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N.O reduction at a dissymmetric {Cu,S}-
containing mixed-valent center.

Charléne Esmieu,*” Maylis Orio,* Stéphane Torelli, ™™ Laurent Le Pape, "*
Jacques Pécaut,*" Colette Lebrun™®" and Stéphane Ménage™"™*

Through our bio-inspired approach toward replicating Nitrous Oxide reductase (N,Or) activity, treatment
of the LMeMAMSS Jioand with [Cu(CH;CN),](OTf) (OTf = trifluoromethanesulfonate ion) leads to the
isolation of a new dissymmetric mixed-valent (MV) dicopper (I11,I) [2.(H,0)(OTf)]" containing a {Cu,S}
core with labile triflate and water molecules at the copper centers. Whilst [2.(H,0)(OTf)]" is prone to
ligand exchange under particular conditions, a raft of spectroscopic investigations, combined with
theoretical calculations demonstrate that its structure is retained in acetone solution. Compared to our
previously reported inactive parent complex [1] (4Angew. Chem. Int. Ed. 2010, 49 (44), 8249-8252)
featuring a symmetric and saturated coordination sphere (N and S atoms from the ligand),
[2.(H:0)(OTH]"
combined with kinetic measurements show that exchangeable positions are required for N,O interaction.

is reactive towards nitrous oxide in acetone. Spectroscopic and theoretical studies

The isolation of the final product and its characterization by X-Ray crystallography as a doubly bridged
(pn-thiophenolato)(p-hydroxo) dicopper (II) species [3.(un-OH)(OT{),] which helps to support the proposed

reaction pathway. Implications for N,Or mechanism are discussed.

Introduction

Alternatives for decreasing or at least limiting the effect of
pollutants on the environment are nowadays of crucial interest.
Among them, nitrous oxide (N,O) has recently emerged as a
major target since it is both a potent greenhouse agent (with a
global warming potential more than 300 times higher than
CO," and an ozone-depleting gas.” N,O is generated by abiotic
processes such as those found in hypersaline ponds,® but is
mainly a by-product of bacterial nitrification and denitrification
respiratory pathways.
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Its accumulation is significantly enhanced by extensive
fertilization in modern agriculture and the consequence is a
disturbance of the global nitrogen cycle. Despite its inertness,
N,O reduction is thermodynamically favorable
(N,0+ 2H*+ 2e” - N+ H,0, E° = 1.35V at pH 7.0) and its
activation consequently attractive in order to propose efficient
sequestration or degradation systems.* Oxidation reactions with
O-atom transfer from N,O onto a substrate with release of
Ny(g) could be achieved.” However, few catalytic metal based-
systems active under mild conditions have been reported so
far.® The determination of factors that control the inherent
reduction of N,O by a metal is of critical importance for their
design.

In Nature, N,O is reduced by a copper-containing
metalloenzyme called nitrous oxide reductase (N,Or) during the
last step of bacterial denitrification to dinitrogen and water.”
Until 2011, based on spectroscopic,® theoretical,” and X-Ray
crystallography data,'® it was believed that the active site
consisted of a unique tetranuclear copper site with a u4-bridging
sulfide ligand and an solvent-derived molecule
coordinated at the edge of the copper cluster (known as Cuy’).
This edge part was proposed to be the location of N,O binding
(Cui-Cuyy, Fig. 1, left). The 1-hole (3Cu'lCu") resting state
undergoes slow reductive activation in presence of methyl
viologen to access a fully reduced (4Cu') active state. However,
upon purification under anaerobic conditions, a different form

extra
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has recently been identified by X-Ray crystallography. The
active site, denoted Cug, possesses a sulfide ligand at the Cu;-
Cuyy edge (Fig. 1, right).'" A recent detailed comparative study
of the reactivity of both active sites indicates that 1-hole Cuy
reacts with N,O at a very slow rate, and that the fully reduced
Cuy" is catalytically active at a higher rate.'?
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Fig. 1 Representations of the Cu; centers in P. Denitrificans (left, PDB ID 1FWX)
and purple P. Stuzeri (right, PDB ID 3SBQ).

The mechanism of N,O reduction is still under debate, with a p-
1,3-bent coordination mode at two copper ions previously
proposed.”® However, a recent in-crystallo study showed that
N,O could also interact with three Cu centers and the two
bridging sulfur atoms.'* It is proposed that the electrons needed
for reduction would come from the Cuy, site located in close
proximity to the Cuz. Given these data, the interaction between
the active site and N,0, along with the redox role of the copper
centers, and consequently the reaction mechanism, remain
Through model compounds, chemists have
investigated the field by preparing copper-sulfur assemblies'®
with the aim at elucidating the reaction mechanism and at
proposing alternative systems for N,O remediation. The unique
example of bio-inspired N,Or reactivity has been reported by
Tolman and co-workers, and consists of a trinuclear mixed-
valent (MV) [L;CusS,](SbFy), complex.'®

Spurred by our bio-inspired approach toward replicating N,Or
activity, we reported in a previous paper the full
characterization of a dinuclear MV complex ([1], Chart 1)
containing a {Cu,S} core as a minimal structural motif of the
Cuy center. [1] was unfortunately unreactive towards N,O,
presumably due to the poor ligating ability of the substrate and
the saturated copper coordination sphere. On this basis, it was
reasoned that a new generation of complexes containing
exchangeable position(s) at the metal center(s) would allow for
at least N,O interaction. The strategy was to modify the
LMe®BPASS i0and by replacing two methylpyridine arms with
methyl groups (Chart 1).

unclear.
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Chart 1. (Top) Preparation of the previously reported complex [1] and (bottom)
structure of the targeted | Me(MAMISS ligand for this work.

Herein, we report the preparation and characterization of a new
MV compound, [2.(H,0)(OTf)]", isolated from the reductive
cleavage of the LMCMAMSS [ioand by [Cu(CH;CN),](OTH).
Solution studies show that while the structure of
[2.(H,0)(OTf)]" is maintained in solution, the complex is
prone to ligand exchange processes. We also demonstrate that
[2.(H,0)(OTH)]" represents the only example, reported so far,
of a dinuclear dissymmetric copper MV complex capable of
N,O reduction. A combination of mechanistic and theoretical
studies suggests an interaction between N,O and the title
complex during the reaction pathway. Isolation of the reaction
product as a dinuclear p-hydroxo copper complex [3.(n-
OH)(OTY),] illustrates the relevance of this extra ligand in the
copper coordination sphere of N,Or. A few of the copper
complex properties for a rationale of N,O activation/reduction
are then highlighted. Implications on N,Or mechanism are also
discussed.

Results and discussion

Synthesis and solid-state characterization of [2.(H,0)(OTP]".

The preparation of the LMMAMSS [ioand (supporting

information) differs from our previously reported procedure for
LMe®BPYSS  The new synthetic route (Scheme 1) provides an
alternative, in which the pivotal tetrachloro intermediate (D)
can be further functionalized by various amines under mild
conditions. Reduction of the S-thiocarbamate (A) with lithium
aluminum hydride yielded the free thiophenol (B) that was
unstable under aerobic conditions. The corresponding disulfide
tetraol (C) (Tables S1, S2 and Fig. S3) was obtained using
Et;N/O,/THF conditions. Chlorination allowed  the
transformation to the tetrachlorinated analogue (D) (Tables S1,
S3 Fig. S3) and subsequent nucleophilc substitution with 2-
[(methylamino)methyl]pyridine finally gave the targeted
LMeMAMSS 1i5and (global yield 7 %).

This journal is © The Royal Society of Chemistry 2012
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Like LMe®PYSS  combination of the LMEMAMSS Jigand with 4
eq. of [Cu(CH;CN),]J(OTY)
conditions resulted in the isolation of an intensely colored
violet powder. Suitable X-ray diffraction single crystals were
obtained upon layering pentane onto an acetone solution of the
complex. The solid-state structure of [2.(H,0)(OTf)](OT) (the
corresponding complex will herein be abbreviated to
[2.(H,0)(OTH]") reveals a unique example of a {Cu,S} core
bearing non-equivalent exogenous ligands (Fig. 2). Selected
bond lengths and angles (in comparison with [1]) are listed in
Table 1 (see also Tables S1 and S4 for additional
crystallographic data).

in acetone under anaerobic

Fig. 2 Single-crystal X-ray structure of the monocationic unit of [2.(H,0)(OTf)]
with thermal ellipsoids plotted at 50 % occupancy. Hydrogen atoms are omitted
for clarity except for the coordinated water molecule.

This journal is © The Royal Society of Chemistry 2012
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Table 1. Selected Bond Distances (A) and Angles (°) for [2.(H,0)(OTf)] *
and [1].

[2.(H,0)(OTD]* 1"

Cu(1)-Cu(2) 2.5674(4) Cu(1)-Cu(2) 2.576(13)
Cu(1)-S1 2.1806(5) Cu(1)-S(1) 2.177(2)
Cu(1)-N(1) 2.0627(16) Cu(1)-N(1) 2.127(7)
Cu(1)-NQ3) 1.9774(16) Cu(1)-N(3) 2.119(6)

Cu(1)-0(1) 2.1643(17) Cu(1)-N(4) 1.98(7)
Cu(2)-S1 2.1686(5) Cu(2)-N(2) 2.115(7)
Cu(2)-0(1)S(2) 2.2115(15) Cu(2)-N(5) 2.124(7)
Cu(2)-N(2) 2.0737(16) Cu(2)-N(6) 1.998(7)
Cu(2)-N(4) 1.9562(17) Cu(2)- (1) 2.193(2)
Cu(1)-S-Cu(2) 72.358(17) Cu(1)-S-Cu(2) 71.53(9)
S-Cu(1)-Cu(2) 53.604(15) S(1)-Cu(1)-Cu2)  53.69(4)
S-Cu(2)-Cu(1) 54.038(15) S-Cu(2)-Cu(1) 54.78(6)

Like [1], the monocationic unit is consistent with a MV state.
The structure shows a dissymmetric dinuclear moiety, each
copper ion being pentacoordinated with two nitrogen and one
sulfur atoms from the ligand, one Cu and an extra position
occupied either by an oxygen from a water molecule or from a
triflate anion. For the two metal centers, the geometry can be
best described as distorted tetragonal with t values for Cul and
Cu2 of 0.29 and 0.36 respectively.'® The main common feature
for both complexes is the presence of a Cu-Cu bond (confirmed
by theoretical calculations, see below). By comparison with the
literature, these Cu-Cu distances remain the largest ever
reported (usually, Cu-Cu bonds range between 2.39 and 2.45
A'). Interestingly, differences in the metal coordination sphere
between [1] and [2.(H,0)(OTf)]* (N pyridines atoms replaced
by O from water and triflate) have limited effects on the overall
bond lengths since only the tripodal N-Cu distances are
affected. A relatively short stabilizing hydrogen bond between
the coordinated triflate and water molecules (S,0,...H-O1 =
2.132 A, S,0,-H-O1 = 137°) is also present within the unit, that
The Cu-
OSO,CF; distance is intermediate compared to others reported

may account for the stabilization of the structure.

in the literature for copper centers being at the +I or +II
states’® or to [3.(u-OH)(OTY),] (vide infra).
Consequently, the redox states of both copper in
[2.(H,0)(OTf)]" are not crystallographically distinguishable.

structure of [2.(H,O)(OTf)]* was then
The DFT-optimized
geometry (Table S5, Fig. S4) compares well with the

oxidation

The electronic
investigated by theoretical methods.
crystallographic data. Miilliken spin population analysis
indicates an equally distributed spin density between the copper
and sulfur atoms with positive spin populations found at Cu,
(0.27), Cu, (0.27) and S (0.23). The spin density of the Cu and
S atoms accounts for 77 % of the total spin density and the
remaining 23 % are spread over the pyridine rings (Fig. S5).
Not surprisingly, the Singly Occupied Molecular Orbital
(SOMO) of [2.(H,0)(OTH)]" displays 57 % Cu character and
20 % S character featuring the o antibonding interaction
between the Cu 3d,” orbitals and the S 3p, orbital (Fig. S5).
Contribution of the S atom in the SOMO suggests a non-
negligible degree of covalency for the Cu-S bond. These results
evidence a class III mixed-valence state for [2.(H,O0)(OTf)]*
which is further confirmed by Natural Population Analysis

J. Name., 2012, 00, 1-3 | 3
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(NPA). The NPA analysis shows two identically positive
copper centers (0.97 and 1.00, respectively) and a partially
negative sulfur (-0.25), matching the expectations for a fully
delocalized Cu'SCu™® state in [2.(H,O)(OTf)]". The
relevance of the Cu-Cu bond was investigated using Natural
Bond Order (NBO) analysis. The Wiberg bond index obtained
in [2.(H,0)(OTf)]" has a similar value compared to the one
determined for [1] (0.39 against 0.40, respectively, Table S6).
This value reveals that the Cu-Cu bond features a character
intermediate between covalent and ionic which suggests that
the two copper ions are linked together by one three-electron
bond (odd electron bond). An unequivocal representation of the
Cu-Cu bond extracted from the NBO analyses indicates a o
(sd/sd) overlap between the metal centers. The
corresponding orbital is depicted in Fig 3, highlighting the
hydrogen bond between the coordinated triflate and water
molecules (Fig 3, right, dotted line).

two

Fig 3. Selected views for the occupied natural orbital relevant to the Cu-Cu bond
in [2.(H,0)(OTf)]".

Solution studies of [2.(H,0)(OTP]".

As we wish to investigate the reactivity of [2.(H,0)(OTf)]*
towards N,O, whether or not its structure is retained in solution
needs to be clarified. All the following experiments were
performed using crystalline [2.(H,O)(OTf)]*, acetone (Ac) as
solvent (acetone was chosen because of its low coordinating
ability for copper centers) and under inert atmosphere unless
otherwise specified. Upon dissolution, due to possible ligand
exchange processes, several species have to be considered
(Chart 2). [2.(H,0)(OTf)]" is the X-Ray isolated material,
[2.(H;0),]*" has two coordinated water molecules (the extra
one coming from the solvent), and [2.(OTf),] two triflate ions.
The coordinating acetone counterparts are also of interest. The
electrospray  ionization  (ESI) mass spectrum  of
[2.(H,0)(OTH)]" in acetone (Fig. S6) displayed a prominent
peak at m/z = 666.0 corresponding to a monocationic mono
triflate-containing fragment [LM*™MAMS- + 5Cy + 10T 7",

4| J. Name., 2012, 00, 1-3
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Chart 2. Possible speciation upon dissolution of [2.(H,0)(OTf)]"in acetone.

UV-Vis and near-IR Spectrophotometry. Spectra recorded
for [2.(H,0)(OTf)]" in solid-state and in acetone are depicted
in Fig. 4. In solution, transitions are observed at 1254 nm
(£=690 M"'.cm™), 787 nm (¢ = 735 M"'.cm™), 479 (sh, ¢ =
525 M'.cm™) and 425 (sh, £ = 670 M'.cm™). The energy of
the near-IR band is strongly solvent-dependent, and is in the
same range as for [1] and other MV synthetic models (Table
S7). These transitions are usually assigned to ¥—¥" transitions

' In

or Inter Valence Charge Transfer (IVCT) processes.’
strongly coupled systems like biological Cu,, these features are
observed in the visible region (780-810 nm).** The solid-state
spectrum exhibits very broad peaks (1235 nm and 802 nm), but
its resemblance to the solution spectrum suggests that the

structure of [2.(H,O)(OTf)]* is maintained upon solvation.

0,10
\

0,05

Relative Absorbance

T T T T 1
1000 1200 1400 1600 1800

A (nm)

T T T
400 600 800

Fig. 4 Electronic absorption spectra of polycrystalline [2.(H,0)(OTf)]" in acetone
(solid line) and in solid-state (dotted line). See the main text for A,.x and Table S7
for gvalues and comparison with other MV systems.

Acid-base titration followed by UV-visible spectrophotometry
then provided a mean to assess the presence of a coordinated
water molecule. Addition of a non-coordinating organic base
such as 1,4-diazabicyclo[2.2.2]octane (DABCO) into an
acetone solution of polycrystalline [2.(H,0)(OTf)]" resulted in
drastic changes of the starting material up to one molar
equivalent (Fig. 5). We observed the disappearance of the two
main features of [2.(H,0)(OTf)]* concomitantly with the
appearance of new shoulders at 775 nm (e= 100 M"".cm™) and
570 nm (e= 170 M™'.cm™). ESI-MS analysis of the end product

This journal is © The Royal Society of Chemistry 2012
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shows the presence of a monocationic species, consistent with a
hydroxo ligand within the complex ion before fragmentation
(Fig. S7). This new species is oxygen sensitive and upon
exposure to O,, the final UV-visible spectrum is comparable to
that of [3.(n-OH)(OTY),] (Fig. S8, see also the reactivity
section), re-enforcing the assignment of [2.(H,0)(OTf)]" as a
MYV complex. Moreover, this transformation is reversible with
the addition of methanesulfonic acid (Fig. 5, dotted line). Such
spectroscopic data infers for coordination of one water
molecule at the metals centers, that is deprotonated upon
addition of the organic base. This result suggests that the
structure of [2.(H,O)(OTf)]"* is maintained in acetone solution.
A plausible structure for this new species could be formulated
as [2.(OH)(OTY)], which is neutral in the MV state.

0 05 10 15 20
[eq] DABCO/ Complex

Absorbance
o
w
1

0.2+
0.1+
OA
T T T T T T T 1
400 500 600 700 800 900 1000 1100
A (nm)

Fig 5. Changes in the UV-Vis spectrum of crystalline [2.(H,0)(OTf)]" (0.5 mM in
acetone) upon progressive addition of DABCO (0 to 2 molar equiv.). The dotted
line spectrum corresponds to the back-titration with methanesulfonic acid (1
molar equiv.).

Moreover, addition of excess triflate (NaOTf, 200 molar equiv.)
to a solution of [2.(H,0)(OTf)|" is accompanied by slight but
significant changes on the UV-Vis spectrum (Fig. S9), again
indicating modifications at the metal centers, which suggests
that the water molecule of [2.(H,0)(OTf)]* could be exchanged
with one triflate to give [2.(OTf),]. A similar behavior has been
reported reported by Latour and co-workers.
exchanges processes at a MV diiron compound.?

To fully assign the electronic features of the UV-Vis-NIR
spectrum of [2.(H,0)(OTf)]", TD-DFT calculations were
performed in acetone as solvent on the DFT-optimized
structure. The calculated electronic excitations (Fig. S10) are in
good agreement with the experimental ones (1254 nm,,, / 1205

for ligand

NMye, 787 NMey, / 758 nmg,e and 425 nmg,, / 452 nmg,).
Based on the data predicted by TD-DFT, the main features of
the experimental spectrum were assigned. The solvent-
dependent near-IR band is attributed to YY" transitions
(reminiscent of class III MV systems), as the contribution of
both copper centers is identical for the donor and acceptor
orbitals. = The two other bands correspond to expected
Niigana—Cu and Sjjgsng — Cu LMCT transitions (425 nm and

787 nm respectively, Fig. S10 and Table S8).

This journal is © The Royal Society of Chemistry 2012
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F NMR spectroscopy

The presence of triflate ions in crystalline [2.(H,0)(OTfH]*
allows the use of ""F NMR as an additional tool solution
studies. A unique broad peak at -73.30 ppm was observed at
298 K upon dissolution of [2.(H,0)(OTf)]" in acetone. A
subsequent sharpening and shift (from -73.30 ppm to -79.60
ppm, Fig 6) upon lowering the temperature was observed,
suggesting a rapid solution exchange process compared to the
NMR timescale. Interestingly, the 208 K peak lies in the region
where diamagnetic (NaOTf), or non-coordinated triflates
([Cu(OTY),], Fig. S11) were detected in our experimental
conditions. Using an internal reference, an integral value close
to 6 (corresponding to two triflates) was obtained at room
temperature; while a value of 3 (one triflate) was determined at
208 K. This result suggests that the loss of intensity is related to
the existence of a highly paramagnetic triflate-containing
species having too fast relaxation time to be observed at low
temperature.

208 K, -79.60 ppm

—] oTf ’

J

-65 -70 -75 -80
3 (ppm)
Fig 6. Temperature dependence of the YF NMR spectrum for polycrystalline

[2.(H,0)(OTf)]" in ds-acetone. Inset: postulated observed exchange. The peak at
-63.73 ppm refers as the internal standard.

Consequently, we propose that the observed exchange is
occurring between the triflate counter-ion and the coordinated
one (Fig. 6, inset). At low temperature, the observed signal
mainly originates from the non-coordinated ion and is less
subject to the metal paramagnetism while at room temperature
the peak gets broader due to the effect of Cu paramagnetism on
the electronic properties of both triflates. This assertion is
supported by comparison of the temperature-dependence of the
unique resonance for [1] (Fig. S12). By plotting the variation of
the chemical shift as a function of the temperature for
[2.(H,0)(OTH)]" displayed an exponential trend while a straight
line behavior was obtained for [1]. For the later, as the metal
coordination sphere is saturated, the trend accounts for non-
coordinating triflates directly correlated to the
temperature dependence of the paramagnetic susceptibility (AS
= 2.40 ppm). The fact that a different behaviour is observed for
[2.(H,0)(OTH)]" implies that another phenomenon is present on
top of susceptibility variation, an exchange process

and is

ie.

J. Name., 2012, 00, 1-3 | 5
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involving triflates(s) ions coordinated to the copper centers (A3
=6.30 ppm).

Electrochemical Studies.

To further corroborate the presence of an exchangeable position
at the metal center, the electrochemical properties of
polycrystalline [2.(H,0)(OTf)]" in acetone were investigated
by cyclic voltammetry. Starting from the Open Circuit
Potential, the CV curve of [2.(H,0)(OTH)]* (Fig. 11, trace (A))
exhibited two prominent quasi-reversible waves. The first one
(Epa1 = -40 mV, E,¢;= -180 mV, E;; = -110 mV, AEp = 140
mV) is assigned to a Cu'Cu'/Cu'Cu" system and the second
(Epa2 =490 mV, E o= 345 mV, Ey, =417 mV, AEp = 145 mV)
to a Cu"Cu"/Cu"Cu" redox process. The large AEp values
(compared to Fc'/Fc in our experimental conditions, AEp = 85
mV) are consistent with highly energetic reorganization
processes at the copper coordination spheres.

Upon deprotonation, the resulting new species exhibits two
irreversible waves at E,, = 16 mV and E,. = -475 mV vs
Ag/AgNO; (Fig. S13). This behavior differs from the starting
material, confirming the metal
coordination sphere. In particular, the shift toward a lower E,

ligand modifications at

value is consistent with the presence of more donating ligand(s)
prone to stabilize Cu", i.e OH". Moreover, addition of a large
excess of NaOTf (200 molar equiv., Fig. S14) caused a shift of
the 417 mV signal to E,; = 365 mV (AE = 52 mV) while the
other redox system was less affected (AE = 20 mV). This result
accounts for the influence of an exchange process reaction
equilibrium on a “square scheme” framework involving
successive oxidation states of the complex. Accordingly, the
change in ligand selectivity induces the standard potential of
the two couples to be different. In our case, addition of a ligand
stronger than that of a water molecule into the solution causes
the resulting MV system to become easier to oxidize, as
expected. This again confirms that exchanges occur at the redox
active centers and that it is possible to introduce an additional
triflate molecule (in place of the water molecule) to give
[2.(OTY),]. Consequently, the slight changes observed at the
lower redox potential system is assigned to the Cu with the OTf
ligand (Cu2 in the X-Ray structure) and the other to the
Cu/H,O counterpart (Cul). Such a behavior is also exhibited in
a mixed valent diiron complex involved in ligands exchange
processes.® Finally, upon O, bubbling into either one of the
above solutions, the resulting CV corresponds to that of [3.(u-
OH)(OTY),] (Fig 11, trace (C)).

EPR Spectroscopy.

The EPR spectrum (Fig. 7) recorded at 10 K in acetone for
polycrystalline [2.(H,O)(OTf)]* shows a seven lines pattern
consistent with the presence of a fully delocalized mixed-valent
dicopper system (2nl+1 = 7 with [ = 3/2, n = 2 for S = 1/2=).
This spectrum can be best simulated using parameters
consistent with this observation (90 %, g =2.137, 2.100, 2.028;
ACu; = ACu, = 224, 40, 55 MHz), together with an extra
mononuclear Cu®! species (10%, g = 2.272, 2.095, 2.006; ACu;
=360, 0, 0 MHz) from O, contamination. The signal vanished
above 40 K and no differences were observed as a function of
power saturation. The observed g values compare well with the

6 | J. Name., 2012, 00, 1-3

calculated ones (g = 2.118, 2.101, 2.034). As full delocalized
systems are usually consistent with symmetrical complexes (see
for example'™™ "4 2%) " this result is rather surprising since
[2.(H,0)(OTf)]" is not symmetrical. Minor modifications
occurred upon addition of 200 molar equiv. of NaOTf (changes
in intensity without altering either g or A values, Fig. S15), as
observed by UV-Vis and electrochemistry. The introduction of
an extra triflate ion (in place of the water molecule) has thus
moderate effects on the EPR spectrum.

Conversely, addition of DABCO to the starting
[2.(H,0)(OTH)]" complex revealed a localized MV state (upon
exposure to air the signal vanished), with the EPR signature and
parameters in agreement with a mononuclear Cu(Il) species
(Fig. S16).

260

2|80

390 3?0 3‘40 3§0

dz"ldB(a.u)

T T T
320 340 360

B (mT)

Fig. 7 X-band EPR spectrum (9.39 GHz) of [2.(H,0)(OTf)]" in acetone 0.14 mM at
10 K. Dotted line simulation with parameters given in the text.

T T
260 280 300

To finalize the description of our system, we tried to evaluate
the relative stability of the other dinuclear complexes possibly
relevant in solution. Four species depending on the nature of
the exchangeable ligand found in axial positions (water, triflate

or acetone) were considered and electronic structure
calculations were undertaken on DFT-optimized
[2.(H;0)(OTHI", [2.(0TDH;l. [2.(H;0),]*" and [2.(Ac),]*

models. For energetic analysis, the total electronic energies of
the complexes were shifted by subtracting from them the
electronic energy of the corresponding optimized axial ligands.
Consequently, the basis set superposition error was accounted
for in the calculation of the final energies of the complexes. The
calculated free energies for the four complexes in acetone
predict [2.(H,O)(OTH]+ to be lower in energy by 6.32, 7.50
and 10.06 kcal.mol™ at 300 K when compared to [2.(OTf),],
[2.(H,0),]*" and [2.(Ac),]** (Chart 2, Fig. 8), respectively. The
results of these calculations are in good agreement with our
experimental data, particularly the X-ray ones, with both
predicting the same stable species.

This journal is © The Royal Society of Chemistry 2012
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E (kcal.mol")

—— 7.50

6.32

[2.(0TH);]

[2.(H0)(OTA)*

Fig. 8 Calculated relative energies for the possible relevant species in solution
[2.(H,0)(OTA)I', [2.(0Tf),], [2.(H,0).]"" and [2.(Ac).]"".

In combination, these spectroscopic data have established that
[2.(H,0)(OTP]" is the predominant species in acetone solution.
We suggest that its stability is related to the presence of the
hydrogen bond between the triflate and the water molecule. A
fast exchange between the coordinated water and the triflate
ion may account for the observation of fully delocalized system.
Upon deprotonation, a new [2.(HO)(OTf)] derivative with
peculiar spectroscopic properties has been characterized.

Reactivity toward N,O and mechanistic studies.

When N,O was bubbled into an acetone solution of
[2.(H,0)(OTf)]", under an Ar atmosphere and at room
temperature, significant changes occurred on the UV-Vis
spectrum, with the initial dark blue solution gradually turning to
a pale green after 12 minutes (Fig. 9).

This journal is © The Royal Society of Chemistry 2012
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Fig. 9 Evolution of the UV-Vis spectrum recorded upon progressive N,O bubbling
(0 - 12 min) into a 0.67 mM acetone solution of [2.(H,0)(OTf)]" (black). The red
line corresponds to the final spectrum. The inset shows the UV-Vis NIR spectra
upon (dashed line) and after N,0 exposure (solid line, 12 min).

The spectrum of the starting material completely vanished with
the appearance of new shoulders at 785 nm
(sh, &= 200 M'.cm™) and 572 nm (sh, e= 380 M'.cm™) and a
peak at 422 nm (e= 1150 M'.cm™). The presence of an
isosbestic point at 660 nm could indicate that the starting
material is converted to the final species in a single step, or
The
formation of an oxidized species becomes relevant since the

through an intermediate having no distinct features.

spectrum is not further modified upon exposure to air.
Monitoring the evolution of the EPR spectrum upon
progressive N,O bubbling showed the complete loss of the
S=1/2 signal (Fig. S17) without the observation of distinct
transient resonances. In addition, GC-MS analyses were carried
out on the reaction headspace gas. After various control
experiments (glove box atmosphere, [2.(H,O)(OTf)]" alone),
clear evidence of N, release was observed only in presence of
the title complex with N,O (Fig. S18). The calculated N,/O,
ratio suggests that no O, contamination occurred during the
experiment. ESI-MS experiments on the final reaction mixture
reveals the presence of a monocationic molecular peak at m/z =
685.1 that is tentatively assigned to a dinuclear copper(Il)
complex with an extra hydroxide (Fig. S19). The chemical
structure of the final product was then confirmed through
isolation of single crystals suitable for X-ray diffraction, which
were grown by dissolving the reaction product (green powder
after evaporation) in acetone and layering with diisopropyl
ether. The structure (Fig. 10) shows the presence of a dinuclear
entity in which the two copper centers are bridged by the sulfur
atom from the ligand and by a hydroxo ion. The coordination
sphere is completed by the nitrogen atoms from the ligand and
by oxygen atoms from the triflate counter-ions.
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Fig. 10 Single-crystal X-ray structure of the neutral unit of [3.(u-OH)(OTf),] with
thermal ellipsoids plotted at 50% occupancy. Hydrogen atoms are omitted for
clarity except for the coordinated hydroxo ligand. Selected bond lengths (A) and
angles (°): Cul-Cu2, 2.9447(6); Cul-S1, 2.3242(9); Cu2-S1, 2.3268(9); Cul-N1,
2.027(3); Cul-N3, 2.017(3); Cu2-N2, 2.056(3); Cu2-N4, 2.009(3); Cul-O1S1,
2.313(3); Cu2-01S2, 2.271(2); Cul-O3H, 1.915(3); Cu2-0O3H, 1.926(3); see table
S9 for complete crystallographic data.

The Cu-Cu distance in [3.(u-OH)(OTY),] is larger compared to
the starting complex, due to the electrostatic repulsion between
the two Cu(Il) ions but is in the range of other reported (u-
phenoxo)(u-OH) dicopper complexes® and shorter compared to
a bis(u-thiophenolate) dinuclear compound.”® For the two
metal centers, the geometry can be described as nearly ideal
tetragonal with t values for Cu; and Cu, of 0.041 and 0.038
respectively. This structure, with a heterodiatomic doubled
bridged {Cu,(p-S)(n-OH)} core constitutes to the best of our
knowledge, a unique example of such an arrangement for a
dicopper system. Furthermore, as observed in the bulk mixture
at the end of the reaction, this compound is EPR-silent in
acetone. It also exhibits identical UV-Vis and electrochemical
properties compared to the bulk mixture upon N,O reduction.
Spectroscopic, kinetic and theoretical studies were then
performed to get mechanistic insights. First, UV-visible and
EPR showed the complete conversion of the starting material to
the final [3.(u-OH)(OTY),] species, as evidenced by the
identical extinction coefficient of the 420 nm band
characteristic of isolated [3.(un-OH)(OTf),]. As the full
conversion of the starting material is accompanied by the
release of 0.4 eq. of N, a 0.5 N,0 / [2.(H,0)(OTH]*
stoichiometry for the reaction was determined. It reflects the
fact that two electrons are required for N,O reduction.

Second, the existence of a reaction intermediate was evidenced
using '"F NMR and electrochemistry. At the early stage of the
reaction (i.e. slight changes in the hyperfine structure of the
EPR spectrum compared to the starting material), a new signal
was observed at -77.3 ppm that differs from the starting MV
(-73.3 ppm) and the final p-hydroxo (-77.9 ppm) species (Fig
11).
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[2.(H,0)(OTA]* + N,O

[3.(4-OH)(OTH).]
[2.(H.0)(OTA)]*

T N T J 1 t T A T b
-62 -64 -66 -68 -70 =72 -74 -76 -78 -80

T ’ T i T b T ’ 1
3 (ppm)

Fig 11. ®F NMR spectra (acetone-ds) for the starting [2.(H,0)(OTf)]" ,
[2.(H,0)(OTf)]* + N,O (early stage of the reaction) and the final [3.(u-OH)(OTf),]
species. The peak at -63.73 ppm refers as the internal standard.

The -77.3 ppm signal is sharper compared to the starting
complex, but still broader compared to the final p-hydroxo
compound. The triflate(s) ion(s) exchange process regime
evidenced for the starting complex has then been modified,
arguing for changes occurring in their close environment. One
possibility is that N,O competes with the water molecule at the
copper coordination sphere and that this phenomenon affects
the whole molecule. No shifts were observed when using [1] in
a similar experiment. Independently, the evolution of the CV
recorded from the open circuit potential of [2.(H,0)(OTfH]*
(Fig. 12, trace (A)), through the early stage of the reaction (N,O
bubbling with no EPR changes (trace B)) and after 12 minutes
when the complex is formed (trace C) also indicate an
interaction between the complex and the substrate. The profile
of trace (B) resembles the one obtained in the presence of
excess triflate (Fig. S14), but with a larger shift for the
Cu"Cu'/Cu"Cu" redox system from 417 to 270 mv (AE =148
mV). The CV curve starting from the open circuit potential
(whatever the scan direction) in (B) indicates that the MV
character of the complex is conserved at this stage of the
reaction. The Cu'Cu'/Cu"Cu' system is not affected while the
Cu"Cu"/Cu"Cu" one shifts towards more reductive potentials.
As discussed in the solution studies section, we propose that
ligand exchange occurs at the Cu center coordinated by the
water molecule. As only N,O is present as an extra molecule in
the reaction mixture, this result enforces its coordination at the
MYV center. Then, the final product [3.(un-OH)(OTY),]
observed after 12 minutes. No shift occurred in the case of [1]

was

in a similar experiment, confirming the ligand exchange
process presented for [2.(H,0)(OTH]".

All together, these data are consistent with N,O binding at the

dicopper center, and more than likely in place of the water
molecule.

This journal is © The Royal Society of Chemistry 2012
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Fig 12. Evolution of the electrochemical behavior of [2.(H,0)(OTf)]* upon N,O
bubbling in acetone. (A) Starting material; (B) Early stage of the reaction and (C)
After completion of the reaction (12 min). Experimental conditions: acetone +
0.1M (nBu)4NCIO, vs. Ag/Ag(NOs) (0.01 M in 0.1 M (nBu)4NCIO,) with glassy
carbon disk as working electrode at 100 mV.s™.

Third, the reaction rate order a related to [2.(H,O)(OTH]*
species was determined under pseudo first-order conditions
(excess N0, egs (1) and (2), Fig. S20 and S21). A a value of
0.91+0.1 was obtained while plotting Ink’ as a function of
In[2.(H,0)(OTH)]*. This result excludes a direct conversion of
N,O by 2 molar equiv. of [2.(H,O)(OTf)]* required for a
concerted mechanism. In this case, a rate order of two should
have been obtained.

al2. (H,0)(0Tf)] + bN,0 S Prod + N, )
v = k1[2.(H,0)(OTf)]*[N,0]"
— I'[2. (H,0)(OTf)]* with k' = K1[N,0]? )

Consequently, the kinetic data led us to consider a rate limiting
step coming from coupled reaction involving an intermediate
that consumes the starting complex. A second order rate
constant of 0.03 =+ 0.001 M's estimated under
atmospheric N,O pressure. Moreover, the displacement of the
water molecule in the reaction pathway was also evidenced:
upon addition of one equivalent of DABCO to an acetone
solution of [2.(H,0)(OTf)]", the resulting hydroxo-containing
complex exhibited no reactivity towards N,O (Fig. S22). This
result indicates that the presence of a stronger ligand in the
metal coordination sphere prevents N,O coordination. The
reaction was also inhibited by the presence of excess triflate but
to a lesser extent.

N,O binding at the copper complex has finally been
investigated by theoretical calculations. The reaction of
[2.(H,0)(OTH)]" with N,O lead us to consider five possible
adducts resulting from N,O binding at the {Cu,S} core (Fig.
13).

was

This journal is © The Royal Society of Chemistry 2012
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Fig. 13 Possible intermediates generated upon N,O reaction with [2.(H,0)(OT#)]".

(1) and (2) correspond to ligand exchange between the water
molecule of [2.(H,O)(OTH]" and N,O. In these structures, N,O
binds in a monodentate way to only one copper center, through the
nitrogen or the oxygen atom. The three other adducts correspond to
the coordination modes involving both copper ions. Upon geometry
optimization, the electronic structures of the five adducts were
computed along with the prediction of their respective absorption
spectra (Fig. S23). Since the follow-up of the reaction by UV-Vis
showed an isosbestic point and that EPR does not indicate the
presence of new features compared to the starting complex, we
suggest that the N,O-adduct exhibits spectroscopic properties close
to that of [2.(H,0)(OTf)]". Based on the DFT results, only (1) and
(2), featuring either a linear n'-N or 1'-O N,O, possesses a fully
delocalized mixed-valent character together with a spectral
signatures similar to that of [2.(H,0)(OTf)]*. The n'-O analogue (2)
has been estimated to be 2 kcal disfavored compared to (1). The
calculated UV-Vis spectrum of (1) remarkably resembles the one of
[2.(H,0)(OTh)]" (Fig. 14). According to the geometry-optimized
structure (Fig. 14, inset), the predicted Cu-Cu bond length of 2.58
angstroms is similar to that of [2.(H,O0)(OTf)]" showing that the
Cu-Cu bond remains even after N,O binding. The spin density plot
as well as the SOMO of this adduct are depicted in Fig. S24. (1) and
[2.(H,0)(OTH)]" display similar spin distribution patterns which
mainly involve the copper and sulfur atoms (0.20 on Cuy, 0.28 on
Cu, and 0.23 on S). The SOMO (1) is also consistent with a ¢
antibonding interaction between the metal and the sulfur orbitals.

J. Name., 2012, 00, 1-3 | 9
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Fig. 14 UV-Vis spectra of [2.(H,O0)(OTf] (solid line) in acetone and of the
calculated (dotted line) (1). Inset: geometry-optimized structure for (1), with
selected bond lengths.

Several reaction pathways can be envisaged but all are initiated
by N,O binding, involving an equilibrium between
[2.(H,0)(OTH]" and [2.(N,O)(OTH]*, as evidenced above.
The latter species ((1) or (2), scheme 2) can either be directly
reduced by the starting species to provide [3.(u-OH)(OTY),], or
being reduced after N, evolution, to form intermediate HV,
proposed as a high-valent copper (IILII) or a ligand-centered
radical [Cu(II)Cu(I)L-] species.
thermodynamically favored due to

The first reaction is not
the redox potentials
observed for the intermediate (270 mV) compared to the
starting complex (417 mV). Moreover, if the unique O-atom
source was N,O, the 0.5 N,O / [2.(H,0)(OTf)]" ratio is not
realistic since only 0.5 equiv. of the final [3.(u-OH)(OTHY),]
compound should have been isolated. The consequence is that
the oxygen atom for the other half of the final complex,
together with the required proton come from the bimolecular
reaction between [2.(H,0)(OTf)]" and intermediate HV. Given
these results, a consistent reaction pathway can be proposed
(Scheme 2).

(1)or(2)

N
N,
N;.JL
h\

OTf OH,
[2. (HZO)(OTf)]‘

N,

Intermedlate HV

g 10
Cu Cu
TfO @ OTf

H
[3.(H-OH)(OTH),]

Scheme 2. Proposed reaction pathway for N,O reduction by [2.(H,0)(OTf)]".
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Implications for N,O Reductase mechanism

Our study demonstrates that the presence of labile sites (weak
coordinating ligands) is required to provide N,O reduction.
This is high activity of N,Or
Marinobacter hydrocarbonoclasticus which contains an open
coordination site at the Cu;-Cuyy edge. In this case the binding
of iodine causes an inhibition of the reactivity. Recent work
reported by Solomon and co-workers also reached the same

in line with the from

conclusion.'?® In this case, the reactivity of the active site of
N,Or having an extra sulfide anion at the Cu;-Cupy edge is
impressively low. Our system has a second order rate constant
of 0.01 = 0.001 s which is closer to Cuy (corresponding to
the resting state of the enzyme containing an OH/OH, bridge)
compared to Cuz under steady state conditions (S-containing
active state). The interaction between N,O with Cuy" is yet to
be fully established, but these results combined with previously
reported research strongly suggests the presence of a N,O-Cuy,
adduct. Interestingly, our study illustrates that N,O binding
does not dramatically affect the UV-visible (mainly displaying
CT bands) and EPR spectra, but significantly alters the redox
properties of our starting complex. Sophisticated spectroscopies
are therefore required to confirm N,O ligation in enzymes or
inorganic complexes. Furthermore, the presence of an oxygen-
based bridge in the final mimic complex is also relevant to a
possible N,O adduct prior to N, release (the oxygen atom
Unfortunately, the absence of
in our experimental conditions
precludes its absolute demonstration at this time. However, we
propose that the presence of such a ligand in the active reduced
state of the enzyme is unlikely since in our case the reactivity is
fully inhibited. Finally, the observed Cu-O(H)x distance in the
X-ray crystal structure of Cuy center from the pink form of
Achromobacter cycloclastes (2.14 A) is comparable with that of
the hydroxide bond to our complex, giving our novel complex
particular structural relevance.

originating from N,0).
intermediate stabilization

Conclusion

A new type of MV dicopper species with two different
exchangeable ligands at the metal centers has been fully
characterized. Spectroscopic, electrochemical and theoretical
studies indicate that the predominant species in solution is
identical to the complex characterized by X-ray
crystallography. Interestingly, the electronic properties of this
species are not representative of its dissymmetry. This complex
is capable of N,O reduction, as illustrated by N, release. Once
again, a combination of experimental and theoretical
considerations helped in providing a realistic reaction pathway,
as well as allowing the proposal of a structure consistent with
an N,O bound adduct. We have unequivocally proven the
labile water molecule to be essential for the reactivity. Even if
our system is non-catalytic, our study illustrates that a bio-
inspired approach remains a valuable strategy for the design of
accurate molecules capable of N,O activation. Additional

This journal is © The Royal Society of Chemistry 2012
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experiments are in progress in our lab to identify metal-based
intermediates.
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