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Copper(ll)-hydroperoxo species are proposed as key inter-
mediates in the catalytic cycles of copper-monooxygenase
enzymes that perform C-H bond hydroxylation. Herein we
report on the oxidation chemistry of a copper(ll) complex
with a coordinating cryptand based on a peralkylated tetra-
dentate tris(2-aminoethyl)amine (tren) moiety. X-ray crystal-
lography of the copper(ll) acetate complex of this cryptand
revealed that the copper(Il) ion is in a square-pyramidal envi-
ronment, with the cryptand acting only as a tridentate ligand.
This geometry is conserved in solution and likely results from
restraints imposed by the semi-rigid cryptand. Reaction of

this complex with basic hydrogen peroxide in methanol led
to the decomposition of the complex with an oxygen-atom
transfer to the ligand, as evidenced by mass spectrometry
analysis after reaction and demetallation. Low-temperature
stopped-flow experiments (down to —-90 °C) support the for-
mation of a copper(ll)-hydroperoxo intermediate, CuOOH,
before ligand oxygenation occurs. It is proposed that this in-
termediate performs the oxygen-atom transfer to a weak
benzylic C-H bond of the cryptand, thereby mimicking the
behavior of dopamine-B-hydroxylase.

Introduction

The ease with which enzymes perform oxidation reac-
tions has long been coveted by synthetic chemists.['l In this
respect, copper monooxygenases are enzymes of particular
interest because they can hydroxylate C-H bonds using
low-toxicity copper as the key element.[”! Specifically, the
enzyme peptidylglycine-o-hydroxylating monooxygenase
(PHM) can hydroxylate a C—H bond in a glycine-extended
peptide.?! This enzyme activates dioxygen (O,) at a mono-
nuclear Cu' ion (Cuy) and performs insertion of one oxy-
gen atom into the substrate with the assistance of a second
mononuclear Cu! ion (Cuy) located at a distance of 11 A
from Cuys. The enzyme dopamine-f-hydroxylase (DfSH),
which hydroxylates the benzylic position of dopamine, has
a very similar active site to that of PHM.[*l The suggested
mononuclear reaction intermediates involved in the C-H
bond functionalization in these enzymes are the Cu'l-super-
oxo [Cu'-(0,7)], Cu-hydroperoxo [Cu-(OOH7)], Cu'-
peroxo [Cu™-(0,%>)], and Cu'-oxyl/Cu'-oxo [Cu!-(O™)/
Cu-(0*)] complexes.’) A Cu'l-hydroperoxo species was
first proposed as the active intermediate, but a Cu''-super-
0xo0 species is now seen as a more likely culprit.*-¢ In par-
ticular, experimental evidence for the Cu''-superoxo inter-
mediate lies in the solid-state molecular structure of oxygen-

[a] Department of Chemistry and Biochemistry, Concordia
University,
7141 Sherbrooke W, Montreal, QC, H4B 1R6, Canada
Fax: +1-514-848-2868
E-mail: xotten@alcor.concordia.ca

[b] Institut fiir Anorganische und Analytische Chemie, Justus
Liebig Universitit,
Heinrich-Buff-Ring 58, 35392 Giellen, Germany

WWILEY i@

4204 ONLINE LIBRARY

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ated crystals of PHM, in which the best structural fit at the
active site is an end-on Cu'-superoxo species.#!

Many synthetic efforts have been made to prepare and
study reactive mononuclear Cu complexes that would be
similar to the intermediates proposed in the enzymatic cata-
lytic cycles.['#55-71 Of interest to the present study are Cu'l-
hydroperoxo species prepared using multidentate ligands.
One such complex has been crystallographically charac-
terized; it is supported by a tetradentate ligand that stabi-
lizes the hydroperoxo group through hydrogen bonds.[®!
This species shows little reactivity due to its stability. Be-
cause most Cu'l-hydroperoxo species are reactive, however,
they are studied only in solution at low temperatures to
prevent their decomposition. These species are thus charac-
terized by spectroscopic means (UV/Vis features, resonance
Raman, EPR).I!

Herein we report oxidation studies on a Cu!! complex of
a coordinating cryptand based on the tris(2-amino-
ethyl)amine (tren) ligand (Scheme 1); the peralkylated tren
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Scheme 1. Ligand L and preparation of its Cu'! acetate complex.
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moiety is well-known to support Cu/O, chemistry.'% We
were curious to study the effects of the semi-rigidity and the
cavity of a cryptand on the reactivity of a Cu''-hydroperoxo
species given that second-sphere interactions are possible
between the Cu''-hydroperoxo species and the inside of the
cryptand cavity. Such second-sphere interactions have been
shown to be key factors in stabilizing reactive intermediates
in metal-dioxygen chemistry.®!!l In addition, the cryptand
arms are based on benzyl linkers, which mimic the benzylic
position that undergoes hydroxylation in the substrate of
DfH.

Results and Discussion

The synthesis of the macrobicyclic ligand L involves N-
methylation of the known cryptand LH.['2] Methylation was
found to simplify the products deriving from the oxidation
reactions carried out below; complexes of the non-methyl-
ated ligand LY readily oxidized to imine compounds,
thereby hampering the study of the oxygen-atom transfer
reaction.['3] Slow diffusion of acetonitrile into a dichloro-
methane solution of L at —30 °C yielded single crystals that
were amenable to X-ray diffraction analysis (Table 1). The
molecular structure (Figure 1) indicates that the cryptand
adopts an endo-endo conformation, as does its parent
LH.[122] The molecule displays an overall C; symmetry, no-
tably due to the twist of the N4 arm of the tren moiety with
one CH, (C19) inside the cavity. The bottom of the mole-
cule displays three weak C-H-:+O contacts between the
OCH, and the O atoms in the range 2.727-2.879 A [van

Table 1. Crystal data and details of structure determinations for L
and [LCu(OAc)(MeOH)](SbF).

L [LCu(OAc)(MeOH)](SbFe)
Empirical formula C36Hs51NsO5 C39Hs3CuF¢N5O4Sb
Formula mass [gmol '] 601.82 992.19

Color, habit colorless, rod blue, plate
Crystal dim. [mm] 0.40x0.10X0.10 0.10 % 0.08 X 0.04
Crystal system orthorhombic triclinic
Space group P2,2,2, Pl

z 4 2

a Al 13.2018(8) 11.4632(7)
b Al 13.5649(8) 13.0625(8)
c[A] 18.4945(10) 14.8682(9)
a ] 90 94.176(3)
AN 90 98.893(3)

b M| 90 104.495(2)
VA3 3312.0(3) 2115.0(2)
Dy [mgrm ) 1.207 1.558
Radiation Mo-K, Cu-K,,
Temperature [K] 110 150

0 range [°] 5.43-27.53 3.52-67.91
u [mm1] 0.08 6.354
F(000) 1304 1018
Observed reflections 7109 33408
Independent reflections (R;,) 4139 (0.024) 7533 (0.070)
Data/restraints/parameters 4139/0/400 7533/0/542
Goodness of fit on F? 1.119 1.045

R indices (all data) 0.0423 0.0462

wR, indices [1>20(1)] 0.0854 0.1219
Largest diff. peak/hole [e:A3]  0.23/-0.18 1.634/-1.049
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der Waals radii: ryqw(H) = 1.20 A, ryqw(O) = 1.52 A]. The
molecule also wraps itself around weak C,.om—H*"Cgrom
contacts between the aromatic groups [3.053-3.225A;
reaw(C) = 1.70 A]. Lastly a triangular set of H-+H contacts
is observed between two benzylic CH, groups on the N2
and N5 atoms and the tren N4CH, group from the twisted
arm (2.405-2.470 A). Although very weak, these multiple
interactions certainly exist to counteract the void that
would be created by an open cavity and testify to a certain
flexibility of the semi-rigid cryptand.

Figure 1. (a) ORTEP representation of L at 50% ellipsoid prob-
ability. Hydrogen atoms have been omitted for clarity. (b) ORTEP
representation of L at 20% ellipsoid probability emphasizing the
weak interatomic contacts (only selected hydrogens shown).

The binding of Cu'" to L was found to be highly depend-
ent upon the choice of counterion. With BF,~ or NO;™ as
counterions, the Cu'" complex did not form fully (incom-
plete coordination) in water, methanol, or ethanol, as indi-
cated by a large residual ligand peak in the ESI-MS analy-
sis. By contrast, the reaction of L with Cu'' acetate or for-
mate in methanol or ethanol yielded a blue solution with
only one ESI-MS peak corresponding to the complexes
[LCu(OAc)]" or [LCu(O,CH)J*, respectively (Figure 2).
With the CF5;SO5;  counterion, complexation only went to
completion in an aprotic solvent such as THF; in protic
solvents or in the presence of water or H,O,, the complex
dissociated readily and the oxidation studies could not be
conducted. Details on the oxidation studies that were per-
formed on the acetate complex are given below.
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Figure 2. (a) ESI-MS of [LCu(OAc)]*. (b) Predicted isotopic
pattern of [LCu(OAc¢)]*.
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The acetate complex [LCu(OAc)]* was isolated and char-
acterized in the solid state. By adding NaSbF¢ to a meth-
anol solution of the acetate complex and allowing the sol-
vent to evaporate, well-defined blue crystals of [LCu(OAc)-
(MeOH)](SbF¢) formed within one hour. These crystals
were studied by X-ray crystallography (Figure 3, Table 1).
The structure of this complex displays several striking fea-
tures. The Cu! ion is coordinated by only three of the four
nitrogen atoms of the tren moiety; the arm that is not coor-
dinated (N4 arm) extends away from the metal ion. The
square-pyramidal geometry of the Cu'' ion is completed by
an acetate ion in the equatorial position trans to the central
tren nitrogen atom (N1) and a methanol molecule at the
apical position. Though slightly disordered at the methyl
position, the methanol molecule is further involved in hy-
drogen bonding with the noncoordinated oxygen atom of
the acetate ion (O2H-+06 2.583 A). The square-pyramidal
geometry of the metal ion could be the consequence of the
semi-rigidity of the cryptand, but Cu'' complexes of ligand
LY with CN-, SCN, and N5 ions adopt a distorted trigo-
nal-bipyramidal geometry with all four nitrogen atoms of
the tren moiety coordinated.n'?# In [LCu(OAc)(MeOH)]-
(SbFg), the N-methyl groups, especially on N4 atom, may
sterically hamper the cryptand to adopt a pseudo-C; con-
formation when the acetate anion is coordinated.

Figure 3. ORTEP drawing of [LCu(OAc)(MeOH)](SbF¢) at 50%
ellipsoid probability. The SbF4 counterion and hydrogen atoms
have been omitted for clarity. Selected bond lengths [A]: Cul-O1
1.961(3); Cul-06 2.271(3); Cul-NI1 2.050(3); Cul-N2 2.073(3);
Cul-N3 2.096(3).

The solution structure of the acetate complex was investi-
gated by Electron Paramagnetic Resonance (EPR) spec-
troscopy. The EPR spectra, at 77 K, of a methanol solution
formed by adding Cu'! acetate to L and that of dissolved
[LCu(OAc)(MeOH)](SbFg) crystals in methanol both dis-
play an axial signal with g = 2.21 (4 = 180 G) greater than
g, =2.03, consistent with a d(x> — y?)! electronic configura-
tion. These spectra confirm the square-pyramidal geometry
of the Cu'! ion in solution (for comparison, the aforemen-
tioned LY complexes remain trigonal bipyramidal in solu-
tion)."23  Coupled with the ESI-MS indicating a
4206
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[LCu(OAc)]" formulation, this suggests that the acetate ion
is still occupying an equatorial position of the Cu'! complex
in methanol solution.

The [LCu(OAc)]* complex was reacted under the oxidat-
ive conditions commonly used to generate Cu'l-hydroper-
oxo species. The reaction of [LCu(OAc)]* with one equiva-
lent of H>O, and Et;N in methanol was followed by UV/
Vis spectroscopy between +20 and —60 °C. The reaction
mixture gradually changed from blue to green but no band
could be unambiguously assigned to the Cu'-hydroperoxo
species [LCuOOH]", which is expected to display a hydro-
peroxo-to-Cu charge transfer around 380 nm (¢ = 900-
1700 M 'em!).[89¢909K To study the oxidation process
under more controlled conditions, the reaction was also car-
ried out with 100 equivalents of H,O, and Et;N between
—40 and 90 °C in a low-temperature stopped-flow spectro-
photometer (Figure 4).['41 This increase in H,O,/Et;N con-
centration led to a faster formation of an intermediate
along a bimolecular pathway, which permitted its observa-
tion. The time-resolved spectral traces indicated a growth
from the spectrum of [LCu(OAc)]* to that of a species with
a distinct band shouldering around 380 nm and features in
the visible range (Figure 4). This species then decayed in a
slower process. Multivariate kinetic fitting of the growth
using the Specfit software indicated a single exponential
growth consistent with pseudo-first-order conditions. The
fitting procedure revealed that the intermediate has absorp-
tions at approximately 380 nm (¢ = 2000 M 'cm™') and at
560 nm (¢= 250 M 'em™"), which are typical of the Cu''-
hydroperoxo species [LCuOOH]*.[3:9¢90-9KI Fitting at sev-
eral temperatures and Eyring analysis of the pseudo-first-
order rate constants indicated that the growth process is
associative with AH* = 25.2 kImol' and AS* = -146 J K~!
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Figure 4. Stopped-flow UV/Vis spectroscopic studies of the reac-
tion of [LCu(OAc)]* with 100 equiv. of a 1:1 H,O»/Et;N mixture in
MeOH at -70 °C; [Culoa) = 0.5 mM after mixing. (a) Time-resolved
absorption spectra for the first 450 s of the reaction; a spectrum is
measured every 9 s; first spectrum at 4.5s. (b) Growth profile at
395 nm with first-order fit. (¢c) Eyring plot from the pseudo-first-
order rate constants measured at -90, —-80, —70, —60, 50, and
40 °C: 5.66 X 1073, 1.55X 1072, 3.07 X 102, 7.72 X 1072, 0.147, and
0.238 s, respectively (standard deviations from fitting within 1.4—
3.7%).
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mol ! (Figure 4). No dimeric species [end-on or side-on per-
oxodicopper(II) and bis(u-oxo)dicopper(III)]73 were ob-
served under any of the conditions used (concentration of
H,O0,/Et;N, time of reaction). After being formed, the Cu''-
hydroperoxo complex decayed to a mixture of species with
a relatively silent UV/Vis spectrum (Figure 5). Fitting the
decay process between —40 °C and +20 °C, however, did not
lead to a single consistent kinetic model, suggesting the in-
volvement of more than a single step.
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Figure 5. (a) UV/Vis spectra of [LCu(OAc)]* at 20 °C. (b, ¢c) UV/
Vis spectra of the Cu'-hydroperoxo intermediate (b, full) at —70 °C
and the decay solution (c, dashed) at —40 °C deduced from stopped-
flow measurements; in both cases the molar absorptivities were cor-
rected from ca. 15 and 10% solvent contraction, respectively.

A comparison can be made between the present complex
and the one studied by Itoh and co-workers in terms of
the kinetics of formation and decay of the Cu-hydroperoxo
intermediate.l'>15 As is the case with [LCu(OAc)]*, Itoh’s
complex has an initial square-pyramidal geometry around
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the Cu center and it is believed that this geometry is con-
served in their Cu-hydroperoxo intermediate. The second-
order rate constants in Itoh’s case fall in the range 4-
5.1 x10* M s at =90 °C. By comparison, [LCu(OAc)]* is
formed at a much slower rate, approximately 0.11 M 's™! at
-90 °C. This dramatic reduction in the rate of formation of
the intermediate likely results from the steric demands and
rigidity of the cryptand, which hamper substitution reac-
tions in the Cu coordination sphere. Conversely, the cryp-
tand-based intermediate decays qualitatively faster than
Itoh’s or other Cu'-hydroperoxo intermediates. The rigidity
of the cryptand is likely restricting movements of the arms
that contain the sensitive CH bonds and this pre-arrange-
ment is entropically beneficial for the oxygen-atom transfer
step.

To decipher the nature of the reaction intermediates and
products, ESI-MS experiments were carried out by using a
continuous-flow mixing set-up. A 1mwm solution of
[LCu(OAc)]" and a 100 mm solution of H,O,/Et;N were
injected into coils that were cooled in a —85 °C bath. The
solutions were mixed in a Y-junction immersed in the cold
bath and the mixed solution then entered the ESI-MS in-
strument through a short capillary. As the injection flow
rate was varied, different stages of the reaction were ob-
served. The solutions were initially prepared in methanol,
but due to the proximity in mass of methanol to two oxygen
atoms, the spectra were more easily interpreted when the
experiments were carried out in absolute ethanol. The MS
data (Figure 6, a—c) revealed a complex mixture of species;
putative assignments are listed in Table 2. As the reaction
time was increased from approximately 1.5 to 6.3 then to
16 min, peaks corresponding to oxidized products increased
in intensity. Unfortunately, due to the technical difficulty of
keeping the entire length of the capillary containing the
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Figure 6. (a)-(c) ESI-MS of ethanol solutions of [LCu(OAc)]* and H,O,/Et;N mixed by continuous-flow methods at -85 °C prior to
injection. The spectra were recorded after (a) 1.5, (b) 6.3, (c) 16 min of residence time after mixing. Assignments for groups A-H are
given in Table 2. (d) ESI-MS of a [LCu(OAc)]* solution reacted with H,'*O,/Et;N (5 equiv., 78 °C).
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mixed solutions at very low temperature, and given the resi-
dence times prior to reaching the MS ionization chamber,
it is unlikely that the intermediate was observed in this ex-
periment as it decays fast at temperatures above —40 °C.

Table 2. Assignment of the main peaks in the low temperature con-
tinuous-flow MS experiments from Figure 6. The most relevant
peaks are given in bold.

Position ml/Z Assignment
A 602 [LJH* (reactant)
B 618 [L+OJH"
C 664 [L+Cu]*
D 679 [(L+O-H)+Cu]" (deprotonated hemiaminal)
680 [(L+0O)+Cu]"
681 [L+Cu+OHJ"
E 695 [(L+0O-2H)+Cu+OH]" (double oxidation)
697 [L+Cu+OOH]" or [(L+0)+Cu+OH]"
699 [L+Cu+OH+OH,]*
F 723 [L+Cu+OAc]* (reactant)
725 [(L+O-CH,)+Cu+0OAc]" (double oxidation)
G 739 [(L+0O)+ Cu+OAc]* (main product)
H 755 [(L+20)+ Cu+OAc]* (double oxidation)

[a] These m/z ratios correspond to the position of the peak using
isotopes 'H, 12C, “N, 1°0, and ®Cu.

This ESI-MS experiment reveals the evolution of reac-
tants and products upon reaction. Upon longer reaction
times, the peaks corresponding to the starting material (F,
C, and traces of free ligand A) decreased. Conversely, peaks
assigned to oxidized products containing one extra oxygen
atom increased in intensity upon longer reaction times, es-
pecially [LCu(OAc)+O]* (G; m/z = 739.3). One signal at
mlz = 697.3 (in the E group) could correspond to the Cu'l-
hydroperoxo species [LCuOOH]*, but it could also be due
to a product in which the ligand is oxygenated [(L+O)-
CuOH]", that is, the Cu'"-hydroxo complex of an oxygen-
ated ligand (see below; for comparison, the Cu'-hydroxo
complex of L is found in D at m/z = 681.3, a peak that
decreases with reaction time). As a note, a neutral
[LCu(OACc)(OOH)] complex could be the prevalent form of
the intermediate observed by stopped-flow UV/Vis spec-
troscopy; the fact that this species would be MS-silent could
explain the relatively small [LCuOOH]* signal. Peaks as-
signed to overoxidized compounds are also observed and
increase in intensity upon longer reaction times, but remain
in small quantities. In particular, a peak at m/z = 695.2
could correspond to [(L+O-2H)+Cu+OH]*, that is, the
Cu'-hydroxo complex of a ligand that was doubly oxidized
to either an amide or an aldehyde/imine (see below). Over-
all, however, the major product is the [LCu(OAc) + O]* spe-
cies and it is concluded that the reaction is selective for
monooxygenation despite the large excess of oxidant.

Isotopic labeling using '8O-enriched hydrogen peroxide
(from a solution in 'O water) proved that the oxygen atom
that is incorporated into the complex comes from the oxi-
dant. When H,'80, was used {5 equiv. of H,'%0,/Et;N per
[LCu(OAc)]*}, the MS data displayed a peak at 741.4,
which corresponds to [LCu(OAc)+!80]*, with a signal at
739.3 not significantly more intense than the 10% expected
from the 90 % isotopic enrichment of the oxidant (Figure 6,
4208
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d). Thus, the entirety of the oxygen incorporated into the
complex after reaction originated from H,O, and this oxy-
gen did not exchange with water in the timescale of the
experiments (less than one hour).

To analyze the ligand modifications resulting from the
oxidation reaction, demetalation was carried out by treat-
ment with ammonium hydroxide or Nay,EDTA. The resid-
ual organic matter was then analyzed by ESI-MS. The cryp-
tand nature of ligand L prevented much fragmentation and
led to simple spectra with one major signal at m/z = 618.3
corresponding to [L+0O]*, and some intact ligand at m/z =
602.3 (Figure 7, a). This experiment demonstrates the inser-
tion of one oxygen atom into the ligand backbone and neg-
ligible amounts of double oxidation products, either as
[L+20]", [L+O0-2H]", or [L-4H]". As a control experi-
ment, ligand L was treated with H,O,/Et;N under the same
conditions but no significant oxidation of the ligand oc-
curred. Thus, the presence of Cu'! is essential to carry out
the oxygenation reaction efficiently. In addition, when
H,'80, was used, the oxygenated peak shifted to m/z =
620.4 for a [L+ '30]" species (Figure 7, b), thereby confirm-
ing the incorporation of one oxygen atom from H,O, into
a non-exchangeable position of the ligand.
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Figure 7. ESI-MS of the organic products of the oxidation reaction
with (a) H,'°0, and (b) H,'30, after demetallation, principally A
= [L]JH* and B = [L+O]JH". The residual A signals arise because
the reactions were stopped before completion. The A signals de-
crease when longer reaction times were used.

After demetalation, the solution contained several com-
pounds (according to TLC, MS, and NMR spectroscopy)
but we were unable to separate the compounds into their
pure form for quantification purposes. This is likely the re-
sult of all products remaining as cryptands or macrocycles
with structures close to that of the L precursor. Our best
purification efforts using flash chromatography led to two
impure fractions. The oxidized solution reacted with the
Fuchsin-aldehyde reagent; the resulting aldehyde could
clearly be seen after the reaction. This aldehyde was iden-
tified in the first fraction by '"H NMR (well-defined peak at
0 = 9.96 ppm in CDCl;) and by solution IR spectroscopies
(intense peak at 1708 cm™'). The second fraction displayed

Eur. J. Inorg. Chem. 2011, 4204-4211
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a weak peak at 1667 cm ! in the IR spectrum, which is ten-
tatively assigned to an amide. As the benzylic positions in
L are the most sensitive ones to oxidation conditions, we
propose that one of these positions is the target of the oxy-
gen-atom transfer by the CuOOH intermediate. If oxygen-
atom transfer had occurred to an N-methyl group, demeth-
ylation would occur together with the release of formalde-
hyde in solution. This pathway was not observed to be a
major contributor to the reactivity of the complex (Table 2).
Furthermore, a recent study involving [Cu(Megtren)-
(OOH)]* showed no decay reactivity of the intermediate
with the permethylated tren ligand system.[!%]

Based on the above MS and UV/Vis analyses, we propose
the reaction pathway shown in Scheme 2, which is inspired
by the known reactivity of many Cu-dioxygen intermedi-
ates'’®! and Cu'-hydroperoxo species.”®?dl This reaction
pathway only accounts for the formation of the major
[LCu(OAc)+O]" species observed by ESI-MS. The first step
is the formation of a Cu''-hydroperoxo species in an asso-
ciative reaction between [LCu(OAc)]* and HOO™ generated
in situ by deprotonation of H,0,.l'1%151 This intermediate
was observed by UV/Vis spectroscopy but its proper formu-
lation, geometry, and charge is yet unknown due to its rela-
tive instability. This intermediate then reacts with the benz-
ylic position through an oxygen-atom transfer reaction akin
to the current literature proposals for similar species,”
thus producing a hemiaminal intermediate, which is depro-
tonated and bonded to Cu {m/z = 679 for [([L+O-H)+
Cu]*} or protonated {m/z = 680 for [(L+O)+ Cu]* and m/z
= 739 for [(L+0O)+Cu+OAc]"}. Under the protic condi-
tions used, this hemiaminal intermediate can readily hy-
drolyze to a secondary amine and an aldehyde (im/z = 739
as well), a functional group whose presence was confirmed
in the decomposed mixture by both NMR and IR spectros-
copies. Finally, minor products resulting from overoxid-
ation could form through an intermolecular reaction of the
hemiaminal with H,0,,I°®! intermolecular attack of HOO~
on an iminium intermediate (see below), or the complex of

S H;0; (“N’ﬁ m(\Tf\/r]x( @)
/ ‘“ICU“'}N_’ Et:N / H,p“ ) /N“‘,cu»‘r'“ N—
“an AGO et S \(;"t —HzO i \OILQ

A0 4o AcO’ N
Hy A [LCu+O-H]* “d,

NH,OH

é or EDTA H‘NHCIIU.—'}'N"
H o
J'r -
‘“«Aco e [
L+O Q/N\\)

Scheme 2. Proposed reaction pathway for the inner-sphere oxi-
dation reaction of [LCu(OAc)]" with H,O,/Et;N. For clarity, the
cryptand backbone has been simplified. The Cu''-hydroperoxo
complex (and other intermediates) may or may not be bonded to
the acetate couterion, which would also influence the overall charge
and their detection by ESI-MS.
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an already oxygenated ligand reentering the whole oxi-
dation cycle.

The mechanism of the oxygen-atom transfer is still un-
known but could proceed along two well-studied oxidative
N-dealkylation pathways: a direct hydrogen-atom abstrac-
tion followed by rebound, or a single-electron transfer fol-
lowed by further electron and proton transfers.'® The hy-
drogen-atom abstraction mechanism entails hydrogen ab-
straction from the weak N-benzylic position by the electro-
philic oxygen of the Cu'-hydroperoxo complex to generate
a carbon radical in the a position of the amine. Rebound
of the putative Cu-oxyl species then produces the hemi-
aminal intermediate.l”® The single-electron transfer mecha-
nism, on the other hand, would generate an amine-based
radical that can then lose a proton and an electron to form
an iminium intermediate. Intramolecular nucleophilic at-
tack of a coordinated oxo or hydroxo ion then leads to the
same hemiaminal intermediate as above. Importantly, the
hypothesis of an intermolecular attack of water onto the
iminium intermediate has been refuted by 'O isotopic la-
beling experiments. Thus, as per recent literature on oxygen-
atom transfer reactions with Cu'l-hydroperoxo species, the
hydrogen-atom abstraction mechanism seems to be the fa-
vored pathway.l°b-l

More studies are needed to substantiate the proposed re-
action pathway of Scheme 2. In particular, '30 isotopic la-
beling would be useful for measuring the O-O stretch of
the Cu'-hydroperoxo species by resonance Raman spec-
troscopy and to confirm its nature and involvement in the
oxygenation reaction. Given the transient nature of this in-
termediate, however, excess H,'%0, would be required for
the intermediate to accumulate and be observed. Instead,
we are currently trying to stabilize the intermediate by deu-
terating the oxidation-sensitive C—H bonds of the ligand
(i.e., the benzylic positions and N-methyl substituents). This
substitution would slow down the C-H activation step,
which is thought to be rate determining (kinetic isotope ef-
fect). Increasing the oxidative stability of the ligand shall
therefore lead to a Cu''-hydroperoxo intermediate that can
both be isolated at low-temperatures and reactive upon
warming. This approach will facilitate the study of the elec-
tronic structure (by resonance Raman spectroscopy), the
geometry (by EPR spectroscopy), and the reactivity of the
intermediate.

European Journal
of Inorganic Chemistry

Conclusion

The reaction between the Cul-cryptand complex
[LCu(OAc)]" and H,O,/Et;N leads to a single major oxy-
genated species upon oxygen-atom insertion into a weak
C-H bond. Observation of a reactive intermediate in this
reaction was achieved using pseudo-first-order conditions,
very low temperatures and fast-mixing/recording stopped-
flow techniques. The intermediate has the same UV/Vis
spectroscopy and reactivity signatures as that of known
Cu'-hydroperoxo species,'*>*1 which strongly suggests that
the reaction involves such a Cu'-hydroperoxo species borne
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by the cryptand. It is not yet known whether the hydroper-
oxo group is encapsulated by the cavity of the cryptand and
thereby supported by second coordination sphere interac-
tions. Whereas the crystal structure of the acetate complex
suggests that N-methylation prevents the cryptand from
adopting a pseudo-C; symmetry once coordinated, the co-
ordination geometry could change upon binding the
smaller and more linear hydroperoxide anion. A correlation
indeed exists between coordination geometry and anion size
in cryptand complexes.['”] Further studies are in progress to
render the ligand less sensitive to oxidation and stabilize the
intermediate species to enable a more complete characteri-
zation.

Experimental Section

General: All materials were used as received. The synthesis of li-
gand LM has been reported elsewhere.['?2l NMR spectroscopic mea-
surements were made at 22 °C in a 5 mm tube on a Varian Innova
300 or 500 MHz instrument and referenced to internal TMS. ESI-
MS spectra were measured using direct injection on a Micromass
Q-TOF or a Micromass Quattro LC at Concordia’s Centre for Bio-
logical Applications of Mass Spectrometry. The m/z data reported
are based on 'H, '2C, N, '°0, and %*Cu. X-ray crystallography
was performed on the molybdenum source of a Bruker APEX
DUO (L) or the copper rotating anode source of a Bruker Micro-
star {[LCu(OAc)(MeOH)](SbF¢)}. UV/Vis spectra were recorded
on an Agilent 8453 spectrophotometer equipped with a Unisoku
USP-203-A cryostat for temperatures down to —60 °C.

Ligand L: L (1.00 g, 1.8 mmol) was added to a solution of formal-
dehyde (740 pL, 10.6 mmol) and formic acid (400 pL, 10.6 mmol).
The mixture was heated under reflux for 24 h. The solution was
cooled and was poured onto an aqueous solution of NaOH
(30 mL; 2M). The product was extracted with dichloromethane
(3% 20 mL) and the organic phase extracts were dried with anhy-
drous Na,SO,. The solvent was removed under reduced pressure,
yielding a precipitate that was suspended in acetonitrile. Filtration,
washing with acetonitrile, and drying under vacuum yielded 0.82 g
(76 %) of a white powder. Single crystals amenable to X-ray diffrac-
tion analysis were grown by the slow diffusion of acetonitrile into
a dichloromethane solution of L at —30 °C (Table 1). '"H NMR
(300 MHz, CDCls): 0 = 2.15 (s, 9 H, CH3), 2.32 (t, 6 H, CH,), 2.59
(t, 6 H, CH,), 3.08 (t, 6 H, CH,), 3.31 (s, 6 H, CH,), 4.04 (t, 6 H,
CH,), 6.67 (m, 3 H, Ar), 6.73 (m, 3 H, Ar), 7.00 (s, 3 H, Ar), 7.11
(m, 3 H, Ar) ppm. 3C NMR (300 MHz, CDCl;): 6 = 43.4 (CHj),
52.5 (CH,), 54.5 (CH,), 57.4 (CH,), 62.8 (CH,), 68.9 (CH,), 114.7
(Ar), 114.8 (Ar), 121.5 (Ar), 129.0 (Ar), 141.0 (Ar), 159.4 (Ar) ppm.
MS (ESI, 1:1 CH;OH/CH,CL,): m/z = 602.41 [M + H]*.

[LCu(OAc)(MeOH)|* Solutions and [LCu(OAc)(MeOH)](SbF)
Crystals: A solution of copper(Il) acetate (8.0 mg, 39 umol) dis-
solved in methanol (800 uL) was added to a solution of L (24 mg,
39 umol) dissolved in dichloromethane (200 pL). The solution was
used as is for further experiments (100% formation as evidenced
by a single ESI-MS signal at m/z = 723.31). Single crystals were
grown by the addition of NaSbFg (1 equiv.) dissolved in the mini-
mum amount of methanol to a solution of the complex in methanol
and allowing the solution to stand for 1 h (Table 1).

Bulk Oxidation Studies: A methanol solution (1 equiv.) of H,O,/
Et;N (1:1; the H,O, was from a 30 wt.-% aqueous solution) was
added to a methanol solution of [LCu(OAc)(MeOH)]* (1.0 mm) at
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—78 °C turning the solution green. After 10 min, the solution was
warmed to room temperature and analyzed by ESI-MS. Whether
the reaction was performed under an air or nitrogen atmosphere
did not change the kinetics, colors, and products.

Isotopic Labeling Experiments: A methanol solution (5 equiv.) of
H,"80,/Et;N (1:1; the H,'%0, came from a 2.5 wt.-% solution in
H,'%0) was added to a methanol solution of [LCu(OAc)]* (1.0 mm)
at —78 °C and the resulting solution turned green. After 10 min, the
solution was warmed to room temperature and analyzed by ESI-
MS.

Analysis of Organics: After decomposition of the oxidized reaction
mixture, excess NH,OH or NayEDTA was added and the solution
was filtered through an alumina column eluted with 20% MeOH
in CH,Cl,. The filtrate was analyzed by ESI-MS. Our attempts to
isolate pure oxygenated products from the mixture were unsuccess-
ful.

Kinetic Measurements: Kinetic studies of the reaction of H,O,/
Et;N with [LCu(OAc)]* were recorded on a modified Hi Tech SF-
3 L low-temperature stopped-flow unit (Salisbury, UK) equipped
with a J&M TIDAS 16-500 diode array spectrophotometer (J&M,
Aalen, Germany).['4214:181 Complex solutions before mixing were
1.0mM and the concentration of the H,O,/Et;N mixture was
100 mM to ensure pseudo-first-order conditions and help the for-
mation of the intermediate before it could decay. The reaction was
studied at temperatures between +20 and —90 °C. Complete spectra
were collected with the integrated J&M software Kinspec 2.30 and
analyzed with a global analysis fitting routine using the program
Specfit (Spectrum Software Associates, Chapel Hill, USA).

CCDC-808560 (for L) and -795492 {for [LCu(OAc)(MeOH)]-
(SbFg)} contain supplementary crystallographic data. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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