figure 2.

L , , i can cause a completely different behavior toward coordina-
Each copper lon IS coordinated in a _dlstorted tetrahedral iy of additional acetonitrile molecules (see below and for
manner by two imine donors, an amine donor, and one

i . ) example refs 50 and 51).
acetonitrile molecule. The ClO counterions do not interact

- . ) A ring-enlarged 28-membered Schiff-base macrocyclic
with the copper(l) ions. One CIO counterion was found 10 jisang 12 similar to L has been reported earlier using bis-

be.dlsord_ered over twc_) positions. These two positions were (3-aminopropyl)amine instead of diethylenetriamine in the
refined with occupancies of 73(3)% and 27(3)%. The-Cu g hinesig? The general reactivity of its copper(l) complex
Nimine 2nd Ct-NaminebOnd distances compare well with other 25 heen investigated, but a detailed structural characteriza-
crystallographically charactgrlzeq copper(l) imine complexes tion of this compound was not apparéhtn this work the
(only some examples are given in the'referenéé‘@‘.‘ﬁThe copper(l) complex [CtL7(ClO.)2 (2) was prepared directly
Cu—Cu separation of 4.250(3) A is smaller than the by a template reaction of [Cu(GBN),|CIO,, bis(3-amino-

experimental Vagle for deoxyhemocyanin (4.6 A) but quite . amine, and isophthalaldehyde under inert conditions.
close to the 4.4 A reported for the reduced form of catechol 1o ‘molecular structure o with the atomic numbering

oxidase, an enzyme related to tyrosinase (the crystal StruCtUrecheme is presented in Figure 3. The complex exhibits a
. o1 .
of tyrosinase has not been reported Y&tj° It is much o ier of inversion. In the dinuclear complex each copper(l)
sh%rter than in a related nonmacrocyclic complex (4'?1552(2) ion is coordinated in a distorted trigonal planar manner by
A)*and the macrocyclip-phenylene isomer df (7.04 A) two imine donors and one amine donor. Clearly in contrast
This must be a consequence of the “bowl shape” of the 5 1 g acetonitrile molecules are coordinated 2nas
complex that results from the distortion of the phenyl rings . yitional coligands. The pheny! rings in this complex are
aga|.ns.t each -other. - ~ coplanar to each other and therefore provide a large cavity
crystals ofl in the past, the structure of this complex was jgns are separated from one another by 7.700(2) A and
predicted by molecular mechanics calculations which were ghifted 0.043 A out of the Nplane. This distance is much
based on simulations of tipphenylene isomef Itis seen  |arger than inl and even larger than that found for the
p-phenylene isomer df (7.04 A)#5 Each copper(l) ion shows

(45) Comba, P.; Hambley, T. W.; Hilfenhaus, P.; Richens, DI.TChem.

Soc., Dalton Trans1996 533. (50) Becker, M.; Heinemann, F.; Schindler, Shem—Eur. J. 1999 5,
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believed that a bigtmethoxy)-bridged dicopper(ll) complex
is the final product in methané®. A kinetic analysis of the
reaction of2 with dioxygen in methanol or acetone proved
to be complex with several reaction steps detected. Simple
fitting of the data to successive exponential functions under
pseudo-first-order conditions was not successful. Nonethe-
less, the kinetics clearly showed that under the conditions
employed no reactive “dioxygen intermediate” could be
detected.
. Despite the presence of a coordination sphere at copper(l)
Z;gugtren i?t.edl\?grlecﬁglri; ;tructure of [CAA(CI0N: (2). (Hydrogen atoms - ieal to that ind the p-phenylene isomer of does not
react with dioxygert® The analogous copper(l) cryptates of
weak interaction to one oxygen atom of the €i@ounterion 1 and2 (via reaction with tren and trpn, respectively) have
at a distance of 2.935(3) A. also been structurally characteriZ8d°In these complexes
Reactivity toward dioxygen_ In an earlier communication no additional acetonitrile molecules are coordinated although

we reported a kinetic analysis of the intramolecular ligand @ noncoordinating acetonitrile molecule is found in the crystal
hydroxylation during the reaction of dioxygen witformed ~ structure of the copper(l) cryptate analogue bf The

in situ by mixing stoichiometric amounts of [Cu(GEN),]- copper(l) ions are separated by 4.23 and 4.44 A, distances
ClO, with L under inert conditions) in methan®l.From similar to that found inl. Neither complex reacts with
the kinetic findings we postulated a dinuclear copper peroxo dioxygen2®:7

intermediate similar to the one that was observed spectro- NMR Studies. The poor solubility ofl in noncoordinating
scopically during the reaction of [G(XYL-H)]?" with solvents has precluded a detailed study of its solution
dioxygen at low temperaturé%:22 With the isolation of the ~ chemistry.'H NMR spectra froml in the coordinating
well-defined starting materidl we have reinvestigated this ~ solvents CRCN, DMSOds, and DMF4d; showed broad
reaction at low temperatures using stopped-flow techniquessignals at room temperature, suggesting equilibria involving
hoping to detect the occurrence of a “dioxygen adduct” as a number of different species in solution. These equilibria
an intermediate. Unfortunately, during the kinetic experi- could also result from exchange reactions of the coordinated
ments in methanol, acetone, or dichloromethane no oxygen-acetonitrile molecules or copper(l) ions. Therefore we tried
derived intermediate could be observed spectroscopicallyto push the equilibria to one side by addition of [Cu(&H
even when the temperature was lowered-8 °C. A similar CN)4CIO4, but these attempts failed in contrast to earlier
result was observed earlier for two nonmacrocyclic imine studies on a related nonmacrocyclic compiex.
complexes?35\We conclude that the rate-determining step  Low-temperature NMR spectra dfin CDsCN down to

in the reaction of these dicopper(l) imine complexes with —20 °C remained complex. However corresponding NMR
dioxygen is the formation of the “dioxygen adduct” (at all spectra obtained in DME; down to —55 °C were more
temperatures studied). This behavior contrasts with the informative although there still remain open questions. Figure
reaction of [Cu(XYL-H)] 2" with dioxygen wherein forma- 4 shows théH NMR spectra ofl in DMF-d; at —55, —25,

tion of a “dioxygen adduct” is readily observét?? It is and+25 °C.

apparent however that the isolated compleseacts faster The existence of two different species in solution in a 1:1
than the same Complex prepared in situ frohahd solutions ratio is Suggested by the appearance of 3 Signa|s frerhl N

of [Cu(CH;CN)4|CIO4 in acetonitrile. Indeed the reactionin  groups at 4.43 (1H), 4.54 (2H), and 4.84 ppm (1H) which
pure acetonitrile needs hours for completion compared with gre shifted with increasing temperature and which show
the immediate oxidation in methanol. Furthermore the coalescence at15 °C. The Signa|s in the a|iphatic region
intramolecular aromatic ring hydroxylation was suppressed however remained complex except for the broad signal at
as was reported earlier for [@IXYL-H)]?*20"%2 This 2.33 ppm (6H) and a sharp singlet at 2.51 ppm (6H) for the
provides clear evidence that acetonitrile competes signifi- coordinated acetonitrile molecules. These signals show
cantly with dioxygen as a ligand on the copper(l) center. coalescence at25 °C.

The oxidation ofl with dioxygen in dichloromethane or in With the help of &H,'H-COSY NMR spectrum recorded
acetone is very similar to the same reaction in methanol andz; _ 45 <c in DMF-dy, we were able to assign the different
was not studied in more detdil. _ _ signals in the aromatic region unambigiously to the corre-
Comparison of the reactivity df toward dioxygen with  sponding aromatic protons. We find for the protons two
the same reaction on the ring-expanded comg@lexd the  broad signals at 6.86 (2H) and 7.74 ppm (2H) and for the

p-phenylene isomer ofl is also of interest2 reacts in Hyp protons two dublets at 7.61 (2H) and 8.09 ppm (2H) and
methanol with dioxygen, but in contrast th no intra-

reaction product was not characterized in detail, but it is Chem. Soc., Dalton Tran200Q 1513.
(56) Ngwenya, M. P.; D., C.; Martell, A. B. Chem. Soc., Chem. Commun.

1990 1207.
(54) Schatz, M.; Becker, M.; Walter, O.; Liehr, G.; Schindler,li%rg. (57) Harding, C. J.; Lu, Q.; Malone, J. F.; McKee, V.; Nelson].XChem.
Chim. Acta2001, 324, 173. Soc., Dalton Trans1995 1739.
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Figure 4. Low-temperatureH NMR spectra ofl in DMF-d; at —55,
—25, and+25 °C, respectively. (X marks solvent or water peaks.)

a broad signal at 7.94 ppm (4H). One peak forat 7.74
ppm (2H) is overlaid by the signal for twockprotons, while
the other signal at 9.74 ppm (2H) shows a striking low-field
shift due to a strong deshielding of,HThe imine protons
give peaks at 8.36, 8.46, 8.80, and 8.81 ppm.

The strong deshielding of Hcould result either from
electronic or anisotropic effects. Because of the little
importance of the aromatic ring current f8iC chemical
shifts, we measured th#d,'*C-HMQC spectrum ofl in
DMF-d; at —45 °C. The signal corresponding to, @vas

| N N I

NV | N

Himin
X

NH

JJMMN fh A T = -55°C
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Figure 5. Low-temperatureH NMR spectra of2 in DMF-d; at —55,
—15, and+25 °C, respectively. (X marks solvent or water peaks.)
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8.0 70 6.0

there are two singlets at 8.63 and 8.65 ppm (4H each) for
Himin @and four doublets for Hat 7.91, 7.96, 8.00, and 8.02
ppm (8H). The NH protons give one broad signal at 4.54
ppm (4H).

Interestingly 2 does not show such a strong low-field shift
for H,. Together with the longer CuCu distance in the
complex this might be responsible for the fact that hydroxyl-
ation of the phenyl ring does not occur upon oxidation.

Electrochemistry. A cyclic voltammogram of the free
ligand L' in either dichloromethane or acetonitrile is
characterized by a broad irreversible oxidation wave@66
V which disappears upon the addition of varying equivalents
of Cu(l) salt (syringe addition) to be replaced by a new

found at 121.14 ppm, while the other aromatic nonquaternary irreversible oxidation wave (to Cu(ll)) for the Cu(l) complex
C atoms caused peaks between 128.41 and 136.47 ppm. Thiat +0.12 V accompanied by a number of irreversible
high-field shift suggests a quite high electron density for the reduction waves on the return scan-&.11, —0.34, and

C, atoms and therefore indicates that upon oxidatior of

—1.31 V. In dichloromethane the height of th®.12 V wave

an electrophilic attack of the postulated peroxo moiety can increases linearly with the equivalents of Cu(l) added up to

take place at least in one speciesloBecause of equilibria
in solution at room temperature, complete oxidatiod oin

occur. The other chemical shifts are given for completion:

1.58; 2.17 (CHCN); 48.08; 49.98; 50.87; 51.02; 59,69;
60.41; 61.96; 64.92 (Cht 121.14 (G); 128.41 (G); 129.28
(Co); 130.39 (G or C); 132.50 (G); 136.47 (G or Cy);
162.89; 164.03; 164.42; 167.12%®).

a sharp break leveling off at exactly 2.0 equiv. The linear
nature of the increase of the wave height up to 2.0 equiv of
Cu(l) indicates that a single complex, the Cu(l) spedids
relevant over all ratios of Cu(l) to 'Lin this solvent.
However, in acetonitrile different behavior is observed, with
more than 2.0 equiv of Cu(l) required to maximize the height
of the+0.12 V wave of the dicopper(l) species. The growth

To explore the effects of macrocyclic ring enlargement of the peak with Cu(l) concentration is now curved without
within the ligand donors around the copper(l) centers, the the appearance of a sharp break. Here it is believed that

IH NMR behavior of complexX2 was also investigated in
DMF-d; down to—55 °C. Unlike 1, complex2 shows well-

acetonitrile competes with for coordination to Cu(l) thus
setting up an equilibrium betwedrand acetonitrile-solvated

resolved signals at low temperatures in the aromatic region, Cu(l)y—quite feasable since acetonitrile is known to be an
while the aliphatic region remained complex. Figure 5 shows effective ligand for Cu(l). Furthermore, this finding correlates

the NMR spectra o2 in DMF-d; at —55, —15, and+25 °C.

At —55 °C three doublets of doublets at 6.45 (1H), 6.54
(2H), and 6.61 ppm (1H) are found for,Hwhich show
coalescence at 1%, and three singlets fortat 7.71 (1H),

with the observation that intramolecular aromatic ring

hydroxylation is suppressed in acetonitrile (see above).
The profile of the cyclic voltammetric experiments in

dichloromethane parallels exactly that of the % hydroxylation

7.73 (2H), and 7.76 ppm (1H), which show coalescence at study described in the Experimental Section, showing that

5°C. Therefore, we suggest here in analogy tbe existence
of two different species in solution in a 1:1 ratio, but the

exclusive formation of a dicopper(l) complex is essential for
aromatic ring hydroxylation to be observed. If two or more

nature of the assumed conformers is unknown. Furthermore,copper(l) ions are present with one molecule df an
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Figure 6. Molecular structure of [Cidien)Cl,](SOsCFs)2 (3). (One
triflate anion is omitted for clarity.)

intramolecular aromatic ring €H hydroxylation of 100%
is observed (the lower hydroxylation yields reported edflier

Utz et al.

CFRs)2. The structure of this complex in Figure 6 (omitting
one triflate anion for clarity) shows the hydrogen-bonded
network. The cationic unit has however been described in
the literature as the nitrateand chloridé® salt, so structural
data for this compound are only deposited with the CCDC
as described at the end of the Experimental Section.

A dinuclear copper(ll) complex of 1 was postulated to
form by reacting CuGlwith L2 in methanol, but character-
ization of this compound was not reported; however, the
product [Cuy(dpt)Cl;]Cl, (dpt= dipropylenetriamine) of the
quantitative hydrolysis of this complex was describgg.

Summary/Conclusions

Previous work had shown that the macrocyclic dinuclear
copper(l) complexL underwent intramolecular ligand hy-
droxylation upon reaction with dioxygen, but a detailed
characterization ol was still missing. We were now able
to structurally characterizé which adopts a “bowl shape”
in the solid state. This allows a relatively close proximity of
the copper(l) ions with a coppecopper distance of 4.250(3)

most likely are either a consequence of not adding enoughA. In solution low-temperature NMR measurements reveal

copper(l) salt or using acetonitrile as a cosolvent). Thus, it
is clear that the reactive -€H hydroxylating species is
directly derived from the dinuclear compléx

Copper(ll) Complexes. As discussed earlier, the “di-
oxygen adduct complex”, most likely a copper(ll) peroxo
complex which forms during the reaction bfvith dioxygen
according to our kinetic data, could not be isolated or
characterized spectroscopicallyTherefore, the isolation of
different copper(ll) complexes of'lwas attempted in the

hope that they could provide an excellent structural descrip-

tion of the postulated analogous peroxo compléRés,
Unfortunately all attempts to isolate a stable dicopper(Il)
complex with ! under different conditions and using various

an equilibrium of two not further identified species. One
species clearly shows a high electron density for thatGm
which indicates that upon oxidation df an electrophilic
attack of the postulated peroxo moiety can take place at least
in that species. Electrochemical studies allowed us to
optimize the conditions for hydroxylation up to nearly a
100% yield. Compoun@ with the enlarged macrocyclic
ligand does not undergo the intramolecular hydroxylation
reaction of an aromatic ring upon oxidation. The molecular
structure of2 shows that the phenyl rings are coplanar to
each other and therefore provide a larger cavity in which
the two copper(l) ions are embedded. The copper(l) ions are
separated from one another by 7.700(2) A. Low-temperature

anions failed. This is not surprising because imine hydrolysis NMR studies also reveal the presence of two different species
in such ligands is enhanced dramatically by the presence ofin solution, but in contrast td, H, does not show such a

copper(ll) ions. The reaction of Cu(Ci}2 in dry methanol
with L precipitates a bluish-green moisture-sensitive solid
analyzing for [CuLY(ClO,), and with infrared evidence of
weak CIQ~ coordination. This and other related complexes
rapidly turn bright blue in the air due to formation of copper
dien complexes as a result of hydrolysis of the macrocyclic
ligand. The isolation of solid [GiL*(X),](X)2 (X = CI~ or

strong low-field shift. It is obvious that the distance of the
two copper ions as well as the distance of the copper
“dioxygen” moiety to an aromatic ring must play an
important role for successful ligand hydroxylation reactions.
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