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ABSTRACT: Treatment of a dicopper(LI) complex with excess amounts of NO leads to the formation of a dicopper dinitrosyl
[Cu,(NO),]*" complex capable of (i) releasing two equivalents of NO reversibly in 90% yield and (ii) reacting with another
equivalent of NO to afford N,O and dicopper nitrosyl oxo species [Cu,(NO)(O)]*". Resonance Raman characterization of the
[Cu,(NO),]** complex shows a '*N-sensitive N=0 stretch at 1527.6 cm™" and two Cu—N stretches at 390.6 and 414.1 cm™,
supporting a symmetric diamond-core structure with bis-#-NO ligands. The conversion of [Cu,(NO),]*" to [Cu,(NO)O]** occurs
via a rate-limiting reaction with NO and bypasses the dicopper oxo intermediate, a mechanism distinct from that of diFe-mediated
NO reduction to N,0.

Bl INTRODUCTION Scheme 1. NO*® Activation Pathways in Enzymes and
A crucial signaling molecule at the nanomolar level, nitric oxide Models

(NO), is an acute toxin at high concentrations that participates A NO coupling through bimetallic hyponitrite intermediate
in immune defense in mammals."”” To detoxify excess nitric

oxide, biology employs metalloenzymes to convert NO to N,O 2 M"-NO - PN n+1 n+1
through metal nitrosyl (typically Cu or Fe) intermediates.’® MP(N202™M ) M—0—M
Heme/non-heme,” ™" heme/ copper, 18720 3nd flavo-diiron®"* M" = Fe' or CU!

NO reductases (NOR) are three classes of enzymes that
contain bimetallic active sites capable of converting NO to
N,0. The mechanism of NO conversion to N,O at bimetallic

B NO’ coupling through diiron dinitrosyl intermediate

2 NO (Il\?l (le?j 2H*, 2e

site often involves the coupling of adjacent metal nitrosyl Fell----Fe! Fell---Fe!
. e OV N —N—_O—) _ | | _N,O e e

species to afford metal hyponitrite (TO—N=N-0") inter Fe-—Fe 2

mediates, which release N,O and generate bimetallic y-oxo - H20

species (M—O—M, M = Fe'" or Cu'!, Scheme 1A). Studies by

o p C NO’ coupling through mononuclear hyponitrite intermediate
Lehnert,”*™*® Kurtz,”"***° Majumdar,u’32 Goldberg,”’34 and Y

others®>*® showed that reduction of NO at non-heme diiron NO / N NO n+1/o
. 24,33 . 25,32 M-NO — M\

centers can proceed through direct, semireduced, or \ N ~ NSO “__N

super-reduced”’ mechanisms (Scheme 1B). Recently, Wade o~ 2 0

and Dinca reported Fe'-based metal—organic frameworks M= Cuor Ni

(MOFs) that reduce NO to N,0.””**

Copper(I) complexes are known to promote NO
disproportionation to afford N,O and Cu'-NO,. Karlin
reported that treatment of (tmpa)Cu' with NO generates
N,O through a fully characterized dicopper(ILII) trans-
hyponitrite (TO—N=N-0O7) intermediate (Scheme Received: September 8, 2022
1A).**~*" In another example by Agapie,” a trans-hyponitrite
intermediate was also isolated when tricopper(I) precursor was
treated with excess NO. Apart from NO coupling at dicopper
sites, Tolman,*”™*° Dinca,"**” and Warren*® demonstrated the
coupling of NO at mono-copper sites through putative
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mononuclear Cu cis-hyponitrite intermediates (Scheme 1C).
Analogous NO coupling at mono-Ni center through
hyponitrite has also been demonstrated.*”*°

Despite these experimental and computation advance-
ments,”' ~>* the mechanistic picture of NO coupling is not
complete, particularly regarding how the NO motif “flip” from
N-bound nitrosyl to O-bound hyponitrite during the N=N
bond formation step.** Additionally, the identity of the
copper species after N,O elimination is elusive. Although
dicopper(ILII) oxo [Cu,O]** species is often proposed, its
direct formation from dicopper (ILII) hyponitrite has yet to be
confirmed. Instead, the formation of copper(Il) nitrite is often
observed, which involves the reaction with a third equivalent of
NO.***#7* The divergent products after N,O elimination, i.e.,
diiron oxo vs copper nitrite, might have implications for why
nature typically employs Fe(Il) instead of Cu(I) for the
conversion of NO to N,0O, albeit both appear to be eflicient in
synthetic systems.

Recently, our group characterized the dicopper intermediate
before the formation of nitrite as a dicopper p-oxo p-nitrosyl
species.”* "> Reaction of three equivalents of NO with
dicopper(I) Py,DMB complex (Py,DMB = 1,2-bis(di-
(pyridin-2-yl)methoxy)benzene, L) affords N,O (98% yield)
and [LCu"Cu™(4-0)(u-NO™)]** (Scheme 2). The Cu(Il),

Scheme 2. NO® Coupling at Dicopper Dinitrosyl Diamond
Core
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Cu(IlI), 0?7, and NO~ formula is based on the N=O
stretching frequency at 1554 cm™" and the four-line pattern of
S = 1/2 EPR signal. The third equivalent of NO is trapped as a
bridging NO™ between the two Cu centers, though it is unclear
if binding of the third equivalent of NO occurs before or after
the N,O release (Scheme 2).

Notably, a green intermediate preceding the elimination of
N,O was observed; however, we did not assert what it might
be. Further characterization of this intermediate will provide an
opportunity to elucidate the mechanism by which predis-
positioned dicopper centers promote NO reduction. Herein,
we present the characterization of this green intermediate as an
unprecedented [Cu,(NO),]** complex (Scheme 2, Enemark—
Feltham notation {Cu,(NO),}**). Resonance Raman (rR)
spectroscopic characterization of the [Cu,(NO),]** species
suggests that it has a symmetric diamond-core structure with
bis-u-NO ligands. The 1:1 Cu/NO ratio was further confirmed
by a series of NO trapping experiments. Mechanistic study
indicates that the conversion of [Cu,(NO),]** to [Cu,(O)-
(NO)]** does not proceed through the commonly proposed
[Cu,(O)]** species (Scheme 2).

B RESULTS AND DISCUSSION

Synthesis of Dicopper Dinitrosyl Complex 2. Addition
of excess NO to dicopper(L,I) Py,DMB complex
[LCu,'(MeCN),][BAr,f], (1) at —40 °C in tetrahydrofuran
(THF) generated [LCu,(u-O)(u-NO)]** complex (3)**
through the intermediacy of green species 2 (Figure 1A).
Complex 2 (4 = 625 nm, & = 2300 M~'cm™, Figure 1B) is
stable at —95 °C and converts to 3 cleanly at —40 °C (Figure
1C). We could not obtain single crystals of 2 due to its thermal
sensitivity. EPR analysis suggested that 2 is EPR-silent (Figures
$38 and S39).

Given the ability of 2 to release N,O, we hypothesized that it

NO binding first might be either a dicopper hyponitrite or a dicopper nitrosyl
species. Due to thermal sensitivity, only a few copper
hyponitrite**~***7** and copper nitrosyl complexes have
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Figure 1. (A) Reaction scheme and (B) corresponding UV—vis spectra of the conversion of 1 to 2 at —95 °C, and (C) 2 to 3 from —95 to —40 °C

in THF (0.39 mM).
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been characterized.*****™>” Considering literature prece-
dence, we proposed several possible binding modes of NO:
(i) dicopper (ILII) trans-hyponitrite, (ii) dicopper (ILII) cis-
hy'ponitrite,60 (iii) dicopper bis-u-NO [Cu,(NO),]*,°" or (iv)
dicopper mono-u-NO [Cu,NO]** (Scheme 3).

Scheme 3. Potential Structures of 2
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Resonance Raman Characterization of 2. The various
possible binding modes of NO and hyponitrite can be
differentiated by vibrational characterization of 2 using rR
spectroscopy. To avoid thermal decomposition of 2 to 3 and
overlapping solvent background peaks, rR samples of 2 were
prepared in THF-dg using "*NO/"*NO at —80 °C (see the
Supporting Information). The rR spectra of 2 excited with 568
nm laser reveal three resonantly enhanced, '*N isotopically
sensitive peaks at 390.6, 414.1, and 1528 cm™" (Figure 2A—D).
The peak with the highest intensity at 1528 cm™" has a 26
cm™! isotopic shift, matching well with Hooke’s law calculation
for a "/1SN=0 oscillator. To ensure the 1528 cm™' peak is
not a result of 3 contamination (N=0 IR-stretch at ca. 1554
em™'),>* we also performed rR measurement with 514 nm
laser, where 3 is more enhanced than 2. The peak intensity of
the 1528 cm™' band diminished significantly with the 514 nm
laser, suggesting the N=0O peak at 1528 cm™! derives from 2
(Figures S21 and 22). The two lower-frequency, N
isotopically sensitive peaks at 390.6 (—10) and 414.1 (—10)
cm™" were assigned to Cu—N-based vibrations.

Since we did not observe diagnostic isotopically sensitive
peaks related to N—N, N=N, or N-O stretches, 47486263
dicopper(ILII) hyponitrite intermediates i and ii were ruled

out. Both dicopper dinitrosyl diamond core [Cu,(u-NO),]*
iii and dicopper mononitrosyl iv (Scheme 3) could be
consistent with one set of N=0 stretching bands. However,
neither iii nor iv has been reported in the literature.
Nonetheless, there are four reports of vibrational data for
dicopper >N nitrosyl complexes at higher formal oxidation
states: [Cu!Cu"'(u-NO)]** (1670 ecm™),”” [Cu''Cu"(u?-
NO7)** (1536”7 and 1567 cm™), and [Cu"Cu'™(u*-
0)(u*NO7)]** (1554 cm™).>* Additionally, the diiron
dinitrosyl diamond-core complex {Fe,(NO),}!® reported by
Lehnert exhibits a single IR-active N=O stretch at 1350
cm™~L.°! Given the EPR-silent nature of 2, it is more likely to be
iii than iv (S = 1/2).

Computational Study. To aid in the interpretation of rR
data, we calculated the vibrational frequencies using density
functional theory with dispersion correction (B3LYP/6—
311+G(d)/D3BJ). We considered dicopper dinitrosyl iii,
dicopper mononitrosyl iv, as well as several alternative binding
modes of [LCu,(NO),]** complex in singlet and triplet states
(v, vi, Figure 3 top). The ground-state energies of most
dicopper dinitrosyl species considered are within 6 kcal/mol
(see Supporting Information Figure $S29). Their structures and
calculated Raman shifts are summarized in Figure 3 and Tables
S§2—S4. The optimized structure of dicopper dinitrosyl
[LCu,(u*-NO),]** complex (iii) at triplet S = 1 state shows
a Raman-active N=0 stretch at 1531 cm™" and low-intensity
Cu—N-based vibrations at 378.2 and 431.7 cm™. These values
match the experimental rR stretches very well (1528, 390.6,
414.1 cm™). The calculated Raman stretches for other
possible dicopper (di)nitrosyl species at the same level of
theory do not match the experimental results (Figure 3).

To elucidate the electronic structure of iii in the triplet S =1
state, we examined its frontier orbitals at B3LYP/6—
311+G(d)/D3BJ level of theory. The two SOMOs of S = 1
iii are primarily based on two sets of orthogonal NO z*
orbitals (Figure 4). Ferromagnetic coupling between them
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Figure 2. (A, C) Resonance Raman spectra of 2-N** (red) and 2-N'* (black) collected with 568 nm excitation laser. (B, D) Differential spectra.
Three N isotopically sensitive peaks at 390.6(—10.4), 414.1 (—10.4), and 1528 (—26) cm™ were observed.
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Figure 3. Calculated structures of dicopper nitrosyl complexes and
corresponding N=0 and Cu—N stretching frequencies. *Open-shell
singlet.
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Figure 4. SOMOs of S =
complex.

1 dicopper dinitrosyl diamond-core

mediated by the Cu centers gives rise to the S = 1 spin state
(see Figure S30 for spin density plot). Based on the calculated
frontier orbitals (Figure S31), complex 2 is best described as
two Cu' centers with two bridging NO motifs, which is distinct
from Lehnert’s {Fe,(NO),}'® diamond-core complex that has
two low-spin Fe' centers and two bridging NO™ ligands.”" We
attribute this difference to the weaker back-bonding ability of
Cu to NO 7* and the less reducing nature of Cu than Fe.
Reactivity of Dicopper Dinitrosyl Complex 2. The
reactivity studies of 2 provided complementary information on
the stoichiometry of Cu/NO in 2. Considering the weak
binding affinity of NO at 1, we sought to quantify the NO
released from 2 by trapping the evolved gas with cobalt(II)
porphyrin (TPP)Co(Il) (TPP = tetraphenylporphyrm)
(Figure 5A).°®%*® The resulting {CoNO}® product can be
quantified with ultraviolet—visible (UV—vis) and 'H NMR
spectroscopy. Complex 2 was first generated in situ by treating
1 with NO at —95 °C. The excess NO was carefully removed
by purging the solution with a stream of N, gas before a
solution of (TPP)Co(II) was added to the solution to capture
NO released from 2, as the solution warmed up to 20 °C
gradually. The conversion of (TPP)Co" to {CoNO}® was
analyzed via UV—vis and quantitative 'H NMR, showing the
release of 1.8(1) eq of NO per 1 (90% yield) consistent with a
1:1 stoichiometry of Cu/NO (Figures S11—S16). Importantly,
control experiments performed under identical NO addition,
purging, and trapping conditions in the absence of complex 1

-95°Cto RT
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0.67eq1+0.33 eq N
Q .
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2 —0°c @
QN u /N\/

0.33eq 1+ 0.67 eq %N/o C)Q
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0.70 eq of 3 was detected, supporting iii

—

O
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£

Figure S. Determining the number of nitrosyl ligands in 2 by
quantifying (A) the reversibly released NO*® (with TPPCo trapping)
and (B) the conversion of 2 to 3.

showed less than 0.14 eq {CoNO}® formation. This NO
trapping experiment supports the assignment of 2 as iii instead
of iv since dicopper mononitrosyl iv could only release up to 1
eq of NO.

Further evidence for the assignment of 2 as [Cu,(NO),]*
was obtained by studying the conversion of 2 to 3. Considering
that the formation of each equivalent of 3 requires three
equivalents of NO per dicopper complex, a NO-free solution
of 2 should afford 2/3 eq (67%) of 3, leaving behind 1/3 eq of
unreacted 1. Indeed, warming up a NO-free solution of 2 at
—40 °C cleanly afforded 3 in 70% yield, consistent with the
assignment of 2 as dicopper dinitrosyl iii (Figure SB).

Kinetics of N,O Release from 2 in the Presence of NO.
After establishing the green intermediate 2 as the dicopper
dinitrosyl species, we investigated the mechanism of N,O
release by monitoring the kinetics of the conversion of 2 to 3
under different concentrations of NO. Since no intermediate
was observed during the conversion of 2 to 3, it is reasonable
to assume that the first kinetic step, either the release of N,O
or binding of NO, is rate-limiting. Therefore, there are two
mechanistic possibilities. First, complex 2 could release N,O in
a rate-limiting step to generate a putative dicopper (ILII) oxo
species that quickly captures another equivalent of NO to
afford 3 (mechanism A, Figure 6A). Alternatively, complex 2
can react with another equivalent of NO in a rate-limiting step
to release N,O and afford 3 in a kinetically invisible step via a
[Cu,(NO);]*"-type of intermediates or transition states
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Figure 6. (A) Two mechanistic possibilities for the conversion of 2 to
3. (B) Plot of k, of the conversion of 2 to 3 at —40 °C vs [NO]
indicates first-order dependency on [NO], supporting mechanism B.

(mechanism B, Figure 6B).**%% These two scenarios differ in
the kinetic dependence on NO concentration. Therefore, they
may be distinguished by measuring k., as a function of [NO].

The rate of conversion of 2 to 3 was monitored by UV—vis
spectroscopy at three NO concentrations at —40 °C.
Generally, the decay rate of 2 matches the formation rate of
3 within experimental error (Figure S27). The rate constant
ks, was determined by kinetic simulation with KinTek
software. Due to the solubility of NO in the solution, we can
only measure kg, at three different NO concentrations. A plot
of kops vs [NO] reveals a linear relationship (R* = 0.99) with an
intercept close to 0, suggesting a first-order dependency on
NO concentration. This kinetic analysis argues against the
commonly proposed mechanism A, where complex 2 releases
N,O directly to afford dicopper oxo species.”” Instead, the
binding of a third equivalent of NO at 2 is necessary to
promote the formation of N=N bond (Figure 6B).

Plausible Mechanisms of N,O Formation. A plausible
mechanism for N,O formation involves the binding of the
third equivalent of NO on the top of the dicopper dinitrosyl
diamond core to form an ON"N—O"NO ligand (Figure 7A).
Cleavage of N—O bond leads to the formation of N,O and
NO,, as shown by the computational study by Metz and
others.”’ The direct capture of NO by the dinitrosyl moiety
may be guided by the orbital interaction of NO #* with the
SOMO of 2 perpendicular to the plane of the [Cu,(NO),]-
diamond core (Figure 4, right). In this mechanistic scenario,
the NO does not need to “flip” to an O-bound mode to form a
hyponitrite intermediate.

result in a number of dicopper nitrosyl hyponitrite complexes
(Figure 7B, more possible structures are shown in Figure S37),
which release N,O spontaneously, as shown by Karlin et al.**'
Figure 7B illustrates one of many possible pathways for the
isomerization of trinitrosyl complexes to hyponitrite. Density
functional theory (DFT) calculations performed at the
UB3LYP/6-311+G(d)_D3BJ level of theory suggests that
isomerization of hyponitrite at dicopper center to O-bound
form is possible, consistent with the findings by Lehnert et al.>*

B CONCLUSIONS

In summary, we have characterized the first example of a
diamond core [Cu,(NO),]** complex. Resonance Raman
characterization, in conjunction with DFT calculations,
suggests that this compound is best described as having two
Cu' centers with two bridging NO ligands. The reactivity study
firmly established the 1:1 ratio of Cu/NO in [Cu,(NO),]*
complex. The release of N,O from [Cu,(NO),]** complex
involves the reaction with a third equivalent of NO and does
not proceed through the commonly proposed [Cu,(O)]**
species.

While Fe(Il) and Cu(I) are both effective in the reductive
coupling of NO to N,0O, the fates of the O atoms generated
from these two processes are different. Fe enzymes dispose of
the O atom as H,O, while Cu complexes generate NO,”. Our
study provides a potential explanation for the divergent
products of NO reduction at Fe and Cu. We showed that
N,O was released from [LCu,(NO),]*" after the binding of
the third equivalent of NO. This process bypasses [LCu,0]*"
to afford [LCu,(NO)OJ** species, which is poised for nitrite
formation. The mechanistic difference between Cu and Fe
might have implications on why pathogens choose Fe instead
of Cu enzymes for NO reduction, as high concentrations of
nitrite can be toxic to pathogens. Finally, our study suggests
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that [Cu,(NO)O]?** should be considered as an intermediate
in systems where [Cu,0]*" is proposed as the active species,
e.g., catalytic NO, decomposition at Cu-exchanged zeolite®”**
o . . o 89-72 ;
and nitrite-driven anaerobic methane oxidation. Ongoing
work in our laboratory focuses on comparing the reactivity

profiles of [Cu,(NO)O]*" vs [Cu,0]*".
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