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ABSTRACT: A Cu(I) complex, LCu(CH;CN), was prepared and characterized, ¢ & __*

where L™ is a sterically unencumbered p-diketiminate ligand, the deprotonated fkl'bN W & 180, HI/O‘“/C"'"L‘
version of 4-(2,2-dimethylhydrazino)dimethylhydrazone-3-penten-2-one (LH). €y H"'\Qu u‘\of; culL
neulral charge

CO indicate that L™ is strongly electron donating, and support an equilibrium in sol- unique reactivity
ution between monomeric and dimeric forms with terminal and bridging CO li-

gands, respectively. Low temperature oxygenation of LCu(CH,;CN) generated a bis-

(u-oxo)tricopper complex with a S = 1 [Cu;0,]*" core that was identified on the basis of UV—vis (A, (&, M™! cm™! per Cu) =
328 (10700), 420 (1500), 590 (835) nm) and X-band electron paramagnetic resonance (EPR) spectroscopy (Am, = 2 tran-
sition at 1500 G), electrospray ionization (ESI) mass spectrometry, and spectrophotometric titration (0.35(2) equiv of O, per
copper atom), magnetic susceptibility (u.s = 2.8(1) BM), and H,0, detection experiments (no H,0, evolved upon
acidification). Unlike other reported variants supported by neutral N-donor ligands, L;Cu;0, is not reduced by ferrocene, does
not abstract H-atoms from phenols or 1,2-dihydroanthracene, oxidizes PPh; to Ph;P=0, and generates carbonate species upon
exposure to CO,. This unique reactivity for a [Cu;0,]*" complex may be traced to the anionic charge and strong electron

donating characteristics of L.

Analysis of FTIR spectra of the products of the reaction of LCu(CH;CN) with & 'R

Bl INTRODUCTION Chart 2. Selected f-Diketiminate Ligands Used in Studies of
Studies of the reactions of O, with Cu(I) complexes have led to the Reactivity of Cu(I) Complexes with O,
important insights into the nature of possible intermediates in R
oxidation catalysis.1 Thus, species with the core structures R'%Y R"
B

shown in Chart 1 have been characterized by spectroscopy and, R" N N
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Chart 1. Selected Well-Characterized Copper—Oxygen

Intermediate Cores Derived from Reactions of Cu(I) Ligand R R R" R"
Complexes with O,
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O-Cu a well-studied class of ligands” which yield Cu(I) complexes that
G H are highly reactive with O,. For the most sterically hindered fS-

diketiminates (1—3) and related anilido-imines, reactions of their
Cu(I) complexes with O, yield isolable monocopper-peroxo
species (C, Chart 1).'** Copper(I) complexes of less hindered
variants (6 and 7) form bis(u-oxo)dicopper(Ill) complexes (F).°

in some cases, by X-ray crystallography, and several of these
cores have been identified in biological or other catalytic
oxidation systems.” Of the various factors that influence which
core forms in oxygenations of Cu(I) complexes, the nature of the
supporting ligand is paramount. For example, the monoanionic, Received: October 12, 2011
strongly electron donating ff-diketiminates (e.g, 1—7, Chart 2) are Published: January 23, 2012
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No examples of related isomeric (u-17*:17*-peroxo)dicopper(Il)
compounds (E) have been identified with j-diketiminate ligands,
presumably because their strong electron donating capabilities
stabilize the more oxidized metal centers of the bis(u-oxo)-
dicopper(IIT) core.” Effects of replacing backbone methyl groups
of the f-diketiminate frame with electron withdrawing CF; groups
(3—5) have been evaluated through comparisons of electro-
chemical data, £(CO) values and *C NMR chemical shifts for
CO adducts, and Cu(I)/O, reactivity.>® The expected effects of
CF; substitution on spectroscopic properties were observed (e.g,
v(CO) increase of ~13 cm™' per CF; group),” but for 3 and § the
type of complex formed upon oxygenation of their Cu(I)
complexes was the same as for the analogues 1 and 6, respectively.
Finally, it is notable that bis(u-oxo )tricopper species H>'® has not
been accessed using f-diketiminate ligands, presumably because
even the most unhindered aryl-substituted -diketiminates are too
bulky to allow formation of the compact tricopper cluster.

In an extension of our previous work using ligands 1—7 and
congeners,le’476’8 we sought to examine a derivative that would
be more electron donating and less sterically encumbered. We
hypothesized that a Cu(I) complex of a strongly electron
donating ligand would be highly reactive with O, and other
oxidants, and that the small steric profile would allow for the
formation of potentially unique multinuclear copper—oxygen
species. Herein, we describe the synthesis and characterization
of a Cu(I) complex of the deprotonated version of 4-(2,2-
dimethylhydrazino)dimethylhydrazone-3-penten-2-one (LH,
Figure 1), a ligand precursor used previously to generate
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Figure 1. Synthesis of LCu(CH;CN) and representation of its X-ray
structure with nonhydrogen atoms shown as 50% thermal ellipsoids.
Selected interatomic distances (A) and angles (deg): Cu(1)—N(1),
1.937(3); Cu(1)-N(2), 1.941(3); Cu(1)—-N(S), 1.884(3); N(1)—
N(3), 1.454(4); N(2)-N(4), 1.462(4); N(1)—Cu(1)-N(2),
98.23(12); N(5)—Cu(1)-N(1), 129.23(12); N(5)—Cu(1)-N(2),
132.54(12).

volatile group IIA metal complexes for chemical vapor or
atom layer deposition experiments.'’ The Cu(I) complex LCu-
(CH,4CN) reacts with O, at low temperatures to yield a ther-
mally unstable intermediate, which we propose on the basis of
spectroscopic and other results contains precedented core H.
However, this intermediate is unusual because it has an overall
neutral charge, unlike previously reported trications supported
by neutral N-donor ligands.”'® This difference underlies new
reactivity for the intermediate distinct from that reported
previously for complexes with core H, thus demonstrating
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an important effect of the supporting ligand L™ on Cu/O,
chemistry.

B EXPERIMENTAL SECTION

General Considerations. All solvents and reagents were obtained
from commercial sources unless otherwise noted. Solvents were
thoroughly degassed via three cycles of freezing, evacuating, and
thawing. The solvents tetrahydrofuran (THF) and dg-THF were dried
over Na/benzophenone and distilled under vacuum, and CH,Cl, and
CH;CN were dried over CaH, and distilled under vacuum; CH;CN
was stored over molecular sieves (4 A). Acetone was dried over 4 A
molecular sieves, distilled, and stored over sieves (4 A) in the
glovebox. Toluene, Et,O, and pentanes were passed through solvent
purification columns (Glass Contour, Laguna, CA) and stored over
CaH, in the glovebox. All metal complexes were prepared and stored
in a Vacuum Atmospheres inert atmosphere glovebox under dry
nitrogen or were manipulated under argon or dry nitrogen using
standard Schlenk techniques. The proligand LH was prepared
according to literature procedures,“ dried over 4 A molecular sieves,
and distilled under vacuum prior to use.

Physical Methods. NMR spectra were recorded on either Varian
VI-300, VXR-300, or VI-S00 spectrometers at room temperature
unless indicated otherwise. Chemical shifts (5) for "H and '3C NMR
spectra were referenced to residual protium in the deuterated solvent
("H) or the characteristic solvent resonances of the solvent nuclei
(*3C). Variable temperature '"H NMR spectra were obtained on a
Varian VI-300 spectrometer fitted with a liquid nitrogen cryostat. Stem
coaxial inserts used for Evans method experiments were purchased
from Wilmad Lab Glass. UV—vis spectra were collected on a HP8453
(190—1000 nm) diode array spectrophotometer. Low temperature
UV—vis experiments were performed using an Unisoku low temper-
ature UV—vis cell holder. UV—vis spectra that had drifting baselines
because of minor frosting caused by the low-temperature device were
corrected when necessary by subtracting the average of a region with
no absorbance from the entire spectrum. X-band electron para-
magnetic resonance (EPR) spectra were recorded on a Bruker E-500
spectrometer with an Oxford Instruments EPR-10 liquid-helium
cryostat (4—20 K, 9.61 GHz). Elemental analysis was performed by
Robertson Microlit Lab (Madison, NJ). Electrospray ionization mass
spectrometry (ESI-MS) was performed on a Bruker BioTOF II
instrument with high-resolution data acquired by internally referencing
samples to a polyethylene glycol standard. All GC-MS experiments
were conducted on an Agilent Technologies 7890A GC system and
5975C VL MSD. The GC column was a HP-5 ms with dimensions
30 m X 0.250 mm. The standard method used for all runs involved
an initial oven temperature of 60 °C (held for 4 min) followed by a
20 °C/min ramp to 230 °C that was held for 15 min. Infrared spectra
were collected on a Nicolet Avatar 370 FT-IR equipped with an
attenuated total reflectance attachment, using a CaF, solution cell
(International Crystal Laboratories) or a Smart OMNI-Sampler for
solid samples.

LCu(CH;CN). LH (145 mg, 0.79 mmol) was dissolved in CH;CN
(5 mL) and added to a slurry of Cu,Mes, (142 mg, 0.19 mmol) in
THF (S mL). The cloudy solution became clear over 20 min yielding a
golden solution. After stirring for 2 h the solution became dark brown
with a brown precipitate. The solution was filtered and solvent
removed in vacuo yielding a brown residue. The residue was dissolved
in approximately 2 mL of fresh THF and cooled to —20 °C. Addition
of pentanes to this solution resulted in the rapid formation of yellow
needle crystals of product that were isolated by vacuum filtration
(128 mg, 66%). '"H NMR (dg-THF, 300 MHz, —80 °C): 5 2.89 (s,
1H), 2.46 (s, 3H), 2.28 (s, 12 H), 1.91 (s, 6H). *C{'H} NMR (75.0
MHz, dg-THF): § 165.1, 121.95, 86.37, 49.53, 21.84, 2.36. Anal. Calc.
for CoH,gCuN,, (LCu; the CH;CN ligand was lost upon drying of the
crystals under vacuum prior to analysis): C, 43.80; H, 7.76; N, 22.70.
Found: C, 42.73; H, 7.37; N, 22.43.

Reaction of LCu(CH3;CN) with CO. A S mL Schlenk flask was
charged with a 40 mM solution of LCu(NCCHj;) in THF and sealed
by a septum. Carbon monoxide was bubbled through the solution at
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room temperature until all solvent had evaporated, leaving a solid
residue. Samples of this residue were transferred by spatula to the
FTIR spectrometer and infrared spectra collected on an attenuated
total reflectance attachment. For characterization in solution, THF was
added to the residue under an inert atmosphere to obtain a
concentration of approximately 40 mM, and the solution was loaded
and sealed in a CaF, solution cell (International Crystal Laboratories)
for analysis by FTIR spectroscopy.

Low Temperature Oxygenations of LCu(CH3;CN). Anaerobi-
cally prepared solutions of LCu(CH;CN) in THF or acetone (1 mM
or 0.1 mM) were cooled to —80 °C in a septum sealed quartz cuvette
under a constant argon purge. Dry O, was bubbled through the cooled
solutions, and the reaction was monitored by UV—vis spectroscopy.
(a) Spectrophotometric Titrations. In titration experiments, a 3.5 mL
solution of LCu(CH;CN) in THF (1 mM) was placed in a 1 cm path
length cuvette and cooled to —80 °C under an argon atmosphere. An
O, saturated THF solution was pre})ared by bubbling dry O, through
argon saturated THF for 20 min.'> Aliquots (70 L) of the THF
solution were transferred by gastight syringe to the cuvette, and the
sample was allowed to equilibrate under stirring. The absorption
band at 590 nm was monitored by UV—vis spectroscopy. (b) EPR
Spectroscopy. Solutions for examination by parallel X-band EPR
spectroscopy were prepared by first charging a S mL Schlenk flask
with LCu(CH,CN) in THF (60 mM) to obtain a 20 mM final
concentration of the putative product L;Cu;0,. The flask was sealed
with a septum and cooled to —78 °C in a dry ice/acetone bath under
argon. Dry O, was bubbled through the solution for 10 min followed
by 45 min of an argon purge to remove excess O,. Samples were
transferred to precooled EPR tubes taking care to avoid any bubbles
and rapidly frozen in liquid N, and stored for analysis. Samples were
examined with the spectrometer set in the parallel mode (9.3970
GHz) at a temperature of 13 K. (c) ESI-MS Analysis. A S mL Schlenk
flask was charged with a 1 mM solution of LCu(CH;CN) and cooled
to —78 °C under argon in a dry ice/acetone bath. Dry O, was bubbled
through the solution for 10 min followed by 20 min of an argon purge.
An aliquot (40 uL) of the dark green solution was rapidly loaded into
100 pL gastight syringe followed by 40 uL of fresh methanol and the
sample directly injected into the spectrometer while continuously
collecting spectra in the positive ion detection mode. As the deep
green portion entered the instrument the peaks of interest were
observed and became more intense. Samples prepared from PhIO
were prepared by placing 1 equiv of PhIO in a S mL Schlenk flask with
THF (32 mL) and a stir bar. After sealing with a septum, the
heterogeneous mixture was cooled to —78 °C in a dry ice/acetone
bath under argon. A solution of LCu(CH;CN) in THF was added to
this mixture by gastight syringe to yield a final copper concentration of
1 mM in the flask. The solution was stirred for 5 h at =78 °C. The
insoluble solids were removed by rapidly passing the solution through
a 045 pum PTEFE filter into a precooled S mL Schlenk flask. This
process caused an instantaneous color change in the solution from
deep green to a pale gold/green, and no peaks in the ESI-MS spectrum
were assignable to L;Cu;0,. (d) Evans Method Determination of
Magnetic Susceptibility. A stock solution of LCu(CH;CN) (38.4 mg,
0.133 mmol) and 1,3,5-trimethoxybenzene (22.4 mg, 0.133 mmol) in
ds-THF (2.5 mL) was prepared in the glovebox. An aliquot of the
stock solution (0.6 mL) was sealed in an NMR tube by a septum and
cooled to —78 °C in a dry ice/acetone bath under a positive argon
atmosphere. The solution was oxygenated by bubbling dry O, through
the solution for S min followed by an argon purge (1S min) to remove
excess O,. A separate stock solution of 1,3,5-trimethoxybenzene
(22.5 mg, 0.134 mmol) in dg-THF (2.5 mL) was prepared and loaded
into a coaxial NMR insert and sealed in the glovebox. The insert was
placed into the NMR tube containing the oxygenated solution and the
"H NMR spectrum obtained of the combined apparatus at —80 °C.

Photometric H,0, Detection with Ti(IV)Oxysulfate. A stock
solution of aqueous H,0, (1.96 mM) was prepared from a H,0,
solution (30% in H,0) and serially diluted to known concentra-
tions (0.899, 0.448, and 0.268 mM). Aliquots from the H,O, solution
(3 mL) were loaded into a UV-—vis cuvette, and 0.1 mL of
Ti(IV)oxysulfate added (15% in dilute sulfuric acid). The UV—vis

1883

spectra of the solutions were recorded, and the absorbance at A, =
408 nm was recorded and plotted against the concentration of H,O,
to obtain a standard curve. This standard curve was used to detect
and/or quantitate peroxide species derived from Cu/O, reactions as
described in the literature."> To validate the method, a solution of
[(TMPA)Cu(NCCH,)]OTf in THF (22 mM) at —78 °C was
oxygenated for 20 min, which resulted in the formation of a
characteristic purple solution for [(TMPA),Cu,0,]*"."* Formic acid
(24 equiv per dicopper species) was added, and the solution warmed
to room temperature. Addition of Ti(IV)oxysulfate and quantification
of the chromophore observed at A, = 408 nm to a standard curve
showed the recovery of 79% of the expected amount of H,O,
(Supporting Information, Figure S1). An identical procedure was
used to evaluate the blue/green species resulting from oxygenation of
LCu(CH;CN), and in this case no absorbance at 408 nm was
observed, indicating no formation of H,O, (Supporting Information,
Figure S2).

Reactions of Oxygenated Product with Exogenous Sub-
strates. Solutions of L;Cu;0, in 3.5 mL of THF (1 mM) were
generated as described above. After complete formation of L;Cu;0, as
determined by UV—vis spectroscopy, samples were purged for 20 min
with argon. Substrates were introduced as THF solutions by syringe
(9,10-dihydroanthracene, 2,6-di-tert-butylphenol, 2,4,6-tri-tert-butyl-
phenol, 2,4-di-tert-butylphenol, ferrocene, triphenylphosphine),
added as a 30% by weight in water solution (H,0,), or bubbled
through the reaction as a gas (CO,). Reactions were monitored by
UV—vis spectroscopy for 2 h and then warmed to room temperature
and analyzed by GC-MS. Samples for GC-MS analysis were
demetalated by the following steps. Solvent was removed under
vacuum, and the remaining residue dissolved in CH,Cl, (~ S mL).
The solution was washed with dilute aqueous HCI (3 X S mL of 0.1 M
HCI). The organic layer was dried over K,CO;, filtered, and injected
into the GC-MS instrument.

B RESULTS AND DISCUSSION

Synthesis and Characterization of LCu(CH;CN). Re-
action of LH with CuMes, in CH,CN/THF (1:1 v/v)
generated LCu(CH;CN), which was isolated as a crystalline
solid in 66% yield and characterized by NMR spectroscopy,
CHN analysis, and X-ray crystallography (Figure 1). The
anticipated peaks were observed in the room temperature 'H
NMR spectrum of the complex in dg-THF (Supporting
Information, Figure S3), although the signal for the hydrogen
atoms on the CH;CN ligand overlap with those for the —NMe,
groups of L™ (2.32 ppm). These peaks were resolved in a
spectrum recorded at —80 °C, suggesting lability of the CH;CN
group or an ill-defined fluxional process in solution. In support
of the former possibility, extended drying of the crystals of
the complex under vacuum resulted in loss of the CH;CN
ligand (CHN analysis). Air-sensitive crystals of the complex
suitable for X-ray diffraction analysis were obtained from THF/
pentanes solutions kept at —80 °C (Figure 1). Similar to other
reported Cu(I) complexes of p-diketiminates,"**~®® LCu-
(CH;CN) contains a 3-coordinate Cu ion in a trigonal planar
geometry (sum of donor angles = 360°) ligated by two nitrogen
atoms from L™ and one nitrogen from bound CH;CN. The
structural parameters of L™ are similar to those reported for 7>
bound complexes of group IIA metals (cf. N—N distances of
1.45—-1.46 A, N-methyl groups splayed away from the
p-diketiminate backbone substituents).

To evaluate the electron donating characteristics of L, we
examined the reaction of LCu(CH;CN) with CO with the aim
of preparing a simple CO adduct and comparing its ©(CO)
value to those reported for Cu(I)-CO complexes (Table
1).5815726 Thys, solutions of LCu(CH;CN) in THF were
treated with CO (1 atm) and examined by FTIR spectroscopy,
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Table 1. IR Data for Selected Copper(I)-CO Adducts

entry compound” v(CO) (cm!) ref
1 Cu(CO),AsF4 2177, 2164 15
2 Zeolite ZSM-5~ [Cu(CO),]* 2178, 2151 16
3 [(TMPA)Cu(CO)]* 2091, 2077 17
4 LCu(CH,CN) + CO in THF 2056, 1968 this work
5 [(TMEN),Cu,(u-CO)]** in THF 2060, 1930 18
6 [(TMPDA),Cu,(4-CO)]* in THF 2065, 1925 18
7 Cu(CO)OTf in TFOH 2155 19
8 Cco 2143 20
9 Tp(®™2Cu(CO) 2137 21
10 [Cu(CcO)]Cl 2127 22
11 TpFHCu(CO) 2100 23
12 (5)Cu(CO) 2100 8
13 [Cu(Megtren) CO]PF, (Nujol) 2098 24
14 [(tach)Cu(CO)]PF 2092 25
15 [Cu(Megtren) CO]PF, in THF 2078 24
16  (6)Cu(CO) 2071 8
17 Tp"?Cu(CO) 2056 26
18 LCu(CH4CN) + CO (solid) 2047 this work
19 [(TMEN),Cu,(4-CO)]** (Nujol) 1926 18
20 [(TMPDA),Cu,(u-CO)]** (Nujol) 1925 18
“Abbreviations: TMPA = tris(methylpyridyl)amine; TMEN =

N,N,N',N-tetramethylethylenediamine; TMPDA = N,N,N’,N'-tetrame-
thylpropylenediamine; OTf~ = CF,;SO;; Tp™ = tris(3-R, 5-R-
pyrazolyl)hydroborate; Megtren tris(N,N-dimethylaminoethyl)-
amine; tach =1,3,5-triazacyclohexane.

both in solution and, after removal of THF, in the solid state
(Figure 2). The solid-state sample (solid line) displays a single

2100 2000 1 9(1)0 1800

Wavenumbers (cm )

2200

Figure 2. FTIR spectra of the product of the reaction of
LCu(CH,CN) in THF with CO, in the solid state (solid line) and
in solution (dashed line).

sharp peak at 2047 cm™' consistent with formation of

LCu(CO). This feature is lower in energy than reported
v(CO) values for CO bound in terminal fashion to Cu(I)
centers in a variety of ligand environments, including com-
plexes supported by other f-diketiminates (Table 1, entries 9—18).
The data thus demonstrate the exceptionally strong electron
donating properties of L.

The solution state spectrum (dotted line, Figure 2) displays
two peaks at 2056 and 1968 cm™', indicating either (a) binding
of two CO molecules to the LCu(I) moiety to yield LCu-
(CO),, or (b) the presence of two types of CO adducts, possi-
bly in equilibrium. Rationale (a) seems unlikely because while
several [Cu(CO),]* species have been reported (cf. entry 2,
Table 1),'®*”73! they display (CO) values higher in energy
than free CO (2143 cm™") because of competition between the
multiple CO ligands for dz electron density at the metal
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center.”” In support of rationale (b), equilibria between Cu
(I) species with bridging or terminal CO ligands (Figure 3)

o}
LCu(CH5CN) [l

LCu” cul
1968 cm™”

LCu(CQ)
2056 cm!

Figure 3. Proposed equilibrium between CO adducts in solution.

have been described for complexes supported by bidentate
peralkylated diamines, which exhibit a pattern of 2(CO) values
similar to that which we observe (entries 4—6, Table 1)."® We
deem it likely that a similar equilibrium occurs for our system,
with the caveat that we have not performed more extensive
characterization to support this hypothesis unambiguously.
An alternative hypothesis reported recently'” for tris(methyl-
pyridyl)amine (TMPA) complexes involving adducts with a
ligand arm either bound or dissociated (entry 3, Table 1) would
seem less likely for L, as dissociation of one donor in a -
diketiminate complex of copper has yet to be observed.**

0, Reactivity. Oxygenation of LCu(NCCHj;) in THF or
acetone at —80 °C resulted in a rapid color change of the
solution from pale yellow to deep blue/green. This color
remained unchanged at low temperature for many hours, but
bleached upon warming, with an approximate half-life of 1 h at
—10 °C (Supporting Information, Figure S4). Attempts to
isolate the blue/green species as a pure solid were unsuccessful,
so characterization in solution was pursued. UV—vis spectra
measured for the oxygenation (1 mM Cu(I), THF, —80 °C,
using 1 or 0.2 cm path length cells) are presented in Figure 4
with the starting complex (dashed), a transient species (dotted),
and the final oxygenation product shown (solid). The transient
species (Figure 4, dotted) forms instantaneously and gives way
to the final blue/green product (Figure 4, solid) in seconds;
because of its instability, further characterization of the
transient species was not possible. The A, values and
extinction coefficients for the blue/green final product are com-
pared to those of [Cu;0,]*" species reported previously in
Table 2. Despite differences in detail that likely arise from
divergent supporting ligand donor characteristics, the overall
patterns of the features are roughly similar, consistent with
analogous core structures. To test this notion, we sought to deter-
mine the nuclearity (Cu:O ratio) of the blue/green product
species through a spectrophotometric titration. Aliquots of THF
saturated with O, (10 mM)'* were added to a solution of
LCu(NCCHj,) in THF (10 mM) at —80 °C and the spectral
feature at 590 nm was monitored (Figure S). The absorption
feature reached a maximum intensity (intersection of shown
best fit lines) at 0.35(2) equiv of O, per copper atom (~3:2
Cu:O ratio), consistent with a [Cu;0,]* core.

Further evidence in favor of the formulation of the blue/
green oxygenation product as L;Cu;O, was obtained using
ESI-MS. The starting sample solution was kept at =78 °C, and
the sample transfer tube that is typically used to introduce an
ESI-MS sample was removed to minimize sample warming/
decomposition and maximize the peak intensities of the species
of interest. Initial spectra of THF or acetone solutions did
not display any signal in either the positive or the negative
ion detection modes, indicating that no easily ionizable species
were present under these conditions. Samples doped with
methanol lost their characteristic blue/green color when warmed
and displayed a strong peak envelope at m/z = 429.2640 in the
mass spectrum that we assign on the basis of simulation as an
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Figure 4. UV—vis spectra of the oxygenation of LCu(CH;CN) at —80 °C in THF (1 mM) in a 1 cm path length cuvette (left) and a 0.2 cm path
length cuvette (right). Dashed line = LCu(CH;CN); dotted line = transient intermediate; solid line = final oxygenated product. The transient
intermediate was not observed in the experiment using the 0.2 cm path length cuvette because of experimental difficulties associated with baseline

drift and solution warming during oxygenation.

Table 2. UV-vis Data for [(Ligand);Cu;0,]" Complexes”

ligand n  solvent A, nm (¢ M cmi! per Cu) ref
TMCD 3 CH,CL  355(5000), 480(470), 620(270)® 9a
TMEN 3 acetone  345(4200), 500(440), 620(300) 33
HpyiMeMe 3 acetone  342(4000), 515(333), 685(270) 10
L 0 THF  328(10700), 420(1500), this work
590(835)
“TMCD = N,N,N,N-(R,R)-1,2-cyclohexanediamine; TMEN =

N,N,N,N“tetramethylethylenediamine; "Py1™*™® = N,N-dimethyl-2-
(2-pyridyl)ethylamine. bAdditional peak reported at 290 (4200).

2.0

1.51

1.04

0.54

Absorbance at 590 nm

0.0¢
0

02 03 04 05 06 0.7
Equivalents O2 Per Cu

0.1

Figure S. Data from titration of solution of LCu(CH;CN) in THF
(10 mM) with O, at —80 °C, with best linear fits (solid lines). The
intersection point is mapped to the x-axis (dashed line) to yield the
Cu:O ratio (0.35(2) equiv O, per Cu = ~3:2 Cu:O ratio).

apparent decomposition product [L,Cu]* (Supporting In-
formation, Figure SS). However, by first loading a 100 uL
sample syringe with 40 yL of an acetone solution of the blue/
green species (at —80 °C), followed by 60 yL of MeOH, and
rapidly injecting the solution into the spectrometer a mass
spectrum was obtained with multiple peak envelopes indicative
of multicopper species (high m/z region in Figure 6; full spec-
trum in Supporting Information, Figure S6). The highest m/z
peak envelopes feature isotope patterns diagnostic for three
copper atoms and were identified on the basis of simulations
as L;Cu;0, plus variable solvent molecules: C;,HggCusN;,O4
[L;Cu;0, + MeOH + 2CH,CN + H']" (mass 887.1967;
Figure 6) and C3,H,,Cu3N;;0, [L;Cu;0, + MeOH + CH;CN
+ THF + H']* (mass 917.2197; Supporting Information,
Figure S7). These results support the presence of L;Cu;0, in
the blue/green oxygenation product solutions.
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Figure 6. Peak envelope in the ESI mass spectrum (bottom) and
simulation (top) for the blue/green oxygenation product solution
corresponding to C3,HgsCusN1,0; [L;Cus0, + MeOH + 2CH;CN +
H*]*. The full spectrum is presented in the Supporting Information,
Figure S6.

Previous work demonstrated that the [Cu;0,]** core con-
tains one Cu(Ill) and two Cu(IL) ions in a valence localized
S = 1 ground state.”**** For comparison, we examined the elec-
tronic structure of the blue/green oxygenation product through
solution state magnetic susceptibility (Evans method)**~>* and
EPR spectroscopy measurements. In the Evans method
experiment, a 54 mM solution of LCu(NCCH;) was
oxygenated in dg-THF at —78 °C in the presence of an
internal standard 1,3,5-trimethoxybenzene. Comparison of the
peak assignable to the aryl proton originating from 1,3,5-
trimethoxybenzene appearing between S and 7 ppm for this
sample and one for an inserted coaxial tube with only the
internal standard provided a peak separation that upon analysis
(Supporting Information, Figure S8 and associated text) yielded
Heig = 2.8(1) BM. This value is indicative of an S = 1 ground state
(Mo = 2.83 pip)* and is in agreement with the value determined
via similar methodology for [(TMCD);Cu;0,]**.*

The parallel mode X-band EPR spectrum of the blue/green
product solution is shown in Figure 7 with the g ~ 4 region

dx.doi.org/10.1021/ic202214c | Inorg. Chem. 2012, 51, 1881-1888



Inorganic Chemistry

enlarged and shown in the inset. The feature observed at
~1500 G is attributed to a Am, = 2 transition and the high field
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Figure 7. X-Band EPR spectrum (9.3970 GHz) of the oxygenation
product of LCu(NCCH,) (60 mM) in THF in parallel mode at 13 K.
The inset displays an expanded view of the g ~ 4 region.

signal at ~3300 G is a Am, = 1 transition, consistent with what
would be expected for a triplet ground state species.**** These
features are qualitatively similar to those reported previously for
[(TMCD),Cu;0,]**, which exhibits a strong derivative feature
at 3525 G and a Am, = 2 transition at 1400 G.>*

To evaluate the possibility that the blue/green species is a
peroxide complex, we attempted to detect H,O, after treatment
with protic acid using a precedented Ti(IV)oxysulfate titration
procedure (see Experimental Section for details).'> We first
validated the procedure by testing the known 1,2-peroxide
complex [(TMPA),Cu,0,](OTf),,"* and from the absorbance
at 408 nm obtained a 79% yield of the expected amount of
H,0,. The same method applied to the blue/green solution
derived from oxygenation of LCu(CH;CN) did not display any
absorbance at 408 nm, indicating that, within the limits of
detection, no H,0, was formed.

In sum, the similarities of the UV—vis spectrum, EPR signal,
and magnetic moment in solution to those reported previously
for [Cu;0,]** complexes, in combination with the spectro-
photometric titration, ESI-MS, and H,0O, detection results,
provide compelling evidence that the oxygenation of LCu-
(CH;CN) results in the formation of L,;Cu;0, featuring core H
(Figure 1). This complex is novel insofar as it is supported by
monoanionic rather than neutral N-donor ligands, resulting in
an overall neutral rather than a +3 charge. The implications of
this disparity on reactivity with exogenous substrates are
explored below.

Reactivity with Exogenous Substrates. The reactions of
two [Cu;0,]* species supported by either TMCD or "PylMeMe
with a few substrates have been described.”'® The complex
supported by TMCD was reduced by ferrocene but not
acetylferrocene at —80 °C and a redox potential for the
complex was estimated to be between 0.48 and 0.79 V vs
SCE.” Both complexes react with 2,4-di-tert-butylphenol via a
radical pathway to form the coupled product 3,3',5,5"tetra-tert-
butyl-2,2-biphenol in high yield (>97%). Thus, they are
electrophilic and are capable of performing H-atom abstractions
from molecules with relatively weak O—H bonds, similar to
their bis(u-oxo)dicopper(I1I) relatives.'*"

For comparison, we examined the reactivity of L;Cu;0, to-
ward reductants (ferrocene, decamethylferrocene) and substrates
with weak O—H or C—H bonds (2,4- and 2,6-di-tert-butylphenols,
2,4,6-tri-tert-butylphenol, and 9,10-dihydroanthracene). In these
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experiments solutions of L;Cu;O, were generated by the
oxygenation of LCu(CH;CN) in THF at —80 °C (1 mM) and
then purged with argon for approximately 20 min to remove
excess O,. Substrates were introduced at —80 °C and stirred for
2 h while the reactions were monitored by UV—vis spectros-
copy. The solutions were then gradually warmed to room
temperature, subjected to an acidic workup to remove copper-
containing species, and the residue examined by GC-MS or 'H
NMR spectroscopy. Unlike the [Cu;0,]*" species supported by
TMCD or "PylM®Me¢ no reactions occurred with the
aforementioned substrates; no decay of UV—vis spectra were
seen at —80 °C and no oxidized organic products were
identified by GC-MS or '"H NMR spectroscopy for the reac-
tions with the phenols or 9,10-dihydroanthracene. Apparently,
L,Cu;0, is not nearly as potent an oxidant nor as electrophilic
as the [Cu;0,]% species supported by TMCD or HpylMeMe,
Yet, L;Cu;0, was found to be capable of transferring an O-
atom to PPh;, reactivity typical of electrophilic copper—oxygen
complexes.'® Thus, addition of 5 equiv of PPh; at —80 °C to
solutions of L;Cu;0, followed by warming to room temper-
ature and examination by >'P NMR spectroscopy’ and GC-MS
led to identification of Ph;P=0 in ~40% 7yield (based on
L;Cu;0,). On the other hand, the UV—vis spectroscopic
features of L;Cu;0, changed instantaneously upon exposure to
CO,. Carbonate-containing species formed according to ESI-
MS and FT-IR data (Supporting Information, Figures S9—
S11), although we have been unable to unambiguously iden-
tify their structures despite repeated attempts to isolate the
products from the reaction. These results are indicative of
“nucleophilic” reactivity, and contrast with the typical reaction
patterns for electrophilic copper—oxygen intermediates.'** We
conclude that the strong electron donating capabilities of
L stabilize the [Cu;0,]*" core and perturb its reactivity relative
to other known examples.

B CONCLUSIONS

A Cu(I) complex of the hydrazine-derived f-diketiminate L~
was prepared and characterized, and the FTIR spectra of the
products of its reaction with CO were analyzed. The data
indicate that L~ is strongly electron donating, and support an
equilibrium in solution between monomeric and dimeric forms
with terminal and bridging CO ligands, respectively (Figure 3).
Low temperature oxygenation of LCu(CH,;CN) generated a
species formulated as L;Cu;O, with core H on the basis of
UV—vis and EPR spectroscopy, ESI mass spectrometry, and
spectrophotometric titration, magnetic susceptibility, and H,O,
detection experiments. The observation of a monomer/dimer
equilibrium for the Cu(I)-CO adduct and formation of core H
upon oxygenation attest to the small steric profile of L™ relative
to other p-diketiminates (cf. 1—7) that have been used
previously to study Cu/O, chemistry. The anionic charge and
strong electron donating characteristics of L™ result in unique
reactivity for core H in L;Cu;0,. Thus, unlike other reported
variants supported by neutral N-donor ligands, L;Cu;0, is not
reduced by ferrocene, does not abstract H-atoms from phenols
or 1,2-dihydroanthracene, oxidizes PPh; to PhyP=0, and
generates carbonate species upon exposure to CO,. The new
reactivity for core H that results from the properties of L™
illustrate key influences of supporting ligands on the structure
and function of Cu/O, intermediates relevant to copper-
catalyzed oxidations in catalysis and biology.
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