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Facile O-atom insertion into C—C and C—H bonds
by a trinuclear copper complex designed to harness

a singlet oxene
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Two trinuclear copper [Cu'Cu'Cu'(L)]'+* complexes have been pre-
pared with the multidentate ligands (L) 3,3’-(1,4-diazepane-
1,4-diyl)bis(1-((2-(dimethylamino)ethyl)(methyl)amino)propan-2-ol)
(7-Me) and (3,3’-(1,4-diazepane-1,4-diyl)bis(1-((2-(diethylamino)
ethyl)(ethyl) amino)propan-2-ol) (7-Et) as models for the active site
of the particulate methane monooxygenase (pMMO). The ligands
were designed to form the proper spatial and electronic geometry
to harness a “‘singlet oxene,” according to the mechanism previ-
ously suggested by our laboratory. Consistent with the design
strategy, both [Cu'Cu'Cu/(L)]'* reacted with dioxygen to form a
putative bis(us-oxo)Cu''Cu''Cu" species, capable of facile O-atom
insertion across the central C—C bond of benzil and 2,3-butane-
dione at ambient temperature and pressure. These complexes also
catalyze facile O-atom transfer to the C—H bond of CHsCN to form
glycolonitrile. These results, together with our recent biochemical
studies on pMMO, provide support for our hypothesis that the
hydroxylation site of pMMO contains a trinuclear copper cluster
that mediates C—H bond activation by a singlet oxene mechanism.

density functional theory | methane monooxygenase | membrane-bound
or particulate methane monooxygenase | soluble methane
monooxygenase | mass spectroscopy

here presently is considerable interest in the development of
efficient catalysts for the facile conversion of methane to
methanol (1). Industrially, this is a difficult process. However, two
methane monooxygenases (MMO) are known to mediate this
process in methanotrophic bacteria: a membrane-bound MMO
called particulate MMO (pMMO) and a water-soluble form re-
ferred to as soluble MMO (sMMO) (2). pMMO is a multicopper
protein (3), and sMMO is a nonheme diiron protein (4, 5). Both
systems exploit metal clusters to catalyze this difficult chemistry.
The pMMO is found in all methanotrophs; in contrast, the
sMMO has only been isolated from certain strains of methanotro-
phic bacteria. As an MMO, the oxidation of the C—H bond often
is described by the chemical equation

MMO
CH, + NADH + H* + O, —— CH;0H + NAD™" + H,0.

Several possible mechanisms for the catalytic function of MMO
have been considered. One involves a radical mechanism, wherein
an activated “oxygen” species abstracts a hydrogen atom from the
hydrocarbon substrate, followed by radical-rebound chemistry of
the alkyl radical with the “hot” hydroxyl radical to form product.
This mechanism has been implicated for the nonheme diiron cluster
at the active site of SMMO (6-8). The other mechanism suggested
by our laboratory invokes oxenoid or “singlet oxene” insertion
across the C—H bond (3). Evidence for a direct insertion mecha-
nism has been provided by the turnover chemistry mediated by
pMMO (9-12). Direct insertion of a singlet oxene across a C—H
bond should result in facile bond closure of the C—O bond after
formation of the O—H bond, and the process should proceed with
full retention of configuration at the carbon center oxidized.
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Indeed, the hydroxylation of small straight-chain alkanes (C1-C5)
mediated by pMMO occurs with total retention of configuration
(11). In contrast, the hydroxylation of hydrocarbons mediated by
sMMO has been reported to proceed with only partial retention of
configuration (6, 8).

In our proposed singlet oxene mechanism, we have conjectured
that the “active” species that promotes O-atom insertion in pMMO
is a mixed-valence [Cu'Cu’"Cu(1-O),]** intermediate formed
after reaction of a reduced trinuclear [Cu'Cu!Cu']** cluster with
dioxygen (3). The main features of this mechanism are illustrated
in Fig. 1. Although only two of the three reducing equivalents are
required for hydroxylation chemistry, we have proposed that the
third reducing equivalent in the hydroxylation cluster is required for
efficient O-atom transfer based on the concerted singlet oxene
insertion across the C—H bond (3, 13). Analysis of this process by
density functional theory (DFT) has ensured that the oxo-transfer
chemistry proceeds on a “singlet” reaction potential surface with-
out spin crossover (13). This analysis also indicates that the putative
trinuclear copper cluster offers a significantly more facile pathway
for alkane hydroxylation compared with the traditional dinuclear
copper cluster.

Compelling evidence for the existence of a tricopper cluster has
been recently reported for pMMO from Methylococcus capsulatus.
(Bath) based on redox potentiometry and EPR spectroscopy (14).
By fine-tuning the redox potential with redox mediators, an
EPR signal characteristic of a trinuclear copper cluster could be
observed.

In this study we have extended our efforts on pMMO to a model
compound that might provide fundamental test of the ideas derived
from the enzyme studies. Building on the findings of our recent
DFT calculations (13), we have designed and synthesized several
trinuclear copper complexes based on the ligand (denoted as L)
3,3'-(1,4-diazepane-1,4-diyl)bis(1-((2-(dimethylamino)ethyl)
(methyl)amino)propan-2-ol) (7-Me) or 3,3’-(1,4-diazepane-1,4-
diyl)bis(1-((2-(diethylamino)ethyl)(ethyl)amino)propan-2-ol (7-
Et) for the model studies (Scheme 1). These two ligands contain six
neutral amines and two hydroxyl groups that are capable of trapping
three copper ions simultaneously. We also report the oxygenation
of these [Cu'Cu!Cu'(L)]'* complexes along with the subsequent
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Fig. 1. Details of the adiabatic singlet oxene transfer from a dioxygen-
activated trinuclear copper cluster to methane to form the transition state. 1
and | denote "“up” and ““down” directions of the unpaired electron spins.
[Reproduced with permission from ref. 3 (Copyright 2004, American Chemical
Society).]

oxo-transfer chemistry and characterize these reactions by electro-
spray ionization (ESI)-MS, GC-MS, x-ray crystal structure, EPR,
and IR spectroscopy.

Results

The [Cu'Cu!Cu!(L)]'* complexes were inherently unstable in ace-
tonitrile. In most organic solvents, such as CH,Cl,, methanol,
acetone, and tetrahydrofuran, they underwent disproportionation,
resulting in the instantaneous color change of the solution from
pale yellow to blue and the formation of a red copper powder
precipitate under an argon atmosphere. It is well known that the
CH;CN forms stable Cu(I) complexes, using its 7 orbital to
stabilize the Cu(I) ion. However, even in this solvent, the
[CulCu!Cul(L)]'* complexes were stable for only several hours at
room temperature. Nevertheless, the reaction product of the
[Cu!Cu!Cu!(L)]'* complexes with dioxygen could be characterized
by crystallography and by optical and mass spectroscopy.

Dioxygen Reactivity of [Cu'Cu'Cu!(L)]'*(X) (L = 7-Et, 7-Me; X =
BF,, Clo;). Bubbling dioxygen into a solution of
[Cu!Cu!Cul(L)]'*(X) (L = 7-Et, 7-Me; X = BF,, CIO; ) in CH;CN
under ambient conditions of pressure and temperature induced an
instantaneous color change from pale yellow to deep blue. The
corresponding U V-visible spectra of the final products were similar
for all four [Cu'Cu'Cu'(L)]'*" complexes. The absorption at 272 nm
could be assigned to ligand-to-Cu™ ligand-to-metal charge transfer
(LMCT) absorptions, and the band at 650 nm to the Cu(II) d-d
transitions, as expected for the deep blue [Cu'Cu"Cu'{(L)(O)]**
species (Fig. 24). The 4 K EPR spectrum of one of the tricopper
clusters after dioxygen treatment is shown in Fig. 2B. The almost
isotropic signal centered at g ~ 2.043 is consistent with a ferro-
magnetically exchanged S = 3/2 species with a small zero-field
interaction, as expected for the [Cul'Cu'Cul'(7-Et)(O)]**(BF; )2
species, which is in accord with the x-ray crystal structure [Fig. 3,
details described in the supporting information (SI) Text and SI
Tables 1-3].
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Scheme 1. Ligands 7-Me and 7-Et used in this study.
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Fig. 2. Spectroscopic characterization of complexes. (A) Optical absorption

spectrum [Cu'Cu'Cul(L)]"*(X) (L = 7-Et, 7-Me; X = BF;, CIO;) before (line a) and
after (line b) oxygenation. (B) 4 K EPR spectrum of the [Cu''Cu'Cu"(7-
Et)(0)]2*(BFy); in the solvent of CH3CN.

MS Analysis of the Oxygenation Products. ESI-MS analyses were
performed to identify the oxygenated species obtained from reac-
tions of [CulCu!Cul(L)]'*(X) (L = 7-Et, 7-Me; X = CIO;, BF})
with dioxygen. The ESI-MS spectrum of oxygenated [Cu!Cu!Cul(7-
Et)]'*(ClO,) revealed two primary positive ion clusters with
multiple peaks. One cluster appeared in the range of m/z ~902-910
atomic mass units (amu) with a maximum peak at m/z 904 amu; the
other occurred in the range of m/z ~916-924 amu with a maximum
peak at m/z 918 amu (Fig. 4). The multiple peaks associated with
the two signals were consistent with a complex with three copper
ions based on the diagnostic statistical combination of the ®Cu
(69%) and the %Cu (31%) isotopes associated with three copper
atoms in natural abundance, together with one or two chlorine
atoms based on the natural abundances of 3Cl (76%) and *’Cl
(24%). The signal at m/z 904 amu was assigned to {[Cu"Cu'Cu''(7-
Et)(0)]>*(ClO; ), + H} * by the mass calculator (Fig. 4). The other
signal at m/z 918 amu hypothetically could be assigned to
{[Cu"CulCu!(7-Et)(O)]**(ClO; ) + 2(CHOHCN)}* by an ex-
cellent coincidence in simulation. We preliminarily propose that
this signal consists of the fragment of [Cu'Cu'Cu'(7-Et)(O)]**
with only one CIO, but also coordinated to two oxidized acetoni-
trile molecules formed by oxo-transfer from two trinuclear copper-
dioxygen adducts. Support of this tentative assignment is provided
by the identification of glycolonitrile by IR spectroscopy and further

Fig.3. ORTEP (30) representation of the [Cu"'Cu"'Cu"(7-Et)(O)]?* (BF; )2 show-
ing the atom labeling scheme together with the 30% probability ellipsoids
(H-atoms omitted for clarity). Selected bond distances (in angstroms) and
angles (in degrees) are as follows: Cu1-01, 1.934 (4); Cu1-02, 1.934 (5); Cu2-02,
1.927 (5); Cu2-03, 1.926 (5); Cu3-01, 1.925 (5); Cu3-03, 1.926 (5); 01-Cu1-02,
96.64 (19); 03-Cu2-02, 108.3 (2); and O1-Cu3-03, 92.72. Further details are
published as S/ Text.
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Fig. 4. ESI mass spectrum of the oxygenated [Cu'Cu'Cu!(7-Et)]'*(ClO,), to-
gether with their simulated mass spectra. These spectra are assigned to the
species [Cu''Cu''Cu'(7-Et)(0)]27(ClO;); and {[Cu"Cu''Cu"(7-Et)(0)]2*(CIO4) +
2(CH,OHCN)}*, respectively.

ESI-MS experiments with [Cu'Cu!Cu(L)]'*(X) (L = 7-Etand X =
BF, ) where the counteranion ClO;, has been replaced by BF, (for
details, see SI Fig. 7). Identical conclusions were derived when 7-Me
was used as the ligand instead of 7-Et (see SI Fig. 8).

The formation of CHOHCN was corroborated by IR spectros-
copy. The deep blue adduct was precipitated from the CH3;CN
solution by adding diethyl ether. IR spectrum of the adduct in KBr
pellet revealed a broad band centered at 2,021 cm ™!, which we have
assigned to the CG=N stretch (ven) of glycolonitrile coordinated to
one of the Cu(Il) ions in [Cu"Cu'Cu'(L)(O)]>*(X) (L = 7-Me;
X = ClOy). This frequency was shifted by ~76 cm™! to lower
frequency from that of glycolonitrile in CH;CN [CH,OHCN, ven =
2,097 cm~! (br) in CH3CN], which in turn was significantly lower
than the ven of 2,250 em~! in CH3CN itself. The shift of ven in
the deep blue adduct to lower frequencies relative to CH3CN would
be consistent with the electron withdrawing effect of replacing one
of the C—H in the methyl group by an OH substituent, and the
additional shift of ven in the adduct should reflect an additional
electron withdrawing effect of the bound Cu(II) ions in
[Cu"Cu"Cu(L)(O)P"(X) (L = 7-Me; X = ClOy). Although
direct oxo-insertion across a C=N might have led to the formation
of methyl isocyanate, this scenario was not supported by IR
spectroscopy. In methyl isocyanate, there is a broad band centered
at ~2,280 cm~! in the IR that is diagnostic of —C=N=0 stretch,
but the region from 2,000 to 2,100 cm ™! is perfectly clean. Although
it is evident that the active oxidant is capable of hydroxylation of
acetonitrile, we have obtained no evidence for ligand dealkylation.

Thus, oxygenation of [Cu!Cu!Cul(L)]'*(X) (L = 7-Me or 7-Et;

= ClO; or BF;) complexes resulted in the formation of
at least two species according to MS analysis: one detected
as {[CulCu'Cu(L)(0)]**(X), + H}* and the other as
{[Cul'CulCu(L)(O)]**(X) + 2(CH,OHCN)™. The former spe-
cies contained two coordinated ligands (ClO; or BF;), and the
latter contained one coordinated ligand and two oxidized CH3CN.
Subsequent experiments with 80, in lieu of °O, resulted in the
shift in the mass peaks of the {[Cu'Cu'Cu/(L)(O)]>*(X), + H}*
by +2 amu. Thus, during the activation of the ligands 7-Me or 7-Et
by dioxygen, one oxygen atom from the exogenous O, was trapped
in the oxidized trinuclear copper complexes.

O-Atom Insertion into C—C Bonds Mediated by the Putative
[Cu"Cu"Cu"(L)(-0)2]3+. In the p MMO enzyme system, electrons are
supplied to the fully oxidized C-cluster ([Cu'Cul'Cul(u-O)]**)
from NADH, or a membrane-bound ubiquinol, to initiate the
hydroxylation event (3). To simulate this process in the present

14572 | www.pnas.org/cgi/doi/10.1073/pnas.0707119104
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Fig. 5. Nanospray ESI mass spectrum of the benzoic adduct
{[Cu""Cu"Cu"(L)(O)]?*(CIO4 or BF4) + PhCOOH}*.

model studies, we have deployed either benzoin/triethylamine or
acetoin/triethylamine as the two-electron donor in a single-turnover
experiment (15).

Benzoin as Reductant. Three equivalents of benzoin (6 reducing
equivalents) were added to a CH3;CN solution of the
[Cu'Cu"Cu(L)(0)**(X)2 (X = CIO; or BF} ) complex (2 equiv-
alents) at room temperature, and the mixture was stirred for
2 h wunder argon. During the reduction to form
[Cu'Cu!Cu!(L)]'*(CIO; or BEy), the solution color changed from
deep blue to pale yellow. The complex was EPR silent, in accor-
dance with a fully reduced tricopper complex. The benzoin was
oxidized to benzil. After stirring the mixture under an atmosphere
of O, at room temperature, the color of the solution changed from
pale yellow to green within 30 s. This green product was very stable
and persisted even for several days at room temperature. The
primary oxygenated products obtained were characterized by nano-
spray ESI-MS. Aside from the expected {[Cul!Cu'Cul!(7-
Et)(O)]*"(ClO; or BF;), + H}*, evidence was obtained for
benzoic acid [PhC'®OOH] (M, = 122) and the benzoic adduct
{[Cu'Cu"'Cu'(7-Et)(O)]**(CIOy4 or BF,) + PhCOOH}* (Fig. 5)
(for the full spectrum, see SI Figs. 9 and 10). In the GC-MS analysis,
benzoic acid appeared at the retention time (fr) of 33.48 min with
the following characteristic ions: m/z 122, M*; m/z 105, M with loss
of hydroxyl group; and m/z 77, M with loss of carboxylic acid
accompanied by a fragment at m/z 51 corresponding with loss of
acetylene (Fig. 6 a and b). Because the green solution yielded the
same mass spectrum even a week after it was generated, we have
assigned the green product to the Cu'Cu"Cu! benzoic acid adduct.
In contrast, in the absence of the benzoic acid product, the solution
will turn to deep blue after reoxygenation.

Acetoin as Reductant. When acetoin was adopted as the reductant,
following the same experimental procedure as with benzoin, the
color of the solution of the complex changed from deep blue to pale
yellow as well. As expected, the acetoin was oxidized to 2,3-
butanedione, and the tricopper complex was reduced to
[CulCu!Cul(L)]'*(ClO; or BF;). Upon reoxygenation (within
30 s), the color of the solution changed from pale yellow to green.
Nanospray ESI-MS analysis revealed {[Cu’Cul'Cu!!(7-
Et)(O)]**(ClO, or BF;), + H}™, acetic acid [CH3C'*O'°OH]
(M, = 60), and the acetic acid adduct {[Cu'Cu'Cu'(7-
Et)(O)]>"(ClO; or BF;) + CH;COOH} ™. The latter was similar
to the benzoic adduct {[Cu"Cu'Cu'(7-Et)(0)]**(ClO, or BF;) +

Chen et al.
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Fig. 6. Reoxidation of reduced tricopper complex by isotopes of molecular
oxygen. (A) Representative GC-MS chromatogram in an experiment in which
the tricopper complex, [Cu'Cu'"Cu'(L)(0)]2*(BF;), was reduced to
[Cu'Cu'Cu!(L)]"*(BF4) by benzoin and then reoxidized by O,. The benzoic acid
molecule appearsin the retention time (tg) of 33.48 min. (B) The mass spectrum
obtained when the experiment started with [Cu"'Cu''Cu''(L)('60)]2*(BF;), and
the reoxidation was carried out in the presence of '60,. (C) The same exper-
iment as in b except that 80, was used instead of '°0; in the reoxidation. (D)
The mass spectrum obtained when [Cu'Cu'Cu'(L)]'*(BF,) was prepared by
reduction of the [Cu"Cu"Cu'(L)(80)]2*(BF;), and the reoxidation was under-
taken with 180,.

PhCOOH} * obtained when benzoin was used as the reductant (see
SI Fig. 11). The reaction with acetoin as reductant was totally the
same as that with benzoin as the reductant.

Experiments with 80,. To verify that benzoic acid was indeed
produced during the process of reduction of the Cu'Cu'Cull
cluster by benzoin followed by reoxygenation, the reaction was
repeated with 130, (96%) instead of normal dioxygen (Scheme 2).
Two experiments were performed: (i) the starting Cu'Cul?Cull
complex was first prepared with a bridging '°0O-oxo, namely,
[CulCu"Cu(7-Et)(1°0)]**(BF; )> and (if) the [Cu'Cu'Cu'(7-
Et)('80)]**(BF; ), complex, where the bridging °0O-oxo already
had been replaced with an '80-oxo to start with. In the case of
[Cu'Cu'Cu(7-Et)(1°0)]** (BF} )2, GC-MS analysis of the product
mixture revealed the production of PhC'°O'8OH (M, = 124) as well
as PhC!%O1%0OH (M, = 122), with a product ratio close to one (Fig.
6¢c). Interestingly, only one of the two oxygen atoms of the exoge-
nous 80, molecule was incorporated into the benzoic acid product.
The remaining '80 was found in the product
[CulCu"Cu!!(7-Et)('80)](X), complexes, according to nanospray

cu'' cdt

Cu" C“lll
Sio”

Qs 7 ] o
©)L OJK© + %0 & — C)\—"‘OH N ©)—"UH

Scheme 2.
cluster.

O-atom transfer to benzil mediated by '80,-activated tricopper

Chen et al.

ESI-MS analysis (see SI Fig. 12). By contrast, in the second
experiment, where we started with [Cu'Cu'Cu’(7-Et)('80)]>*
(BF} )2, only PhC'%O8OH (M, = 124) was observed in the mass
spectrum of the products at the same retention times as was
obtained in the experiment with [Cu'Cu'Cu'l(7-Et)('°O)J**
(BFE} ), (Fig. 6d). These observations strongly suggested that H,O
was produced during the reduction of the CuCul?'Cu™® cluster,
H,'°0O in the case of [Cu'CulCul(7-Et)('°0)]**(BF;,),, and
H,'80 in the case of [CullCu'Cu'(7-Et)('80)]**(BF;,),, and
this H>O is involved in the disproportionation of the benzyl after the
oxo-transfer chemistry and hydrolysis of the anhydride (see below).

Competition of Substrates for “Oxo-Transfer” Chemistry. To provide
further insight into the role of the tricopper cluster in mediating
oxo-transfer chemistry, we have compared the chemoselectivity of
oxidation of benzil and 2,3-butanedione. As demonstrated earlier,
both benzil and 2,3-butanedione products can be further oxidized
by the dioxygen-activated [Cul!Cu!Cul(7-Et or 7-Me)]'*(X) com-
plex. One interesting question is whether these products were
dissociated before oxygenation and turnover. By treating the
trinuclear copper cluster with one compound (e.g., acetoin) and
performing the oxygenation in the presence of the already oxidized
product (e.g., benzil), one could provide support for the direct
involvement of the oxygenated tricopper species after dissociation
of the oxidized reducing agent.

We previously proposed that the pMMO mediates methane
oxidation by a tricopper cluster using a cluster-activated singlet
oxene and have designed here the 7-Et and 7-Me ligands to promote
the formation of a tricopper cluster to mediate this chemistry. If, as
suggested by this design, the oxo-transfer by the putative bis(us-
0x0)Cu"Cu"Cu™" species is mediated by singlet oxene addition
across the C—C bond of the diketone to form an anhydride, the
yield of oxidized substrates should be correlated with the central
C—C bond energy of the diketone. Diketones with a lower central
C—C bond energy would be expected to be preferably attacked,
and the corresponding cleavage products formed from hydrolysis of
the anhydride would be produced in higher yields. To evaluate this
possibility, we conducted substrate competition experiments be-
tween 2,3-butanedione and benzil. We used acetoin as the reduc-
tant to fully reduce [Cu'Cu'Cu"(7-Et)(O)]**(X), to [CulCul
Cul(7-Et)]'*(X) and followed up by adding the same number of
equivalents of exogenous benzil as the acetoin.

As noted earlier, the acetoin is oxidized to 2,3-butanedione upon
full reduction of the tricopper complexes. The bond energy of the
central C—C bond of 2,3-butanedione is estimated to 60 kcal/mol
(16), only somewhat higher than the corresponding C—C bond
energy in benzil, 51 kcal/mol (17). Accordingly, we expected a
mixture of products, benzoic adduct {[Cu'Cu'Cu'!(7-
Et)(O)]*"(ClO, or BF,) + PhCOOH}* and the acetic adduct
{[Cu"CulCu"(7-Et)(O)]**(CIO; or BF;) + CH;COOH}™. In-
deed, this outcome was confirmed by nanospray ESI-MS (see SI
Fig. 13). The observed product ratio was ~1.

In contrast, when benzil was used as the external substrate in the
same oxygenation, but [Cu!Cu'Cu!(7-Et)]'*(CIO; or BF,) was
obtained by mixing [Cu(CH3CN),]'*(ClO, or BF,) and
[7-Et]*"[Nap]>" in CH3;CN, the major product turned out to be
benzoic acid, as characterized by GC-MS. There was no evidence
for the product CH,OHCN noted earlier in the ESI mass spectrum.
As the C—H bond energy in CH3CN is 93-95 kcal/mol (18),
CH3CN is hardly competitive with benzil as a substrate.

The series of experiments highlighted in this section illustrate the
chemoselectivity of the oxidation mediated by the putative
[Cu'Cu'Cu™(L)(O,)]'*(X) complex.

Details of the crystal structure of [Cu!Cu'Cull(7-
Et)(O)](BF; )2(0.5 PFy) are described in SI Text and SI Fig. 14.
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Discussion

In this study, we have designed and prepared two ligands, each of
which is capable of trapping three Cu(I) ions to form a pale yellow
[CulCu'Cu!(L)]'* complex that could be activated by dioxygen to
form an intermediate capable of O-atom transfer chemistry. We
showed that this putative [Cu?Cu"Cu™(L)(O,)]'* species could
mediate facile O-atom insertion across the C—H bond in CH;CN
to form glycolonitrile, and between the central C—C bond in benzil
and 2,3-butanedione to yield benzoic acid and acetic acid, respec-
tively (Scheme 3). The chemistry observed here is facile, in sharp
contrast to the extremely slow O-atom transfer mediated by well
characterized bis(p-0x0)CuCu! species or the structurally re-
lated (u-n?:m?-peroxo)Cu?Cu!! and (hydroperoxo) Cu''Cu! spe-
cies, obtained when the corresponding dinuclear Cu'Cu! complexes
are reoxidized by dioxygen under the same conditions (19-27).
Moreover, in addition to being relatively inert, these oxidized
dicopper clusters typically support intramolecular ligand oxidation
rather than mediate O-atom transfer to exogenous substrates.
Together, the results of the present study provide strong support for
the earlier suggestion of Chan and coworkers (3) that pMMO
utilizes a tricopper cluster with an oxo-bridged [Cu'CulCu'"]
intermediate capable of harnessing a singlet oxene for facile inser-
tion across C—C or C—H bonds of an exogenous substrates.
Using the lessons learned from our biochemical studies of
pMMO, we have studied the oxo-transfer chemistry under condi-
tions in which the oxidized tricopper cluster [Cu'Cu"Cu'(7-Et or
7-Me)(0)]>*(X), initially is reduced by an exogenous reductant,
benzoin or acetoin, and then reacted with dioxygen. The benzoin
was oxidized to benzil, and acetoin to 2,3-butanedione, both of
which in turn underwent further oxidation by O-atom insertion
across the central C—C bond from the putative [Cu'Cu"Cu(L)
(02)]'" intermediate formed by oxygenation of the reduced
[CulCu'Cu(L)]'* complex, to give the corresponding anhydride,
followed by hydrolysis to yield two molecules of benzoic acid or
acetic acid, respectively. A mechanistic rationale for the reaction,
which is consistent with the 1°O, and 80, data, is given in Scheme 4.
The proposed mechanism described in Scheme 4 predicts a
benzoic acid/benzil product ratio of 1, in excellent agreement with
experiments performed under single-turnover conditions, as deter-
mined by using calibrated external benzil and benzoic acid as
standards. In addition, according to Scheme 4, in a single-turnover
experiment in which [Cu'Cu'Cu!(7-Et)]! " (BF; ) was reduced from
[CullCu"Cu!!(7-Et)(*°O)]**(BF; ) in step 1, but exogenous 80,
was used in step 2, only one 80 atom will be incorporated into the
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Scheme 4. The proposed mechanism of O-atom transfer mediated by
dioxygen-activated tricopper cluster.

C—Cbond of benzil. Subsequent hydrolysis of the anhydride by the
H,'%0 produced in step 1 yielded a 1:1 product mixture of
PhC!O8OH (M, = 124) and PhC'°O'°OH (M, = 122), in perfect
conformity with the GC-MS data (Fig. 6¢). On the other hand,
when the same reduction was initiated with [CuCu"Cu'(7-
Et)(130)]>*(BF; )2 in step 1, and 80, was used in the reoxygenation
in step 2, only the production of PhC!O'8OH (M, = 124) was
observed (Fig. 6d). As before, only one 80 atom was incorporated
into the C—C bond of benzil, but the anhydride is hydrolyzed by
one of two H,'80 molecules formed from the bridging 80-oxo in
the starting [Cu'Cu'Cu'] complex in step 1. These 1°0,/'%0, data
also are in accord with the mechanistic scenario highlighted in
Scheme 4. Together, these data provide strong support for the idea
that the putative bis(usz-0x0)Cu?'Cu"Cu™ complex harnesses a
singlet oxene.

Finally, it is interesting that we have obtained no evidence for the
degradation of the tricopper cluster even with many turnovers.
Perhaps this is not surprising, given that the putative bis(us-
0x0)[Cu"CuCu™] species merely harnesses a singlet oxene, and
the O-atom transfer only occurs when a substrate becomes bound,
and then only when a suitable bond is in the proper stereochemical
juxtaposition to form a transition state that allows the oxo-transfer
to take place. In other words, the chemistry is inner sphere. It is a
concerted direct O-atom insertion, unlike the hydrogen-abstraction
radical rebound chemistry in the radical mechanism of oxo-transfer.
The chemo- or regio-selectivity that we have observed for benzil,
2,3-butanedione, and acetonitrile only could be accounted for by
this type of inner sphere chemistry. All these substrates somehow
must be anchored to coordination sites of the bis(us-0x0)
Cu"Cu"Cu'™ catalyst, and presumably the copper centers offer
potential binding sites for these substrates.

Conclusions

We have reported here the synthesis of a series of multidentate
ligands capable of forming a trinuclear copper cluster with facile
oxo-transfer activity. We have demonstrated that the oxygenation
of [Cu!Cu'Cu!(L)]'""(X) (L = 7-Et, 7-Me; X = ClO; and BF})
yields a [Cu'Cul"Cu(L)(O)]**(X), complex with a structure sim-
ilar to that predicted and implicated for the fully oxidized hydroxy-
lation site of pMMO. In the presence of suitable substrates, we show
that one oxygen atom is trapped in the fully oxidized Cu'Cu'Cu!
complex, whereas the other oxygen is involved in oxo-transfer to the
exogenous substrate. Oxo insertion into the C—H of CH;C=N,
and oxo insertion of the central C—C bond of benzil and 2,3-
butanedione were highlighted in this study. This chemistry is
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consistent with the formation of a putative bis(us-0x0)
[CuTfCu™Cu™"] species, which we recently have argued to be capable
of harnessing a singlet oxene for oxo-transfer to a suitable substrate
under appropriate conditions. Specifically, we have proposed that
the conversion of methane to methanol mediated by the tricopper
cluster in pMMO occurs via such a singlet oxene mechanism (3).
Our model tricopper cluster is unique in that it is capable of
mediating facile oxo-transfer across a C—C or a C—H bond. Thus,
this copper cluster should provide a structural and functional model
for the hydroxylation of alkanes as reported for pMMO. Indeed, we
have obtained preliminary evidence for the hydroxylation of C—H
bonds when hexane was introduced as a substrate. As expected, the
yield was very low, because association of the apolar hydrocarbon
substrate with the polar tricopper cluster was too weak to facilitate
frequent oxo-transfer events. Nevertheless, it is clear that the same
chemistry is operative with our model system here as in the case of
pMMO.

Materials and Methods

Preparation of Ligands. The ligands 7-Me and 7-Et are variants of a
polyamine alcohol described previously (28). In the present ligand
design, all of the amino groups are capped with methyl or ethyl
groups, including the secondary amino groups at N(2) and N(5) as
well as the terminal amino groups at N(1) and N(6). In addition, the
hydroxyl group axially disposed with respect to the seven-
membered chelate ring at the apex in the earlier ligands is not
included here to create an open coordination site for each of the
three copper ions in the metal complexes to be prepared as part of
this study. 7-Me and 7-Et were prepared according to Scheme 5.

Details of the synthesis and spectroscopic characterization of the
ligands are described in SI Text.
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