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CHEMISTRY

High pressure-derived nonsymmetrical [Cu,0]°* core
for room-temperature methane hydroxylation
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Jack D’Amelio?, Noah J. Martell®, Scott K. Watson', Kunyu Wang4, Zhenxian Liu®,
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Nonsymmetrical oxygen-bridged binuclear copper centers have been proposed and modeled as intermediates
and transition states in several C—H oxidation pathways, leading to the postulation that structural dissymmetry
enhances the reactivity of the bridging oxygen. However, experimentally characterizing the structure and reactiv-
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ity of these transient species is remarkably challenging. Here, we report the high-pressure synthesis of a meta-
stable nonsymmetrical dicopper-p-oxo compound with exceptional reactivity toward the mono-oxygenation of
aliphatic C—H bonds. The nonequivalent coordination environment of copper stabilizes localized mixed valency
and greatly enhances the hydrogen atom abstraction activity of the bridging oxygen, enabling room-temperature
hydroxylation of methane under pressure. These findings highlight the role of dissymmetry in the reactivity of
binuclear copper centers and demonstrate precise control of molecular structures by mechanical means.

INTRODUCTION

Nonsymmetrical coupled binuclear copper (CBC) centers have been
proposed in catalytic cycles involving type III copper proteins (1-3),
e.g., tyrosinase (4-5) and catechol oxidase (6-8), as well as copper-
exchanged zeolites (9-11), for the mono-oxygenation of C—H and
O—H bonds. For example, the transition state for methane hydroxyl-
ation in Cu-ZSM-5, modeled by density functional theory (DFT), is
a distorted dicopper-ji-oxo, [Cu,0]**, core with the bridging oxygen
strongly bound to one copper; the dissymmetry renders the oxygen
with radical characteristics, lowering the activation barrier for the
rate-limiting hydrogen atom abstraction (HAA) step (9). Similarly, a
nonsymmetrical dicopper-p-superoxo (Cu,0O,) transition state is
modeled by DFT for the HAA from phenolic O—H by catechol oxi-
dase (6). These models suggest that dissymmetry of the CBC en-
hances the reactivity of the bridging oxygen species. This postulation
is indeed supported by the experimentally characterized nonsym-
metrical distorted [Cu,O]** active site (#Cu—O—Cu = 99.6°) in
Cu,@C;Ny for selective methane hydroxylation (12). However, mim-
icking the nonsymmetrical structure and the resultant reactivity in
molecular systems remains an outstanding challenge. Most molecular
compounds bearing the CBC motif are symmetrical (13-17), and the
few examples of nonsymmetrical CBCs have not demonstrated en-
hanced reactivity related to the structural dissymmetry (18-20).

We use hydrostatic pressure generated in a diamond anvil cell
(DAC) and in situ spectroscopy (21, 22) to traverse a unique reaction
path, culminating in a metastable nonsymmetrical dicopper-p-oxo
complex with unprecedented C—H mono-oxygenation reactivity. The
precursor, {[(TMPA)Cu(H)]z(p-OH)}3+ (1) features two chemically
equivalent Cu(II) supported by tris(2-pyridylmethyl)amine (TMPA)
ligands and bridged by a hydroxo ligand (fig. S1 and tables S1 and S2).
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1 and its conjugate base, {[(TMPA)Cu(H)] z(p—O)}2+, have been exten-
sively studied in the context of C—H mono-oxygenation (23, 24).

RESULTS
Pressure-induced proton transfer
We first demonstrate that pressure drives an intramolecular proton
transfer in 1 (Fig. 1A). Single crystal of 1 shows a color change from
blue to green upon hydrostatic compression to 8.5 gigapascal (GPa;
Fig. 1B). In situ Raman spectroscopy reveals the O—H stretching
mode, ¥(O—H), blue shifts by <3 cm™! from ambient pressure to
6.4 GPa (Fig. 1C and fig. S2), in contrast to the large, >80 cm™", blue shift
of the C—H stretching modes in the same pressure range (Fig. 1D).
The v(O—H) band vanishes at 8.8 GPa, concurrent with the color
change and indicating O—H bond breaking. Coincident with the
color change and vanishing v(O—H), the pyridyl (Py) breathing
modes at 1570 and 1606 cm ™' are obscured by a peak at 1628 cm™"
(Fig. 1E). This feature is assigned to the breathing mode of pyridinium
(PyH™), supported by literature (25) and DFT (Fig. 1E, fig. S3, and see
discussion below). Deuterated 1, i.e., {[(TMPA)Cu(H)]z(p—OD)}3+,
shows the same spectral change at substantially higher pressure,
12 GPa (fig. S4). We attribute the delayed transition to the O—D
versus O—H Kkinetic isotope effect (26). Last, the symmetric and
anti-symmetric Cu—O stretching modes, vs(Cu—0O—Cu) and
Vas(Cu—O—Cu), are identified by e labeling, DFT, and pressure-
dependent resonance enhancement (figs. S5 to S7). Both modes per-
sist at 8.8 GPa (Fig. 1G), indicating the intactness of the Cu—O—Cu
core after the transition. These Raman features are evident of an in-
tramolecular proton transfer from the bridging hydroxo ligand to a
dissociated pyridyl arm of the TMPA at 8.8 GPa. The color and spec-
tral changes persist upon releasing the pressure, yet gradually relapse
to the initial “blue state” over the course of a few days at room tem-
perature in inert atmosphere. These observations indicate the forma-
tion of a new metastable compound, 2, best described as {{(TMPA)
Cu]—(u-0)—[Cu(TMPAH™)]}’* (Fig. 1A, right).

DFT modeling of 2 indeed affords a stable structure without ex-
ternal stress or constraint (Fig. 1H, fig. S8, and table S3). DFT is
carried out using the B3LYP functional and a mixed Pople basis set
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Fig. 1. High-pressure synthesis of 2. (A) Schematic of reaction. The transferred proton is highlighted in red. (B) Micrograph images of the crystal in the DAC at 0.1 (left)
and 9.9 (right) GPa. Scale bars, 200 pm. (C) Raman spectra in the v(C—H) and v(O—H) regions. (D) Relative shifts of v(C—H) and v(O—H) with pressure. (E) Raman spectra in
the pyridyl/pyridinium ring breathing region. (F) DFT-computed Raman spectra of 1 and 2. (G) Raman spectra in the y(Cu—O—Cu) region. (H) DFT-optimized structures of
1 and 2. Copper, oxygen, nitrogen, carbon, and hydrogen atoms are represented by brown, red, blue, gray, and white spheres, respectively. Hydrogens on the TMPA li-

gands are omitted for clarity. The dashed arrow denotes the direction of proton transfer.

consisting of 6-311g* on the Cu, N, and O and 6-31g on C and H, fields in 2. The TMPA-bound Cu(A) has trigonal bipyramidal (TBP)
which has been shown to accurately determine the thermodynamics ~ coordination same as that in 1. In contrast, the TMPAH*-bound
of this system (24). Simulated Raman of 2 shows the characteristic =~ Cu(B) resides in a heavily distorted 4-coordinate ligand field. Second,
pyridinium breathing mode (Fig. 1F), consistent with experimental =~ the Cu—O—Cu center shows a bond angle of 141°, distinct from the
observation. linear [Cu,0]* core proposed for {[(TMPA)Cu""]5( p-0)}** in solu-

Compound 2 shows several notable features. First, the two cop-  tion (23). Last, heating and laser irradiation decompose 1 without

per atoms that are chemically equivalent in 1 have different ligand  forming 2 (fig. S9).
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Reaction mechanism

We hypothesize that mechanical deformation of the [Cu,OH]**
core facilitates the proton transfer. To test this, we model the high-
pressure crystal structures of 1 using periodic DFT with the Perdew-
Burke-Ernzerhof (PBE) functional (27) and plane-wave basis sets
(Fig. 2A, fig. S10, and table S4). The molecular strain in 1 is anisotropic
under hydrostatic pressure. The bond lengths (C—C, C—N, Cu—N, and
Cu—O) show small, <0.1 A, contraction from ambient pressure to
20 GPa (Fig. 2B and table S5). In contrast, the Cu---Cu distance
decreases by 0.4 A in the same pressure range. Accordingly, the
2£Cu—0—Cu angle decreases from 140° to 123° (Fig. 2C). Anisotropic
deformation is critical for mechanochemical reactivity under isotropic
compression (21). The O—H bond length changes less than 0.001 A,
consistent with the observed quasi-stationary v(O—H). The periodic
DFT does not reproduce the 1 — 2 transition due to negligence of the
thermal activation and limited phase space searched by the local opti-
mization algorithm (see Supplemental Materials and Methods).

To understand the correlation between Cu—O—Cu bending and
the proton transfer, we model the [Cu,OH]** core by DFT with a
series of constrained Cu--Cu distances. This truncated model repli-
cates the most crucial deformations of the periodic DFT-computed
structures, including bending of ZCu—O—Cu and a slight decrease
of the Cu—O distance (Fig. 2D and fig. S11). Fully relaxed [Cu,OH] 3+
has an antiferromagnetically coupled singlet ground state, stabilized
by the superexchange interaction through the bridging oxygen, and
alow-lying triplet state (fig. S12), consistent with 1 at ambient pressure
in solution (23). We expect that as the ZCu—O—Cu decreases, the

singlet state is destabilized due to diminished overlap between Cu
3d and O 2p orbitals (I). A singlet-to-triplet crossover is observed
as £Cu—O—Cu decreases from 138° to 135° (Cu--Cu distance from
3.5 to 3.45 A) corresponding to the structure between 5 and 10 GPa
from the periodic DFT. The net spin on oxygen increases substantially,
from 0 at 140° ~Cu—O—Cu (Cu--Cu distance of 3.55 A) to 0.366 at
133° 2Cu—0—Cu (Cu--Cu distance of 3.4 A) (Fig. 2E and table S6).
A similar result is observed from periodic DFT (table S7). The nega-
tive Mulliken charge on the OH decreases abruptly at the spin cross-
over (Fig. 2F). These changes suggest that the anisotropic bending of
the Cu—O—Cu core decreases the population of the O—H bonding
orbital, thereby facilitating the proton transfer.

We estimate the geometry of the Cu—O—Cu core at the transi-
tion pressure by comparing experimental and computed Raman fre-
quencies. Calculated vs(Cu—0O—Cu) and v,s(Cu—O—Cu) from the
fully relaxed [Cu,OH]** match the ambient-pressure Raman with
<40-cm™" deviation (fig. S13 and table S8). Using the experimen-
tally calibrated correlation between v,(Cu—O—Cu) and Cu Cu dis-
tance, we estimate the CuCu distance and ZCu—O—Cu angle at
8.5 GPa to be 3.45 A and 136°, respectively. This geometry is consis-
tent with the periodic DFT-modeled structure at 10 GPa, in reason-
able agreement with the experimental transition pressure.

The periodic DFT models reveal a secondary deformation in-
volving the anisotropic distortion of one of the Cu’s ligand fields,
evident from the N—Cu—O and N—Cu—N bond angles (table S5).
The distortion brings one pyridyl nitrogen, labeled N3, closer to the
bridging oxygen (fig. S14), which serves as the proton receptor.
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Fig. 2. Formation mechanism of 2. (A) Structure of 1 at different pressures modeled by periodic DFT. Carbon and hydrogen atoms on the TMPA ligands are omitted for
clarity. The red arrows denote the primary deformation direction. (B) Relative change of atomic distances with pressure. (C) Cu—O—Cu as a function of pressure. (D to
G) Properties of the truncated [Cu,OHI** model as functions of Cu--Cu distance: (D) ~Cu—O—Cu and Cu—0 bond length. (E) Net spin on the bridging oxygen. Insets: Spin
density isosurfaces at 3.6 A (right) and 3.3 A (left) Cu--Cu distances. Isovalue: 0.05. (F) Sum of Mulliken charges on the OH group. (G) Computed Raman shifts of vs(Cu—0—Cu)
and v,5(Cu—0—Cu). The vertical dashed lines in (D) to (G) mark the position of the spin crossover.
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Electronic structure

The nonequivalent coordination environments of the two coppers
induce localized mixed valency. X-ray photoelectric spectroscopy
(XPS) of 2 shows split peaks at the Cu 2p levels (Fig. 3A). The 2ps/2
peak positions (932.1 and 934.7 eV) correspond to Cu(I) (932.1 to
932.6 eV) and Cu(II) (933.8 to 936.0 eV), respectively (28). Fitting
of the peak areas reveals a Cu(I):Cu(II) ratio of 0.94 (table S9). The
clearly resolved Cu(I) and Cu(II) features and the close-to-unity ra-
tio suggests localized (Robin-Day type I) mixed valency (29), i.e., a
Cu(I)—(p-O)—Cu(II) designation. This observation is supported by
in situ optical absorption and time-dependent DFT (TD-DFT).
Ultraviolet-visible (UV-Vis) spectrum of 1 at ambient pressure
(Fig. 3, B and C) is consistent with solution-phase results (23). The
two intense bands at 308 and 354 nm are assigned by TD-DFT to the
ligand-metal charge transfer (LMCT) from the 2p, and 2py of O
to the 3d,? of Cu(Il) (fig. S15). At 9.6 GPa, the 308-nm band is

obscured by the tail of a higher-energy ligand-centered absorption.
The 354-nm band red-shifts to 372 nm and loses intensity (Fig. 3B),
coincident with the blue-to-green color change and consistent with
the observation that half of the Cu(II) transforms to Cu(I) in the
same pressure range. Additional insight into the electronic structure
is obtained from the lower-energy absorption (Fig. 3C). The 1-GPa
spectrum in the 450- to 1050-nm range is a convolution of three
bands at 643, 784, and 921 nm (Fig. 3D, left, and table S10). TD-
DFT indicates these bands to be d-d transitions at Cu(II) centers
(fig. S16). The convoluted tripeak profile persists up to 8 GPa, with
the peaks red-shifting under pressure (fig. S17). At 8.8 GPa, the
high-energy edge rises in intensity, resulting in a broad absorption
that can be fitted by four peaks (Fig. 3D, right). TD-DFT reproduces
the broad absorption profile. The peaks at 705, 784, and 891 nm are
identified as d-d transitions. The peak at 616 nm, which gives the
high-energy edge, is assigned to the metal-ligand charge transfer
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Fig. 3. Electronic structure of 2. (A) Cu-2p XPS. (B and C) Pressure-dependent UV-Vis spectra. Spectra in (C) are vertically shifted for clarity. (D) Fitting of the low-energy
UV-Vis spectra (bottom) and TD-DFT-computed spectra (top) at 1.0 and 8.8 GPa. (E) Area sum of d-d transition and MLCT peaks as functions of pressure. (F) Color-coded

Mulliken charge distributions.
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(MLCT) from the 3d orbitals of Cu(I) to the ©* orbital of the pyri-
dinium (fig. S18). The emergence of the Cu(I) — PyH+ MLCT, con-
current with the diminished LMCT band in the pressure range of
8-10 GPa (Fig. 3E), supports the formation of Cu(I) in 2. As the
mixed valency is localized, we expect an intervalence charge trans-
fer (IVCT) band to be weak, in contrast to the generally strong ab-
sorption in the visible range for intermediate or fully delocalized
mixed-valence species (29-31).

The Mulliken charge on the bridging oxygen in 2 is ~12.5% less
negative than that in the isoelectronic {[(TPMA)Cu(H)]z(p—O)}»zJr
(Fig. 3F). We further model a bent {[(TPMA)Cu"™],(u-0)}** where
£Cu—0—Cu is constrained to 141°, same as in 2. The bending de-
creases the negative Mulliken charge by ~6%. These results show
that both the nonsymmetrical ligand fields and the bending of
£Cu—0O—Cu contribute to the enhanced electron deficiency of the
bridging oxygen in 2. The spin density in 2 is localized on Cu(A) and
O, but not on Cu(B) (fig. S19). This is consistent with the local-
ized mixed valency and indicates radical (oxyl) characteristics of
the bridging oxygen.

C—H mono-oxygenation reactivity

We first evaluate the reactivity of 2 in the framework of proton-
coupled electron transfer (PCET) by DFT. Using experimentally
calibrated references, we calculate the pK, (where K, is the acid dis-
sociation constant) of protonated 2 (2H™) to be 25.5 in acetonitrile
compared to 23.1 for 1. The redox potential (E°) of 2 and 2H? is
—0.59 and —0.22 V versus Fc’/Fct (Fc = ferrocene) compared to
—1.55and —0.59 V for {[(TMPA)Cu™],(u-0)}** and 1, respectively
(Fig. 4A). These results show that 2 has simultaneously enhanced
proton and electron affinity comPared to its symmetrical isoelec-
tronic counterpart, {[(TMPA)Cu( I)]2(u-0)}2+. This is in clear con-
trast to most existing works on engineering the outer ligand sphere
of HAA centers, which have revealed a universal compromise be-
tween proton and electron affinity (32-36). The O-H bond dissocia-
tion energy (BDE) is given by Bordwell’s equation (37)

BDEq_y = 1.37 pK, +23.06 E° + Cy

where Cyy = 59.4 is the experimentally calibrated value for acetonitrile
(38), we arrive at BDEg_y = 89.2 kcal-mol™! for hydrogenated 2
(2H) compared to 77.4 kcal-mol™" for one-electron reduced 1
(17). Similarly, we calculate the gas-phase BDEg_y to be 91.5 and
77.4 keal-mol™" for 2H and 17, respectively, using phenol dehydro-
genation as the probe reaction (fig. S20). These findings highlight
the enhanced HAA reactivity of 2 over {[(TMPA)Cu(H ]z(p-O)}2+.
Bending the 2Cu—O—Cu in {[(TMPA)Cu'"],(1-0)}** to 141° mod-
erately increases its energy by 3.6 kcal-mol ™ (fig. S21). The enhanced
reactivity of 2 therefore mainly originates from the nonsymmetrical
primary ligand sphere and valence localization.

We use 2-butanol, cocrystalized with 1 during synthesis, as the
substrate to test the reactivity of 2 after its in situ generation. DFT-
modeled reaction pathway (Fig. 4B) shows that HAA from the gem-
inal C—H is mildly downhill by 0.1 kcal-mol ™, generating 2H and
the 2-hydroxylbutan-2-yl radical. The OH radical then rebounds to
the substrate in a predominantly downhill (=95.7 kcal-mol™") step,
forming ligand-supported Cu(I) species and the geminal diol that
spontaneously condensates to 2-butanone.

Compression of 2 to 12 GPa at room temperature affords a yel-
low product 3 with strong fluorescence and vanishing v,(Cu—O—Cu)
and v,(Cu—O—Cu) (fig. S22). Cu-2p XPS of the recovered material

VanNatta et al., Sci. Adv. 10, eadq3366 (2024) 4 October 2024

yields a Cu(I) to Cu(II) ratio of 2.67, indicating further reduction of
the Cu (Fig. 4C). The remaining Cu(II) may originate from incom-
plete 2 — 3 transition, or oxidation of Cu(I) species after the sample
is recovered from the DAC. In situ UV-Vis spectra (Fig. 4D) show
substantially diminished O — Cu LMCT at 15 GPa, consistent with
the departure of the bridging oxygen. In the low-energy region, the
broadband absorption gains intensity at 600 nm and loses intensity
at longer wavelengths upon compression to 13 GPa (Fig. 4E). Fitting
of the spectrum combined with TD-DFT shows enhanced Cu — Py
and Cu — PyH' MLCT together with diminished d-d transitions
(Fig. 4F and figs. S17 and S18). The XPS and UV-Vis data support
the proposed fate of 2 as TMPA- and TMPAH*-bound Cu(I) species.

The recovered product shows a Raman band at 1707 cm™! (Fig. 4G),
which is assigned to C=0 stretching in ketones. When *O-labeled 1 is
used, this peak splits into two with similar intensity (fig. S23), indicat-
ing that half of the ketone oxo originate from the bridging oxygen in 2
and agreeing with the proposed mechanism. Gas chromatography-
mass spectrometry (GC-MS) provides further identification of the
products. Careful analysis of the low-mass region of the MS reveals the
presence of species that are not present in 1 (GC integration of 25%
relative to TMPA) (Fig. 4H and fig. S24). Fitting of the MS data in this
region reveals a mixture of 64.3% 2-butanone, 28.4% 1,3-butanediol,
and 7.3% 1,2-butanediol (table S11). The most abundant product cor-
responds to the oxidation of the weakest C—H (BDE = 91.4 kcal-mol
Fig. 4H, inset). The 2 also oxidizes 1-octadecene into various alcohol
products (fig. S25).

Last, we demonstrate the hydroxylation of methane by 2. Com-
pressing 1 with methane to 13.2 GPa affords a series of color chang-
es from blue to green-brown (Fig. 4, I and J). After releasing the
pressure, a liquid is recovered together with the yellow solid 3. 'H-
nuclear magnetic resonance of the liquid product in CDCl; reveals
a peak at 8 = 3.49 parts per million, consistent with the methyl hy-
drogen in methanol (Fig. 4K). The product contains trace amount of
water that obscures the observation of the double splitting or the
peak from the hydroxyl group. This result shows that 2 is capable of
oxidizing methane with a BDEc_y of 105 kcal-mol ™.

DISCUSSION

The reactivity of 2 exceeds its symmetrical isoelectronic counterpart,
{[(TMPA)Cu]z—(p—O)}2+, which is shown to oxidize weak H-donors
(e.g., 1,4-cyclohexadiene), and is on par with the [Cu,0]* core in Cu-
ZSM-5 (9), Cu,@C3Ny (12), and nominal Cu(III) hydroxides (34-36).
Note that in both Cu-ZSM-5 and Cu,@C;Ny, appreciable methane
oxidation rates have been observed at ambient pressure and 50°C (12).
Our reactions take place in the solid or on solid-liquid interfaces un-
der high pressure (39), where diffusion is severely impeded. The ad-
ditional pressure beyond the formation of 2 is likely needed to bring
the substrates close to the [Cu,O]*" core to react. It is also possible
that further bending of 2Cu—O—Cu in 2 enhances its reactivity.

It is intriguing to consider that reactivity toward strong C—H
bonds in nature is thought to uniquely occur at mono-copper sites,
for example, in particulate methane monooxygenase (pMMO) and
Iytic polysaccharide monooxygenases. The electronic structure and
valence localization of 2 suggest that the contribution of Cu(B) to
the HAA reactivity is largely limited to electrostatic effects. Within
PMMO, recent studies suggests Cup as the active site (40), with po-
tential for a nearby (5.7 A) Cuc to be occupied simultaneously (41),
which could play an analogous role.
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Precise control of bond scission and formation has been a long
sought-after goal in mechanochemistry (42-44), yet most high-
pressure reactions found to date involve simultaneous rearrangement
of multiple atoms and bonds (21, 45-47). Our results show that hy-
drostatic pressure drives the transfer of a single proton that can be
followed with steady-state spectroscopies. The methodology estab-
lished here provides a precise tool for the manipulation of molecular
structures and properties.

MATERIALS AND METHODS

Compound 1 is synthesized by reacting copper(II) triflate with TMPA
and water in the presence of triethylamine, following a previously es-
tablished procedure (23). High-pressure experiments are carried
out in a symmetric DAC (Almax Easylab) using dry silicone oil as
the pressure transmitting medium and ruby as the pressure probe
(fig. S26). Raman spectra are measured on a confocal microscope-
spectrometer using 473-nm laser excitation. UV-Vis spectra are
measured on custom-built microfocused spectrometers (fig. S27).
Methane is loaded into the DAC by the cryogenic condensation
method (fig. S28). DFT computations are carried out at the general-
ized gradient approximation level of theory for crystal structures, and
B3LYP/[6-31g (C, H), 6-311g* (Cu, O, N)] level of theory for molecu-
lar structures. Supplemental Materials and Methods can be found in
the Supplementary Materials.

Supplementary Materials
This PDF file includes:

Supplemental Materials and Methods
Figs.S1to S28

Tables S1to S11
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