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Copper clusters feature prominently in both metalloenzymes and synthetic nanoclusters that mediate
catalytic redox transformations of gaseous small molecules. Such reactions are critical to biological
energy conversion and are expected to be crucial parts of renewable energy economies. However, the
precise roles of individual metal atoms within clusters are difficult to elucidate, particularly for cluster
systems that are dynamic under operating conditions. Here, we present a metal site-specific analysis of
synthetic Cuy(ps-S) clusters that mimic the Cuy active site of the nitrous oxide reductase enzyme.
Leveraging the ability to obtain structural snapshots of both inactive and active forms of the synthetic
model system, we analyzed both states using resonant X-ray diffraction anomalous fine structure (DAFS),
a technique that enables X-ray absorption profiles of individual metal sites within a cluster to be
extracted independently. Using DAFS, we found that a change in cluster geometry between the inactive
and active states is correlated to Cu site differentiation that is presumably required for efficient activation
of N,O gas. More precisely, we hypothesize that the Cu®*---Cu®~ pairs produced upon site differentiation

are poised for N,O activation, as supported by computational modeling. These results provide an
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Accepted 31st July 2024 unprecedented level of detail on the roles of individual metal sites within the synthetic cluster system
and how those roles interplay with cluster geometry to impact the reactivity function. We expect this

DOI: 10.1039/d4sc00701h fundamental knowledge to inform understanding of metal clusters in settings ranging from (bio)
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Introduction

Numerous critical reactions in biology rely on multiproton/
multielectron redox transformations that serve both to
provide biosynthetic building blocks and to store and transduce
cellular energy. These reactions are commonly catalyzed by
metalloenzymes whose catalytic active sites feature multinu-
clear metal clusters capable of managing the orchestrated
delivery of multiple proton and electron equivalents to/from an
activated substrate." Examples of biological reactions catalyzed
by enzymatic metal clusters include the hydrogen evolution
(HER), hydrogen oxidation (HOR),> oxygen evolution (OER),?
oxygen reduction (ORR),* carbon dioxide reduction (CO,RR),’
carbon monoxide oxidation,® and nitrogen reduction (N,RR)’
reactions, among others. Synthetic analogues of many of these
reactions are thought to be requirements for supporting
a renewable energy economy but often depend on precious
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molecular to nanocluster to extended solid systems involved in energy conversion.

metal catalysts such as platinum or iridium.* Thus, detailed
knowledge about the operating mechanisms of bioinorganic
metal clusters composed of only earth-abundant metals is of
urgent value. The pinnacle of understanding would include
information on how individual metal sites within a given cluster
contribute to its overall behavior.

One fascinating case study is the tetranuclear Cuy site of
nitrous oxide reductase (N,OR),” which catalyzes the 2H"/2¢e~
conversion of nitrous oxide (N,O) to N, and H,O during the
bacterial denitrification branch of the global nitrogen cycle.*
Nitrous oxide remediation is an emerging societal problem,
because anthropogenic N,O emissions have a pronounced
greenhouse effect (~300x that of CO,) and are projected to be
the leading cause of ozone layer depletion in the next century.™
The metal coordination chemistry of N,O is underdeveloped
due to its inability to bind strongly to transition metal sites in
an end-on fashion, in some cases being outcompeted even by N,
as a ligand.” The first crystallographically characterized
complex with an N,O ligand was reported only in 2011," and
just a small number of examples have emerged since.'**”
Because rational design of synthetic catalysts for N,O fixation is
thus elusive, it will be informative to learn the details by which
the Cuy site is capable of efficient N,O reduction at ambient
conditions on 10> g per y scale.'® Furthermore, gaining detailed
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knowledge about the Cu, cluster has ramifications on funda-
mental understanding of extended Cu-based materials
renowned for CO,RR" and other important processes>*** via the
“cluster-surface analogy”.”>**

Especially given the experimental difficulties in studying
complicated and dynamic metalloenzymes like N,OR
directly,**® synthetic model clusters can play an important role
in elucidating relevant reaction pathways.>***> However, even for
well-defined synthetic Cu-S clusters, there are obstacles toward
gaining detailed knowledge of chemical behavior. First, N,OR
activity of Cuy (and the synthetic mimics discussed herein) is
correlated to cluster reduction to a closed-shell, diamagnetic
4Cu" state,”®% thus limiting applicability of spectroscopic and
physical tools (e.g. EPR, Mossbauer, SQUID) commonly
employed to study synthetic clusters experimentally. Second,
Cuz is a homometallic cluster active in a homovalent redox
state, making deconvolution of the roles of individual Cu sites
a challenge.

We have contributed synthetic compounds mimicking the
Cuy(ps-S) structural core of Cuy**® and have observed stoi-
chiometric N,O reactivity in some of the cases,*~*° thus opening
an opportunity for systematic studies. Here, we report
a comparative study of two closely related Cu,(p,-S) clusters to
probe factors controlling relative reactivity towards 2H'/2e”
reduction of N,O. Using resonant X-ray diffraction anomalous
fine structure (DAFS) measurements,*** we have determined
that N,O reductase activity in the model clusters is correlated to
Cu site differentiation upon hydrogen-bond induced structural
distortion. Calibrated by these measurements, quantum
chemical calculations were used to simulate N,O activation on
a site-specific basis. Collectively, the study addresses - on
a metal atom-by-atom basis - how the cluster's geometric and
electronic parameters enable multimetallic cooperativity during
biomimetic N,O reduction.

Results and discussion

Yam originally discovered in 1993 that addition of sulfide
sources to dicopper(l) complex [Cu,(dppm),]** induces
assembly of tetracopper(1) sulfide complex [Cuy(s-S)(dppm)4]**
[1, dppm = Ph,PCH,PPh,].** Although the composition of the
active Cug site in N,OR is under debate,***® we recognized that 1
shares both the 4Cu : 1S stoichiometry and 4Cu' redox state of
the active form of Cuy favored by Solomon and Moura (Fig. 1a)
based on many years of spectroscopic and enzymological
investigations.>***** In 2014, we prepared a new derivative,
[Cus(ns-S)(dppa)s]*" [2, dppa = Ph,PNHPPh,], by addition of
Na,S to [Cu,(dppa),(CH;CN),* (3).* In 2020, we reported that
exposure of 2 to N,O (1 atm) in the presence of a sacrificial
reductant (CoCp,) in a hydrogen bond acceptor solvent (MeOH
or acetone) produces stoichiometric quantities of N, and H,0.*
Crucially, activity towards N,O conversion was not observed in
the absence of reductant, in alternative solvents incapable of
accepting hydrogen bonds, or when compound 2 with -NH
bridgeheads was replaced by compound 1 with -CH, bridge-
heads. Multiple X-ray crystal structures of 2 have exhibited both
-NH---solvent hydrogen bonds and highly distorted Cu,(u,-S)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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cores with unsymmetrical Cu---Cu distances.****** The nature
of this distortion bears resemblance to the unsymmetrical
structure of the Cuy(j14-S) core of Cuy in the native enzyme.****
In contrast, the structure of complex 1 that lacks the ability to
hydrogen bond shows a fairly symmetrical, square pyramidal
Cuy(p4-S) core.*

Based on these observations, we hypothesize that the Cu,(p,-
S) core is dynamic in solution, with the symmetrical (inactive)
form being the ground state and the distorted (active) form
being a strained geometry that is stabilized by hydrogen
bonding in the secondary coordination sphere (Fig. 1b).
Variable-temperature *'P NMR spectroscopy provide support for
this hypothesis. The room-temperature *'P NMR spectrum of 1
shows a singlet at 14.6 ppm corresponding to the eight P-atoms
in the cluster that are chemically and magnetically equivalent
on the NMR timescale. Over the temperature range 244-315 K,
the chemical shift of this peak was found to vary by <0.3 ppm,
and it remained as a sharp singlet with no detectable line
broadening (Fig. S1t). These observations are consistent with
the solution structure of 1 matching the symmetrical solid-state
structure characterized by X-ray crystallography, as noted by
Yam previously.** On the other hand, for complex 2 in meth-
anol-d,, decoalescence of the *'P NMR signal at 36.1 ppm was
resolved in high-quality spectra even at room temperature. Over
the temperature range 230-276 K, more than two inequivalent
P-atom environments were resolved, with each chemical shift
having different temperature dependences (Fig. S21). These
observations are consistent with 2 having access in solution to
unsymmetrical conformations akin to the solid-state structures
characterized by X-ray -crystallography, such that these
conformers can be frozen out at low temperatures. Previously
reported® solvent dependence of the *'P NMR spectroscopy of 2
indicates that these conformational changes are correlated to
hydrogen bonding interactions with solvent molecules.

The main goal of this study was to compare electronic
structures of crystalline forms of 1 and 2, which provide struc-
tural snapshots of solution-phase inactive and active forms of
the synthetic Cu; mimic, respectively. We were particularly
interested in elucidating Cu site differentiation in unsymmet-
rical 2 and determining how that might enable its biomimetic
activity towards N,O (Fig. 1b). To achieve this, we used resonant
X-ray diffraction anomalous fine structure (DAFS), a technique
that exploits crystallographic refinement at multiple wave-
lengths near the metal K-edge to resolve different X-ray
absorption profiles of individual metal sites within homo-
metallic clusters.*®**>%3° These resonant X-ray absorption
energies, in turn, are proportional to each metal site's effective
nuclear charge (Z.¢) in @ manner akin to more traditional X-ray
absorption near edge structure (XANES). As with other synthetic
systems analyzed by DAFS that commonly crystallize in
centrosymmetric space groups,*®*>**% the real component of
anomalous scattering (f) is plotted against incident X-ray
energy for each crystallographically independent metal site to
facilitate DAFS analysis. The overall negative peak shapes ob-
tained in f vs. E plots have three distinct regions: the falling
edge, the intricate in-edge features, and the rising edge. In line
with previous DAFS literature on highly covalent cluster
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Fig. 1
et al.®); (b) schematic of the synthetic Cu; mimic in this study.

complexes,*>*® our previous work calibrating DAFS at the Cu K-
edge indicates that the peak shape observed at the in-edge
region is sensitive to coordination geometry, the peak width
(i.e., difference between falling and rising edges) is sensitive to
metal-ligand covalency, and the rising edge position is the best
reporter of Z.¢.>"*> Complexes 1 and 2 were analyzed by DAFS, as
was dicopper(1) complex 3 as a reference point. The ability to
correlate DAFS data for clusters 1 and 2 to their reactivity
behavior is a unique aspect of this study without precedent in
the DAFS literature.

Single crystals of 1 suitable for DAFS were obtained for its
PFs salt as an acetone solvate. As in previously reported
structures,* the cationic portion of 1 was found to reside on
a crystallographic special position, causing only two of the four
Cu sites to be crystallographically unique within the asymmetric
unit. The Cuy(p,-S) core features four coplanar Cu sites slightly
distorted from an idealized square shape according to the Cu---
Cu distances [2.8581(7) and 3.1072(7) A], with effectively iden-
tical Cu-S distances [2.2650(4) and 2.2659(4) A] across the
cluster. The DAFS profiles for the two unique Cu sites are nearly
identical (Fig. 2a), with indistinguishable falling and rising edge
positions and with matching, symmetrical doublet in-edge
shapes corresponding to each Cu site having four nearest-
neighbor atoms (CuP,S).”* These data indicate that the indi-
vidual Cu sites in 1 experience effectively identical environ-
ments in terms of metal-ligand covalency, coordination
geometry, and Zg. In other words, there is no Cu site differ-
entiation in the Cuy(p4-S) cluster that is unreactive towards N,O.

Single crystals of 2 were obtained for its PFs~ salt as a mixed
acetone/H,O solvate, here with all four Cu sites being crystal-
lographically unique. The structure features three of the -NH
groups donating hydrogen bonds to acetone molecules and one
participating in a hydrogen bonding network with multiple H,O
and acetone molecules. Nonetheless, the distorted Cuy(p4-S)
core bears similarities to previously characterized MeOH and
acetone solvates®?*** and to the Cuy(n,-S) core of native
Cuz.”*** Three of the Cu sites (Cul, Cu2, Cu4) are spaced
closely together in a bent arrangement with Cul---Cu2
distances and Cu2---Cu4 distances of 2.6556(8) and 2.5895(8) A,
respectively, and at a Cul---Cu2---Cu4 angle of 109.20(2)°. A
fourth Cu site (Cu3) is displaced further away with Cu3---Cul
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and Cu3--Cu4 distances of 3.5496(8) and 3.1020(9) A, respec-
tively. Once again, the Cu-S distances are nearly identical across
the cluster, ranging from 2.222(1) to 2.269(1) A. In this case, all
four Cu sites are well resolved by DAFS and have distinctive f vs.
E profiles (Fig. 2b). In other words, there is clearly Cu site
differentiation in the Cu,(p,-S) cluster that is reactive towards
N,O.

Within the DAFS plots for complex 2, the Cul and Cu4 sites
are nearly superimposed in the falling edge region (8930-8988
eV), while the Cu2 and Cu3 sites are blue shifted in this region
by ~4 and ~8 eV, respectively. In the rising edge region (8996-
9039 eV), the Cul is the bluest shifted and Cu4 the reddest
shifted, with ~10 eV between them. The Cu2 and Cu3 sites fall
between Cul and Cu4 in the rising edge region, with red shifts
of ~5 eV and ~7-8 eV, respectively, compared to Cul. As will be
discussed further below, these rising edge positions initially
indicate that the Cu sites experience relative Z.g in the order
Cul > Cu2 > Cu3 > Cu4 before correcting for other factors
(especially coordination number). Additionally, because the
Cul site exhibits a measurably broader peak than the other
comparable Cu sites, it is likely that Cul experiences a particu-
larly large degree of covalent bonding with its neighboring
atoms.

This relative covalency may be influenced by orbital overlap
that, in turn, is heavily impacted by coordination geometry.
This motivated us to examine the in-edge DAFS region (8988-
8996 eV) more closely as it relates to each Cu site’s local envi-
ronment. The four Cu sites each give unsymmetrical doublet
shapes at the in-edge region, with major features at 8988 eV and
minor features at slightly higher energy. Although the major
features are nearly invariant across the series, the minor feature
is most prominent for Cul and least so for Cu3. These distinct
in-edge peak shapes are reflective of the different local geome-
tries surrounding the four Cu sites (Fig. 3a). The Cu3 site is
displaced far away from the other three Cu atoms, giving it only
three neighboring atoms (P,S). As such, its peak shape closely
matches those of three-coordinate Cu sites we previously char-
acterized by DAFS (Fig. S91).°* The Cu2 site, on the other hand,
has five neighboring atoms (Cu,P,S) and a correspondingly
different in-edge shape. The Cul site in 2 has four nearest
neighbor atoms (CuP,S) in a seesaw arrangement (7, = 0.43),

© 2024 The Author(s). Published by the Royal Society of Chemistry
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giving an in-edge peak shape by DAFS that closely matches
those of the two seesaw Cu sites in 1 (t, = 0.44 and 0.44) (the 7,
geometric index ranges from 0 for idealized square planar
centers to 1 for idealized tetrahedral centers®®). These seesaw-
shaped Cu sites also give DAFS responses closely resembling
that of a trigonal pyramidal Cu site in 3 (t, = 0.44, Fig. S77),

© 2024 The Author(s). Published by the Royal Society of Chemistry

albeit significantly blue shifted (Fig. 3b). We tentatively attri-
bute this blueshift to a nuclearity effect, ie., that higher
nuclearity clusters tend to have blue-shifted f features. The
origin of this nuclearity effect is unclear at this time, but we
hypothesize that it may be induced by the electrostatic fields of
the other Cu' ions in the cluster that are outside bonding range
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energies were estimated using a linear regression protocol described in ESI.{

but within reasonable Coulombic range. Similar trends were
observed for trinuclear Cu clusters previously,™ suggesting that
the nuclearity effect may be systematic. Lastly, the Cu4 site also
has four neighboring atoms (CuP,S) but is distorted towards
a square-planar arrangement (t, = 0.25) quite dissimilar from
Cul (Fig. 3a), as reflected in its unique in-edge shape. Overall, it
is clear that coordination number and geometry impact the
DAFS responses of the Cu sites in this study, in agreement with
previous Cu K-edge DAFS experiments.** Hence, in accord with
those previous calibration measurements that indicated
a ~3.5 eV blue shift per coordination number increase,
correction factors of —3.5 eV and +3.5 eV are applied to the
rising edge positions of Cu2 and Cu3, respectively, to facilitate
direct comparisons to the various four-coordinate Cu sites in
the global analysis below. A similar correction was applied
previously to a five-coordinate Cu complex for direct compar-
ison of its DAFS response to related four-coordinate
complexes.**

A previously used® linear fitting procedure (Fig. S10t) was
employed to estimate the rising edge position of each Cu site,
enabling semi-quantitative comparisons across the series
(Fig. 4a). For the dicopper(r) complex 3, the two Cu sites have
rising edge positions (f = —7.5) of 8994 and 8995 eV. The two
crystallographically unique Cu sites in 1 are blue shifted

13672 | Chem. Sci, 2024, 15, 13668-13675

compared to 3, with rising edge positions of 8999 and 9000 eV.
This measurable blue shift of 4-6 eV even upon introduction of
an electron-rich $*~ ligand is indicative of the effect of cluster
nuclearity on Zg. Accordingly, all four Cu sites in tetracopper()
sulfide complex 2 are also blue shifted compared to its dicop-
per() analogue 3. When comparing the two tetranuclear
complexes and applying corrections for coordination number
as described above, it is evident that distortion from symmet-
rical 1 to unsymmetrical 2 causes site differentiation, with the
Cul and Cu3 sites in 2 showing blue shifts and Cu2 and Cu4
showing red shifts compared to the baseline provided by 1. In
other words, the geometric distortion taken on by complex 2
leads to polarization, with half the Cu sites taking on more
positive charge character and half the Cu sites taking on less
positive charge character compared to the relaxed geometry of
1. The most dramatic change is seen for the Cu1 site in 2, which
shows a blue shift of 4-5 eV compared to the Cu sites in 1. While
this polarization phenomenon is clearly demonstrated by the
DAFS analysis, it would have been difficult to predict a priori
since it is influenced by subtleties of the coordination envi-
ronments in an otherwise homovalent (all cuprous) cluster. For
example, the Cu1l site in 2 apparently has a relatively higher Z.¢
than the other three sites due to an interplay of its distance to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Rising-edge energies (interpolated at f = —7.5, see ESIT) for all crystallographically independent Cu sites in this study; (b) a compu-

tational model for N,O activation along the Cul---Cu2 edge of 2. For rising-edge energies, correction factors of —3.5and +3.5 eV were applied to
the Cu2 and Cu3 sites in 2, respectively, to correct for coordination number as described in the text.

other Cu() cations and its covalency dictated by coordination
geometry.

As a validation of the experimental analysis, we computed
atomic partial charges®™ at the B3LYP//LANL2TZ/6-31+G(d,p)
level of DFT with implicit MeOH solvation, as well as one
explicit MeOH molecule hydrogen-bound to 2. The resulting
model for 2 indicated that the Cul site is, indeed, predicted to
bear more positive charge than the other three Cu sites (Table
S37). For example, the calculated Hirshfeld charge for Cul is
+0.27e¢", compared to +0.14-0.16e" for the other three Cu sites.
As expected from the preceding DAFS analysis, the calculated
Hirshfeld charges for 1 at the same level of theory are uniform
across the four Cu sites (+0.16e" ) and fall between Cul and the
other three Cu sites of 2. It should be noted that previously
published, lower-level calculations provided Cu partial charges
for 2 that are inconsistent with the DAFS data and the higher-
level calculations presented here,* although they were still
indicative of distortion-induced charge polarization.

Having established that Cu site differentiation in 2 is
correlated to enhanced reactivity, we used computational
modeling to probe which Cu atom(s) within the cluster activate
the N,O molecule. Recognizing that site differentiation results
in polarized (i.e., Cu®"---Cu®") dicopper pairs, we explored N,O
binding along each of the four cluster edges of 2. In none of the
four cases were we able to locate adducts of the cluster with
intact N,O, either as minima or saddle points on the potential
energy surfaces. However, stationary points after N-O bond
cleavage were located for each case. The relevance of N,O acti-
vation processes along the Cul---Cu3 and Cu3---Cu4 cluster
edges were ruled out since they resulted in P-O and S-O bond
formation, respectively (Fig. S11 and S121). Neither of these are
consistent with experimental results, which indicate quantita-
tive formation of H,O from N,O.* Furthermore, these are the
two longest cluster edges [experimental: 3.5496(8) and 3.1020(9)
A, respectively], which may inhibit dicopper(i) cooperativity.
Neither of the two shorter edges, Cul---Cu2 and Cu2---Cu4

© 2024 The Author(s). Published by the Royal Society of Chemistry

[experimental: 2.6556(8) and 2.5895(8) A, respectively] can be
ruled out definitively. N,O activation along these dicopper(i)
edges resulted in formation of p,-O ligands along with libera-
tion of N, (Fig. 4b and S13t), with the Cu1---Cu2 case indicating
dissociation of a dppa ligand that was also observed experi-
mentally. However, given that the preceding DAFS and
computational data indicate that Cul is the most dramatically
differentiated in 2 and that the Cul---Cu2 edge is more polar-
ized than the Cu2---Cu4 edge, we favor the relevance of
computed N,O activation along Cul---Cu2 edge (Fig. 4b) to
experimental N,O activation behavior. Upon formation of the
u,-O ligand, orchestrated deliveries of 2H' from the dppa
groups and 2e~ from the stoichiometric reductant would deliver
H,0.

Conclusions

Deconvoluting contributions of individual metal sites to the
overall behavior of metal clusters during small-molecule redox
transformations is experimentally challenging but provides
basic knowledge about catalytic systems crucial to both biology
and energy science. In this study, a synthetic model system that
mimics structural and functional aspects of the Cu active site
of nitrous oxide reductase was analyzed using DAFS, a tech-
nique that allows for the X-ray absorption profiles of individual
metal sites within a cluster to be probed experimentally.
Specifically, compounds 1 and 2 provide structural snapshots of
active and inactive conformations, respectively, of synthetic
Cuy(ps-S) clusters. Whereas the individual Cu sites within
inactive 1 were found to be nearly indistinguishable, site
differentiation was evident from DAFS analysis of active 2. This
site differentiation, and the corresponding charge polarization
(i.e., Cu®"---Cu®") along dicopper cluster edges, is correlated
with N,O reactivity and likely enables cooperative N,O activa-
tion in situ. This concept of cooperative reactivity of localized
Cu®"--Cu®" pairs may have relevance to other Cu clusters
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ranging from molecular species to nanoclusters and extended
solids that catalyze critical reactions like CO,RR.
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