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Abstract

Reaction of [NBua][LCu''OH] with excess ROOH (R = cumyl or tBu) yielded [NBug]
[LCu!'OOR], the reversible one-electron oxidation of which generated novel species with
[CUOOR]?* cores (formally Cul''OOR), identified by spectroscopy and theory for the case R =
cumyl. This species reacts with weak O—H bonds in TEMPO-H and 4-dimethylaminophenol
(NMe2phOH), the latter yielding LCu(OPhNMe2) 'which was also prepared independently. With the
identification of [CUOOR]?* complexes, the first precedent for this core in enzymes is provided,
with implications for copper monooxygenase mechanisms.

Understanding the mechanism(s) of monooxygenase reactions promoted by monocopper
sites in enzymes! and other catalysts? is an important research goal. A generalized
mechanistic scheme that highlights several key oxidants and processes under active
discussion for many of these systems is shown in Figure 1. The first step in monooxygenases
is reaction of the Cu' form with O, to yield a 1:1 Cu/O, adduct typically formulated as a
Cu''-superoxide,1:3=5 but which in some model compounds can have Cu'!!-peroxide
character.® This intermediate may undergo proton-coupled electron transfer (PCET or “H*/e
~”) via attack at a substrate C—H bond or delivery of a proton and an electron in another way
to yield a Cu!'-OOH species (also written as [CuUOOH]*), which may also attack the
substrate or undergo PCET. Alternatively, protonation of the Cu'-superoxide to yield a
[CUOOH]?* species (formally Cu''"OOH) that then attacks the substrate has been suggested
on the basis of theory for peptidylglycine a-hydroxylating monooxygenase.” A [CUOOH]%*
species also is implicated in a proposed mechanism for catalytic alkane oxidations, where
reaction of a putative [Cu'''~OH]2* species with H,05 to yield a hydroperoxyl radical and
Cu'! presumably involves initial formation of [CuUOOH]2*.8
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The characterization and study of the reactivity of discrete complexes comprising these and
other copper—oxygen intermediates is an important strategy for determining their viability in
catalytic systems.? Examples of 1:1 Cu/O, adducts,61011 [CuOH]%*,12 and [CUOOR]* (R =
alkyl) complexes®@13 have been characterized, but to our knowledge there are no reports of
compounds with a [CUOOR]?* unit.14 Herein, we report the isolation of two novel distorted
square planar [Cu''OOR]* (R = cumyl, tBu) complexes and their reversible 1-electron
oxidation at low temperature to yield reactive species that we formulate as
[CUOOR]%*complexes on the basis of spectroscopy and supporting theory. With this work,
we experimentally demonstrate the feasibility of the [CuUOOH]2* unit, enabling new
mechanistic insights for copper monooxygenases and other catalytic systems.

Reaction of blue solutions of [NBug][LCu''OH] ([NBug4]-[1], Figure 2)!2 in THF with
excess ROOH (R = cumyl, 80% v/v in cumeneg, or R = tBu, 87% in nonane) at —20 °C
resulted in a color change to crimson. The complexes [NBuy]-[LCu''OOR] ([NBu,][2a] and
[NBu4][2b]) were isolated from these solutions in 68% (R = cumyl) or 81% (R = tBu) yields
and characterized by UV-vis and EPR spectroscopy, and high resolution electrospray
ionization mass spectrometry (Figure S2). In addition, we obtained X-ray crystal structures
of congeners prepared using NEt,* as a counterion ([NEt4]-[2a], Figure 2; [NEt4][2b],
Figure S3). The complexes exhibit slightly rhombically distorted EPR signals typical for
Cu'' complexes of L,12 but with gand A parameters suffciently different from those for
[NBu4][1] to clearly indicate replacement of the hydroxide ligand by the alkylperoxides
(Figures S4-S5, Table S1). In the X-ray structures, the O—0 distances of 1.468(19) A and
1.416(58) A are similar to those measured for the only two [CUOOR]* (R = H, alkyl)
complexes reported previously (both of which are coincidentally 1.460(6) A).13d€ DFT
geometry optimizations of [2a]™ and [2b]~ showed good correlation to the XRD structures
(Table S2), and spin density plots (Figure S6) were similar to those reported previously for
[NBu,][1].22¢ Both [NBu,][2a] and [NBu4][2b] were found to be stable for weeks in
solution at temperatures of =20 °C or lower but readily decomposed to compound [NBu4][1]
at room temperature (UV-vis and EPR spectroscopy; Figures S7-S8).

Cyclic voltammetry measurements of [NBuy][2a] and [NBug][2b] (0.3 M BugNPFg in THF,
Figure S9) revealed quasireversible processes (/pa//fpc = 2.9 and 2.3 for 2a and b respectively,
scan rate = 500 mV/s) with £y, values of —154 mV and —205 mV vs Fc*/Fc, respectively.
Chemical oxidations of [NBug][2a] and [NBu4][2b] in THF at =80 °C using ferrocenium
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate ([Fc][B(ArF)a]) resulted in an immediate
color change to deep purple associated with intense absorptions in the 500- 700 nm region
of UV-vis spectra (Figure 3). The absorptions are similar to those reported previously for
LCu'"OH (black line, Figure 3) and analogs, which were assigned by TD-DFT as ligand
aryl = — Cu d,?_,2 transitions (see below).12¢ The oxidized species has a #;/, of 4.0 h at
-80 °C in THF solution and is stable only for ~5 s at room temperature. Titration
experiments with [NBuy][2a] showed that the absorption features generated upon oxidation
reached maximum intensity upon addition of 1 equiv of [Fc][B(ArF),], consistent with a
one-electron process (Figure S10). In further experiments with the purple product of
oxidation of [NBujy][2a], treatment of the solution with 1 equiv of decamethylferrocene
(Fc*) at =80 °C resulted in immediate bleaching of the UV-vis spectrum, and subsequent
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addition of 1 equiv of [Fc][B(ArF)4] reformed the purple color and the associated UV-vis
features (this process was repeated twice, albeit with some loss of intensity due to
decomposition, Figure S11). Additionally, the reduction of 3a gives an EPR signal nearly
identical to that of the starting [NBuy][2a] complex (Figure S12). Together, the data support
a reversible one-electron redox reaction that interconverts [NBus][2a] and 3a.

Additional data support the formulations of 3a and b as [CUOOR]?* complexes. They
exhibit no signal in perpendicular mode EPR spectra (Figure S13), consistent with S=0
Cu'"" but not ruling out an antiferromagnetically coupled (S = 0) Cu'"- ligand radical or a
ferromagnetically coupled (S= 1) Cu''-ligand radical species (see theory results below).
Prediction of the zero field splitting (E/D) and the Jterm (magnetic coupling) values
requires high level multireference calculations (beyond the scope of this work), and even
then the predicted values are generally unreliable.® To confirm the presence of the ~-OOR
ligand, we obtained resonance Raman spectra for frozen solutions of 3ain THF (A¢, = 561
nm) with samples prepared from natural abundance R160160H or labeled R180180H (R =
cumyl, ~60% incorporation of 180 by ESI-MS; Figure S14). A peak at 831 cm™L in the 160
sample shifts to 813 cm™1 upon 180-labeling (Figure 3); it is the only feature that is sensitive
to isotopic labeling (full spectra shown in Figure S15). The Ajgo-180 = 18 cm ~Lis smaller
than that calculated from Hooke’s law for v{O-0) (48 cm™1), but close to values reported
previously for Cu''OOR complexes (A1g0-180 in the range 24-89 cm~1 with most between
24 and 30 cm™1).16 To rationalize these smaller values, mixing of the *{O-0), YC-0), and
W C-C) modes was proposed, and we surmise that similar mixing occurs for 3a.

Consistent with this hypothesis, DFT numerical frequency calculations yielded A1g0-180 =
26 cm 271 for a highly delocalized vibration at 856 cm™ for the 160 isotopomer (video in
Supporting Information). Both the singlet and triplet states were optimized for the one-
electron oxidized complexes of 3a and b, where both spin density and molecular orbital
plots (Figures S16—-S18) showed significant delocalization onto the —OOR unit.1” No
significant difference in the O-0 stretching frequencies is predicted between singlet and
triplet electronic states (within 2 cm™1, Figure S19). In prior work on the [CuUOH]2* moiety,
we showed this core was best described as a singlet Cu'!! species.122.€ For the [CUOOR]%*
complexes, the electronic energies of the singlet and triplet states were tracked running
relaxed surface scans about the Ngmige—Cu—0-0 torsion angle (mPWPW/Def2-TZVP,
Figures S20-S21). The data show that the torsion angle changes the energy of the singlet
—triplet gap (Es-7) such that the singlet state is favored at 0° but the £5_1 gap becomes
much smaller at 90°. To better estimate the E£s_T gap, broken-symmetry (BS) calculations
starting at the singlet state optimized geometries (torsion angles of 4° (3a) or 3° (3b))
favored the singlet state by >10 kcal mol~1 after spin purification (using eq 4; Table S4).
However, BS calculations starting at the triplet state optimized geometries (torsion angles of
80° (3a) or 63° (3b)) favored the singlet state by ~4 kcal mol~1 when using GGA or meta-
GGA functionals, while hybrid-GGA, meta-hybrid-GGA, and double hybrid functionals
predominantly favored the triplet ground state by ~2 kcal mol~1 (Table S3). Comparison of
TD-DFT spectra calculated for both states (PBE0/Def2-TZVP) to the experimental UV-vis
spectra for 3a and b indicated marginally better agreement for the singlet, but do not rule out
the triplet (Figures S22—-S24, Table S5). We conclude at this juncture that more extensive

JAm Chem Soc. Author manuscript; available in PMC 2018 September 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Neisen et al.

Page 4

work is needed to unambiguously determine the ground state and note that because the
accuracy of broken-symmetry predictions is notoriously diffcult for transition metals,®
future studies will involve reevaluation of the £5_7 gap using multireference calculations.

Preliminary investigation of the reactivity of 3a revealed notable differences relative to
LCu'MOH.12 The rate of decay of solutions of 3a was not enhanced, and no new spectral
features were observed upon addition of excess (200 equiv) 9,10-dihydroanthracene, 1,4-
cyclohexadiene, 2,4,6-tri- tert-butyl phenol, 2,4-di- fert-butyl phenol, or 4-tert-butyl phenol,
substrates with relatively weak C—H or O—H bonds that react rapidly with LCu''OH via
PCET mechanisms. On the other hand, 3a (THF, =80 °C) decays rapidly in the presence of
1-hydroxy-2,2,6,6-tetramethylpiperidine (TEMPO-H, 25-200 equiv). Monitoring the decay
by UV-vis spectroscopy showed the reaction to be first-order in TEMPO-H with an overall
second-order rate constant of ~2.4 M~1 s™1 (Figures S25-S26). EPR spin quantification of
reaction products was consistent with an ~70% yield of TEMPO- detected from the reaction
of 3a with TEMPO-H (Figure S27).

In addition, while various tert-butyl-substituted phenols were unreactive, treatment of 3a
(THF, —80 °C) with 4-dimethylamino-phenol (NMe2PhOH) resulted in instantaneous loss of
the UV-vis features associated with 3a and generation of a new feature at ~740 nm (Figure
4). This spectrum is identical to that reported previously2d to form upon reaction of
LCu'"OH with NMe2phOH and tentatively assigned as the Cu''-phenoxyl radical complex
4.19 To buttress this assignment via an independent synthetic route, we prepared the Cu'l-
phenolate complex [NBuy4][5] and characterized it by high resolution electrospray mass
spectrometry, UV-vis spectroscopy, and cyclic voltammetry (Figures 4 and S28-S30).
Treatment of [NBu,][5] (THF, —80 °C) with [Fc][B(ArF),] yielded the same UV-vis
spectrum as that seen for the reaction of 3a with NMe2PhOH,124 consistent with formation
of 4 (Figure S31). The conversion of 3a to 4 involves a net proton transfer followed by a
ligand exchange, but multiple possible mechanisms may be envisaged, including simple
proton transfer, PCET, PT/ET, or ET/PT pathways. We note that NMe2phOH is the least
acidic phenol (pK; = 19.8 in DMS0)20 and contains the lowest O—H bond dissociation free
energy (BDFE)1? of all the phenolic substrates that we have screened. Thus, at this juncture
we view simple proton transfer to be unlikely and a PCET or ET/PT pathway to be more
appropriate (further mechanistic work is underway).

In conclusion, we have prepared two new, anionic [CUOOR]* complexes ([NBu4][2a] and
[NBug4][2b]) and have obtained evidence from spectroscopy and theory that one-electron
oxidation at low temperature yields novel [CUOOR]2* species. This discovery provides
initial precedent for the possible existence of such species in oxidations catalyzed by copper
enzymes. For example, one could envision the involvement of a related [CUOOH]?* species
in lytic polysaccharide monooxygenase, an intriguing enzyme due to its utility in
lignocellulosic degradation for biofuel generation (Figure 5).21 According to this
hypothetical scheme, deprotonation of the amino group of the histidine brace enhances the
basicity of the initial Cu(ll)-superoxide intermediate 6 (the formation of which may also be
promoted by such deprotonation). Such deprotonation of the amino group has been
suggested on the basis of X-ray crystallography.22 The enhanced basicity of 6 would
facilitate protonation to yield a [CUOOH]?* species (7) analogous to the species we have

JAm Chem Soc. Author manuscript; available in PMC 2018 September 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Neisen et al.

Page 5

prepared and similarly stabilized by an anionic supporting ligand (for 7, a trans amide
donor). Whether 7 is suffciently reactive to be a viable oxidizing intermediate is an open
question.23 Preliminary studies indicate the significantly decreased reactivity of 3a with C
—H and O-H bonds compared to LCu''OH, consistent with the low oxidation potential and
expected low pKj for the ROO™ ligand of the former. Still, further work is needed to
understand the reactivity of the [CUOOR]?* core, key issues being the relative propensity for
Cu-0 vs O-0 bond scission.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure2.
Syntheses of complexes and representation of the anionic portion of the X-ray crystal

structure of 2a (NEt 4 counterion), with formal copper oxidation states noted. Selected
interatomic distances (A): Cul-01, 1.841(14); Cul-N1, 2.026(15); Cul-N2, 1.934(14);
Cul-N3, 2.019(15); 01-02, 1.468(19).
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-80 °C) and (inset) resonance Raman spectra for 3a, for samples prepared from R10160H
(black, top) or R180180H (blue, middle), with difference spectrum shown in red (bottom).
Conditions are noted in the text.
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with NMe2phoH (blue), and the product of the reaction of [NBuga][5] with [FC][B(ArF).]
(black, dashed). (bottom) Reactions yielding 4, with formal copper oxidation states noted.
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Figureb.
Proposed intermediates in LPMO.
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