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ABSTRACT: Transition metal-mediated reductive coupling of nitric oxide (NO(y) to nitrous oxide (N2Oy) has significance across the fields
of industrial chemistry, biochemistry, medicine, and environmental health. Herein, we elucidate a DFT-supplemented mechanism of NO,)
reductive coupling at a copper-ion center [(tmpa)Cu'(MeCN)]* (1) {tmpa = tris(2-pyridylmethyl)amine}. At —110 °C in EtOH (<—90°C in
MeOH), exposing 1 to NOy leads to a new binuclear hyponitrite intermediate [{(tmpa)Cu"}2(u—N20,"")]** (2), exhibiting temperature-
dependent irreversible isomerization to the previously characterized k*-O,0’-trans-[ (tmpa)>Cu,"(u—N>0,>")]** (00**) complex. Comple-
mentary stopped-flow kinetic analyses of the reaction in MeOH reveals an initial mononitrosyl species [(tmpa)Cu(NO)]* (1-(NO)) that
binds a second NO molecule forming a dinitrosyl species [{tmpa)Cu"(NO).] (1-(NO)). The decay of 1-(NO): requires available starting
complex 1 to form a dicopper-dinitrosyl species hypothesized to be {(tmpa)Cu}2(u-NO).]** (D) bearing a diamond-core motif, en route to
the formation of hyponitrite intermediate 2. In contrast, exposing 1 to NO( in 2-MeTHF:THF (v/v 4:1) at <—80 °C leads to the newly ob-
served transient metastable dinitrosyl species ([(tmpa)Cu"(NO).] (1-(NO),), prior to its disproportionation-mediated transformation to the
nitrite product [(tmpa)Cu”(NO:)]*. Our study furnishes a near-complete profile of NO(g activation at a reduced Cu site with tripodal tetra-
dentate ligation, in two distinctly different solvents, aided by detailed spectroscopic characterization of metastable intermediates, including
Resonance Raman characterization of the new dinitrosyl and hyponitrite species detected.

INTRODUCTION

Nitric oxide (NO(y) plays a ubiquitous role as a signaling molecule
and an essential regulator for neural transmission, inhibitor of platelet
aggregation, and modulator of apoptosis, -repair of wounds and cellu-
lar proliferation.’ Regulated levels of NOy) strengthen the mamma-
lian host defense response by effecting oxidative destruction of harm-
ful pathogen biomolecules (i.e., by oxidation and/or nitration) as ele-
vated levels of NO () cause degradation of essential proteins, lipids and
nucleic acids.> 7" Toxic overproduction of NO) and reactive NOx
products such as peroxynitrite ({OONO) and nitrogen dioxide
(NO.) are mitigated by the oxidation of NO() to NOs™ by iron-con-
taining metalloenzymes.”® ' In anoxic conditions, microbial organ-
isms will resort to the reductive degradation of toxic NO¢, through
Fe/Cu-mediated reductive coupling of two NO(y to benign N>Og.'*
2 This critical reaction 2 NO(g) + 2H* + 2e™ > N2O(g) + H2O is also an
essential step in denitrification, of the geochemical nitrogen cycle, and

in the effective detoxification of automotive and industrial exhausts by

catalytic convertors.**2*

Microbial nitric oxide reductase (NOR) activity is displayed mainly
by three sets of NOg) reduction enzymes: 1) the denitrifying
heme/non-heme NO¢y reductases,'® ' 23 25 230 a5 well as some
heme/copper NO reducing terminal oxidases (HCOs),*** 2) the fla-
vin-dependent NOg) reductase possessing a non-heme diiron active
site,'* 2072338 and 3) the fungal P4SOnors with heme-thiolate active
sites enzymes.” At this time, the catalytic mechanism adopted by
P450nors seems broadly accepted: it includes the formation of a ferric
heme-nitrosyl adduct prone to 2-electron reduction by NADH to form
an iron-nitroxyl (i.e, HNO) intermediate that reacts with a second
NO to produce N>O and to regenerate the ferric protein.***! In en-
zymes with binuclear active sites, reductive coupling of NOyy) is
thought to involve two key steps: i) N—N bond formation between two
metal-nitrosylated reduced units forming a hyponitrite anion (N0,

HN) and ii) N—O bond scission from the HN intermediate to release
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N2Og."# 192 ## Although enzymatic studies and model chemistries
have provided useful mechanistic insights, there remains a great deal
of ambiguity around the order and timing of transfer of electrons from
the metal centers to NO(y), formation and coordination modes of the
M-NO unit (end-on, k-0, k'-N; side-on, k>~O,N) and M-HN (cis,
trans, monoanionic, dianionic, neutral) moieties and the timing and

pathway of proton-shuttling events.***>

The functional role of Cu in the activation of NO¢ has long been
explored in both protein studies related to HCOs and model com-
plexes.” Cu-mediated NOg-activation and coupling is also significant
to our understanding of a) Cu-dependent nitrite reductases that trans-
form NO¢y) to N2O(y) under high [NOy],'® b) Cu'/NOy-dispropor-

tionation reactions that generate N;O(g) and NO, %

59-60

c) peroxynitrite
formation by Cu-superoxo species** and d) NOx absorption and en-
vironmental detoxification.?® **%' In our own efforts to understand re-
ductive coupling of NO( at a Cu-chelate model, we isolated the struc-
turally characterized x>-O,0’-trans-[L.Cu"(u—N20,)?")]** complex
(00*») by subjecting stoichiometric or excess amounts of NO,) to
[(tmpa)Cu'(MeCN)]* {tmpa = tris(2-pyridylmethyl)amine} (1) in
protic MeOH at RT and demonstrated a solvent (protic vs aprotic)-
dependent difference in NO() activation products.® Metal bound #°-
0,0’-trans-u—N,O,*" units have also been observed in synthetic Fe,**
8365 Co,** and Y¥ systems, and shown to yield quantitative N2O(y upon

acidic proton-dependent N—O bond cleavage.®® In contrast, K*-O,0’-

¢is-N202*” binding geometries has been observed in Ru® and Ni’*7
model systems and Warren and coworkers most recently structurally
characterized an overall anionic ligand copper(1I)-HN complex with
¢is-O,0’-binding (with Cu(I) ligations one HN N-atom), which yields
NO upon acidification.” Recently, we also demonstrated how a sec-
ond-sphere H-bonding derived H* transfer facilitates N-O bond
cleavage of 00" to release N,O(y), underscoring the crucial balance
between H-bonding capabilities and acidities in (bio)chemical NOy)
coupling systems.” Nonetheless, there remain huge uncertainties con-
cerning the reaction pathway leading to formation of the x*-O,0’
N;O,*" unit and a comprehensive mechanistic description of Cu-me-
diated NO(y reductive coupling is still far-fetched.

In this article, we elucidate details of solvent-dependent reaction
pathways for the reductive-coupling (and/or disproportionation)
chemistry of NO(g) reactivity with [ (tmpa)Cu'(MeCN)]* (1) (Figure
1). Spectroscopic (UV-Vis and resonance Raman) monitoring of the
solvent and temperature dependence of the NO reductive coupling re-
action aided by low-temperature stopped-flow kinetics and computa-
tional analysis, lead to the characterization of two new intermediates,
including a cupric dinitrosyl species 1-(NO): and a dicupric-hyponi-
trite species 2 with novel HN coordination geometry distinctly differ-
ent from that of the trans-pu-0,0’-hyponitrite dicopper(Il) complex
characterized by X-ray crystallography (00**);** and to which it sub-
sequently isomerizes to in MeOH.*
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Figure 1. The overall scheme for the reductive coupling of NO(,) in MeOH and the disproportionation of NO(g) in THEF solvents facilitated
by [(tmpa)Cu'(MeCN)]* (1). See the text for detailed discussion on the intermediates involved.
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RESULTS AND DISCUSSION

Prior work has shown that room temperature exposure of 1to NOy,)
in MeOH generates the structurally characterized 00 complex
while the same reaction performed in THF leads to the disproportion-
ation-mediated nitrite-product [(tmpa) Cu"(NO,)]*.* As mentioned,
we present considerably advanced insights, including the finding of
new intermediates, via the low-temperature exploration of these reac-
tions.

A green mononuclear dinitrosyl intermediate, 1-(NO)>. Intro-
duction of NO(y) to a pre-chilled yellow solution of 1 between —80 °C
and—145 °C in2-MeTHF:THF mixture (4:1 v/v) produces a brilliant
green intermediate (See Figure 2) with an intense absorption band at
340 nm (e = 8000 M~ cm™) and distinctive 630 nm feature (¢ = 600
M™ cm™) and very weak transitions observed at 830 nm (e = 100 M™*
cm ™) and 915 nm (& = 100 M™* cm™) prior to its disproportionation
to the Cu-NO;™ product (UV-Vis; 410 nm, 840 nm) ( Figure S1),
which occurs in this solvent (but not in ROH, see below).*’Notably,
this intermediate exhibiting the 630 nm band is stable at —145 °C for
at least ~20-30 minutes and only slowly transforms to the Cu™-NO,~
product over a period of >3 hours when heated to —135 °C (see Fig-
ure $2). The Cu-NO; ™ product [ (tmpa) Cu™(NO,)]*, also verified by
Griess test, is formed in near-quantitative yield (95%, Figure S1) and
the disproportionation-mediated N>O() generated is obtained at
~78% yield (see the GC Data section in the SI), as has also been ob-
served in similar systems.”
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Figure 2. UV-Vis spectrum of the green intermediate species (the
putative dinitrosyl-copper complex 1-(NO)s, vide infra) formed after
addition of NOg) to a 0.15 mM solution of 1 at =145 °C in 2-
MeTHF:THF (4:1 v/v) (green trace); the inset shows the formation
of the 630 nm feature of the intermediate with additional weak bands
at 830 nm and 915 nm immediately following the addition of excess
NO(y to a 5.0 mM solution of 1 at =145 °C in 2-MeTHF:THF (4:1
v/v).
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The identity of this green intermediate was investigated by reso-
nance Raman (RR) spectroscopy; exposing 1 to NO(y), “"NO(y), and
“N™0O¢ at =80 °C and freezing the samples within less than a minute
as the color of the solutions evolved from yellow to green. RR spectra
obtained with a 647 nm excitation show intense bands at 1364 and
1622 cm™ that shift with NO-isotope substitutions (Figure 3), and
match expectation for isotope sensitivity of v(N-O) modes (Table 1).
The two V(NO)s are suggestive of a Cu-dinitrosyl complex 1-(NO)s,
and are accompanied by low-frequency bands at 768, 666, 585, and
510 cm™ consistent with Cu-N-O stretching and bending vibrations.
Furthermore, RR data obtained with a mixture of **NO and “N"*O
gases show new bands with intermediate frequencies between the
v(*N**0) and v(N-O) modes which supports a description of the two
V(N-O) modes as coupled vibrations, i.e., symmetric and asymmetric
vibrations (see Figure $3). Varying the Cu(I) starting concentration
and incubation time before freezing affects the intensity of these RR
bands relative to solvent bands, but the relative intensities of all these
NO-isotope sensitive bands are retained, supporting their assignment
to a single species with absorption features as seen in the UV-Vis data
(Figure 2).

1200 1400 1600 400 600 800 1000
Raman Shift, cm™ Raman Shift, em™

Figure 3. RR spectra of (1-(NO),) in 4:1 MeTHF:THF mixture
measured at 110 K with a 647-nm laser excitation and generated with
unlabeled NO (black), “NO (red), and *N**O (blue); also shown is
the spectrum of 1 obtained in the same conditions (grey).

The low-frequency RR modes are reminiscent of symmetric and
asymmetric V(N-Fe-N) and 8(N-Fe-N) in dinitrosyl-iron complexes
(DNICs) but are upshifted by ~100 cm™ as may be expected from a
{M(NO):}" or {M(NO),}"* species. Inversely, the v(N-O) are ob-
served at much lower frequencies than in {Fe(NO).}° and
{Fe(NO),}'* DNICs (see Table 1 below).”*” In DNICs, the higher
N-O stretching frequency is the more intense RR signal and is assigned
to the symmetric v;(N-O), but in the complex characterized here, the
low-frequency V(N-O) is the more intense band. Also, while differ-
ences between symmetric and asymmetric N-O stretches (i.e., AVv(N-
O)) range between 10 and 100 cm™ in DNICs and reflect differences
in metal coordination numbers and ON-Fe-NO angles, the Av(NO)
observed here is 258 cm™, suggesting a Cu"(NO)(NO") electronic
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configuration with strong d to n* backbonding leading to high Cu-N-
O stretching/bending frequencies and low N-O stretches. There are
mentions of Cu-dinitrosyl species in Cu-zeolite catalysts and argon
matrix studies,”*”® but we are not aware of any report for copper-di-
nitrosyl complexes in homogeneous systems. As a relevant aside, EPR
measurements on green 1-(NO); indicated this species is EPR-silent
as expected (see the SI Figure $4).%

Table 1. Vibrational frequencies of 1-(NO); and DNICs*

(tmpa)Cu(NO), |{(SPh):Fe(NO),}* [{(TMEDA)Fe(NO),
(AISN,Also) }10
v(N-O)s 1622 (22, -| 1731sym (-37) 1687 (-35)
64) 1692asym (-31) | 1630 (-34)
1364 (20, -
56)
vas(N-M-N) | 768 (-8,-18) 598 (-4) n.r.
vs(N-M-N) 666 (-3,-5) 525 (-6) n.r.
5s(N-M-N) 585 (-3,-4) 440 (-11) n.r.
Sas(N-M-N) 510 (-5,-10) n.r. n.r.

“Frequences in cm™; “NO and *N'®O shifts are reported in paren-
theses; n.r., not reported.

A brown binuclear trans-hyponitrite intermediate, 2. In striking
contrast to the THF-chemistry (vide supra), addition of excess NOg)
to a pre-chilled solution of 1 at =110 °C in EtOH leads to the
generation of a stable brown species 2 with a strong absorption feature
at470 nm (g ~ 1600 M'cm™) and additional low-energy bands at 630
and 825 nm ( € ~370 and 480 M'cm™, respectively) (Figure 4). Full
conversion of 1 to 2 requires ~2-3 hours at =110 °C and 2 is stable for
> 4 hours in solution. This hyponitrite species [{(tmpa) Cu"}>(N,0-*
)1** (2) (see below) is directly generated upon mixing 1 and xs NO()
in MeOH at —95 °C.
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Figure 4. UV-Vis spectra of the reaction of [(tmpa)Cu'(MeCN)]*
(1, red trace) with excess NOg) at —110 °C in EtOH showing the
growth of the 470, 630 and 825 nm absorption features (brown trace)
of the putative hyponitrito intermediate [{(tmpa)Cu"}.(N.0.")]*
(2) (inset) time course of the growth of the 470 nm band.

Monitoring the decay of 2 at temperatures between — 85 and -50 °C
by UV-Vis spectroscopy shows the gradual loss of the 470 nm band of
2 in favor of absorption bands at 312 (¢ ~ 3800 M'em™), 670 (& ~
200 M~'cm™) and 875 nm (& =270 M 'cm™) that match those of the
previously structurally characterized and RT stable x*-O,0’-trans-
[(tmpa).Cu,"(N202)*")]** (00*™; see Figure 1) complex (Figure
5). Cooling 00" to —110 °C does not regenerate the absorption
spectrum of 2, providing experimental evidence for the greater thermal
stability of 00** compared to 2. Addition of excess NOg) to a solu-
tion of 1 in EtOH at room temperature directly yields the green 00*™*
complex, indicating the general stability of 00** in ROH solvents at
room temperature.®”
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Figure 5. UV-Vis spectra of the reaction of 1 (1 mM) with excess
NOgy at =50 °C in EtOH, showing the rapid formation of 2 (brown
trace) from the starting complex 1 (red trace) in solution and the de-
cay of 2 (brown trace) to 00 (green trace). The time traces of the
470 nm and 875 nm bands are shown in inset.

RR spectra of 2 obtained with a 458 nm laser excitation show in-
tense bands that downshift when the intermediate is prepared with
“NO¢y and “N"Oy, (Figure 6). A strong band at 1393 cm™ that
downshifts 47 cm™ with *NO and “N"0O is assigned to a v(N=N)
since this value matches the calculated *N-downshift from Hooke’s
law for a harmonic N—-N oscillator. Additional features at 1117 and
1164 cm™ that show both *N- and **O-isotope sensitivity are assigned
to Vi(N-O) and v.s(N-O) modes, respectively. Aband at 581 cm™ that
shifts ~31 cm™ with “N'*O but is unaffected by *NO labeling is as-
signed to the in-plane §(ONNO) mode. The lack of sensitivity of the
V(N=N) to "*O-labeling and that of the 3(ONNO) to '*N-labeling
support a symmetric coordination geometry of the bridging HN lig-
and, i.e. y-k>-N,N’-trans or y-x°-O,0’-trans bridging geometry, where
N- and O-atoms displacements are restricted to N=N stretch and O-
NN-O bend, respectively.

Aband at 375 cm™ that shifts -2 and —8 cm™ with *NO and *"N**O
may correspond to a v(Cu-N20:) or an out-of-plane (ONNO) de-
formation mode (Figure 6). Other low-frequency RR bands at 316,
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456, and 484 cm™' show no isotope sensitivity and must correspond to
vibrations from the tmpa ligand; our DFT calculations (vide infra)
confirm all these assignments, including the 375 cm™ band as the out-
of-plane 8(ONNO) mode, and the other low-frequency RR bands as
tmpa vibrations. These data represent the first RR characterization of
a cupric-hyponitrito species. Importantly, RR experiments with 00*™*
in EtOH or MeOH at room temperature or —110 °C with laser excita-
tion at 647 or 407 nm revealed no resonance-enhanced signals, as re-
ported previously.*” 27

Raman data for metal-hyponitrito (ONNO?") species are scarce but
athorough comparison of the vibrational frequencies obtained for 2 to
that of Na;N;O, in H,O and p-N,O-hyponitrite bis[pentaamine-
Co(II)]* cation undoubtedly establishes the presence of a bidentate
trans-ONNO? unit in 2 (Table 2)%** the likely structure of which is
discussed below.
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1131 ‘ ;
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Figure 6. RR spectra of 2 prepared in EtOH at —110 °C and meas-
ured at 110 K with a 458 nm laser excitation and generated with unla-
beled NO (black), *NO (red), and *N**O (blue); also shown are the
spectrum of 1 obtained in the same conditions (grey), and the isotope-
edited difference spectra (green traces).

Table 2. Comparison of the vibrational frequencies (in cm™) of 2
with those of [(NH;)s(Co(I11) ],(ONNO?*) u-N> 0, the free hyponi-
trite (ONNO?") anion®*? and DFT calculated values (vide infra).

Journal of the American Chemical Society

[(tmpa)Cul,( |DFT calculated fre-| [(NH:)sCol.( | ONNO*
ONNO) {i.e. jquencies for] ONNO*) (ABN)
2}(A®N, R.EtOH, (vide in-| u-N',0' (A"N)
A¥0) fra) (AN, A0)
V(N-N) |1393(-47,0) [1376(-45,0) 1391 (-43) 1390 (-46)
V(N-O)., | 1164 (-33,-8) [1068 (-27,-33) 1124 (-28) 1119 (-28)
Vv(N-0). |1117(-29, - [1021 (-26,-9) 1033 (-20)
12)
916 (-11)
S(ONN | 581(0,-31) 545 (-4,-15) 600 (0) 684 (-2)
0)
375(-2,-8) W11(-4,-16) 372(-7)
43 (-5,-2) 323(-1)
238 (-3)

The EPR spectrum of 2 also supports a symmetric bridging geome-
try of the HN ligand since an excellent fit of these experimental data
can be obtained using a single set of g and A values; these EPR param-
eters are characteristic of a classic reverse axial-like pattern as expected
for a d.? ground state within a trigonal bipyramid (TBP) copper(II)
ion geometry (Figure 7). This EPR spectrum thus also indicates that
the Cu(II) centers are magnetically isolated, supporting a lack of ex-
change coupling through the HN group bridging the two Cu(II) ions.
Such observations were also found with the 00*® complex,®* and a
close analogue.”

2800 3000 3200 3400 3600
Magnetic Field, Gauss

Figure 7. EPR spectrum of [{(tmpa)Cu"},(N>0,*)]* (2) (2 mM
in MeOH/EtOH = 1:1 glass) at 20 K (black trace) and simulated spec-
trum (g = 2.19, 2.16, 1.99; A = 326, 236, 214 MHz) (red trace), indi-
cating the copper(II) ions in 2 possess trigonal bipyramidal geome-
tries and are magnetically isolated (see text).

Low-temperature stopped-flow kinetic analysis of the for-
mation of 1-(NO) and 2 in MeOH. Stopped-flow UV-Vis experi-
ments conducted with different concentrations of 1 (0.5 -2 mM) and
NO¢) (0.175 - 7 mM) in MeOH at —85 °C provide information on the
reaction leading to the formation of 1-(NO); and 2 (Figure 8). A first
intermediate, evidenced by appearance of an absorption feature at 627
nm in the first 45 ms of the reaction (before it loses intensity) per-
formed with the lowest NO concentration (0.175 mM) is tentatively
assigned to a [(tmpa)Cu'(NO)]* complex 1-(NO) (Figure 9). At all
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other NO¢) concentrations, this growth phase is not observed and
only it decays to a new species with much weaker absorbance in the
~620 and 400 nm region of the visible spectrum.

3.0+

2.5+

2.0 — Intermediate 1-(NO)
= Intermediate 1-(NO)2|

1.59 Intermediate D

Absorbance, A.U.

8 \4\

350 400 450 500 550 600 650 700
Wavelength, nm

627

Absorbance, A.U.

T T T T T T T
350 400 450 500 550 600 650 700

Wavelength, nm

Figure 8. Rapid-scan spectra recorded within 0.001 to 0.5 s of the
reaction of 1 (1 mM) and NO¢y (3.5 mM) in MeOH at -85 °C (first
and last spectra (red and green traces, respectively), intermediate
spectrum with maximum 1-(NO), contribution (blue trace); Inset:
simulated spectra of 1-(NO) (red), 1-(NO), (blue) and D (green)
from the global analysis of the decay of 1-(NO).

Experiments performed at different NO(y) concentrations show that
the decay rate of 1-(NO) increases with increasing NO(y) concentra-
tions (Figure 9, inset). These data may reflect binding of a second
NO(y molecule to 1-(NO) to form a dinitrosyl derivative or an accel-
erated dimerization of 1-(NO) at higher NO,) concentrations due to
a larger fraction of 1-(NO). Further kinetic experiments allow us to
exclude the latter alternative. Specifically, determining the fraction of
1-(NO) produced at different NO¢,) concentrations shows that 1-
(NO) saturates at [NO(y] = 0.7 mM and 1 mM (L)Cu' while its decay
rate continues to increase at 3.5 mM NO¢). For more mechanistic de-
tails see the SI and Figure SS.
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Figure 9. Kinetic trace for the reaction of 1 (1 mM) with NO,)
(0.175 mM) in MeOH at —85 °C showing the buildup of 1-(NO)
within the first 45 ms. Inset: initial rates for the decomposition of 1-
(NO) (1 mM) under varying NO(y) concentrations; to better visualize
this comparison of decomposition rates, starting absorbance and start-
ing decay time were adjusted for each NO(g) concentrations to account
for the impact of these different NO¢,) concentrations on the for-
mation rate and maximum concentration buildup of 1-(NO).

Using the initial rate method with varying NO(y) concentrations, the
conversion of 1-(NO) is shown to be a first-order process with respect
to NO) (n = 1.0 £ 0.2, see Figure $6). Thus, species 1-(NO) reacts
with NOg) to form a copper-dinitrosyl complex [(L)Cu'(NO),]* or
[(L)Cu(NO)(NO)]* (1-(NO),). Accordingly, the optical features
(blue spectrum, Figure 8) observed by stopped-flow in MeOH agree
reasonably well with those of 1-(NO). in aprotic solvent (see Figure
2). Importantly, the formation of this copper-dinitrosyl complex s ob-
served even at sub-stoichiometric concentration of NO(g) showing that
this species is thermodynamically favorable relative to its mononitro-
syl precursor (K. > K1), a characteristic often seen with iron chemistry
of NO.5*%

Although 1-(NO): is clearly formed at low [NO] it does not accu-
mulate in the reaction mixture and undergoes subsequent conversion
to a new species within the next 2 seconds. At higher NO(y) concentra-
tion, i.e. [NO] = 7 mM, the formation and decay/transformation of
intermediate 1-(NO) is too fast to be observed, but the formation of
1-(NO), is well resolved and reveals a pseudo-first rate constant kebs =
7.3+ 025" at -85 °C and [NO] = 7 mM (Figures S7 and S8). Un-
fortunately, the very rapid decay of 1-(NO), at [NO] > 7 mM pre-
cluded the determination of a second-order rate constant. Neverthe-
less, assuming a steady state concentration of 1-(NO) and negligible
back reaction, the second-order rate constant for the formation of 1-
(NO), can be approximated to be 1050 + 30 M's™ at —85 °C in
MeOH (Figure 10).

1 1-(NO) 1-(NO), D

(L)Cu-NO o

NO, K4 NO, K, (Lcu! N
(Lcu (LCU(NO), ——> (LU Tu(L)

k¢= 1050 £ 30 M-'s"" N

o

L I_N A
(L)Cu=NO kP=3.3%0.9x 103 M's"!

Keq=KixK;=13£0.4x10° M2
Figure 10. Proposed sequential pathway and kinetic parameters for
the formation of 1-(NO), 1-(NO): and putative dicopper-dinitrosyl
intermediate D in the reaction of NO(g) with 1 at -85 °C in MeOH.

Importantly, the decay of 1-(NO), occurs with its fastest rate at
moderate concentration of NO ([NO] = 3.5 mM, i.e. 1.5-fold relative
to 1) (Figure $9), indicating that it requires the presence of unreacted
complex 1 to form a dicopper-dinitrosyl intermediate we name D. Alt-
hough the kinetic description of the formation of 1-(NO): and its de-
cay product are complex, a rigorous kinetic analysis provides an overall
equilibrium constant for the formation of 1-(NO), (1+2 NO =1-
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(NO),), Koy = 1.3 £0.4 x 10° M2, and a second order rate constant
for the formation ofthe intermediate D, kP= 33 + 09 x
10° M's™" (see more details of the kinetic analysis in pages $§9-$13 and
Figures $10 and S11 in Supporting Information).

On the longer time scale intermediate D decomposes to a transient
species we name NN that displays an absorption band at 460 nm be-
fore proceeding to several new species with spectral characteristics
(470 nm) resembling those of intermediate 2 (Figures 11 and $12).

25

2.0

N
(9]

Absorbance, A.U.
P

0.5

0.0

400 450 500 550 600 650 700

Wavelength, nm

Figure 11. Rapid-scan spectra recorded for the reaction of 1 mM
(L)Cu'and 7 mM NOy,) in MeOH at -85 °C within 25 seconds show-
ing the transition from intermediate 1-(NO). with its characteristic
627-nm absorption (blue trace), to intermediates D (unfeatured visi-
ble absorption, green trace), NN (460-nm maximum, cyan trace) and
2 (470-nm maximum, magenta trace).

Computational (DFT) analyses. DFT calculations were carried
outat the $12¢/TZ2P level,*** as recently accomplished in successful

I and diiron'V com-

fashion for antiferromagnetically coupled diiron
plexes.” The calculated electronic structure (Figures S$13-S14) for the
mononitrosyl complex 1-(NO) (See pages $17-S18) shows the cop-
per atom remaining in the reduced Cu' state exhibiting a distorted
TBP geometry, and the radical character remaining fully localized on
the nitrosyl ligand (i.e., the MDC-d spin-density charges on NO sum
up to 1.02 electrons). This finding is consistent with those determined
for other Cu(I)-derived mononitrosyl species in literature.”*** The
Cu—N(nitrosyl) distance (Table 5.1.2, SI) is found at 1.91 A, signifi-
cantly shorter than the Cu—N(tmpa) distances found between 2.06
and 2.18 A. The N-O distance at 1.20 A is halfway between that ob-
served (at CCSD(T)/aug-cc-pVQZ) for a NO radical (1.15 A) and a
nitroxyl moiety (i.e., NO~) (1.25-1.26 A). Accordingly, the computed
NO stretching frequency (Table 5.1.3, SI) in 1-(NO) is 1596 cm™,
significantly lower than the NO stretch of free NO at 1908 cm™ (NO
radical, $12g/TZ2P).” This value is also lower than those observed for
other Cu-NO species.””** The Cu—N-O angle is observed at 119.9°
(Figure S13, SI), which is consistent with a nitrosyl double bond as
confirmed by the BODSEP bond order of 1.95 (Table 5.1.2, SI) and
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the lower absorption frequency. Cu-NO structures in a square pyram-
idal environment and with O-coordination were also tested computa-
tionally and found to be less stable (see pages $19-825).

Binding of a second NOg to 1-(NO) might lead to a
[(L)Cu'(NO):]* ora [(L)Cu(NO")(NO)]* electronic structure for
1-(NO) (See pages $27-834). DFT calculations produce Cu' and
Cu" electronic structures that are isoenergetic with Gibbs free energies
that only differ by less than 1 kcal-mol” (Table 5.2.1, SI). The Cu' de-
scription (C**, see Figure $25, Tables 5.2.2-5.2.3 in the SI) favors
covalently bound nitrosyl groups to form a hyponitrite moiety
(O-N=N-0) with NO stretches at 1369 and 1451 cm™, close to ni-
troxyl anions species. This dianion character would suggest a Cu™
state if it were not for an inverse ligand field,”” and indeed the orbital
occupations indicate a Cu' state.

The Cu" description (see Figure 12 and C? Figures $30-S31), with
an N—N bond only partially formed, as indicated by a N-N distance of
2.08 A (Table 5.2.6 in the SI) and BODSEP bond order of 0.46 ((Ta-
ble 5.2.6 in the SI), shows radical character on the copper, and NO
stretches at 1538 cm™, 1726 cm™ (Figure 3, Table 1) that are more
consistent with nitrosyl radical than nitroxyl anions. These calculated
frequencies are quite high relative to experimental values for 1-(NO)s,
but they produce a AVv(NO)s of 188 cm™ (Table 5.2.7 in the SI) that
matches better the 258 cm™ value observed in the RR spectra of 1-
(NO), (Table 1). The computed UV-Vis spectrum of the Cu" struc-
ture with intense peaks between 375-400 nm, shoulder around 480 nm
and a minor peak at 666 nm (see Figures $26, $29, $32) is a closer
match to the experimental data for 1-(NO), (Figure 2). Efforts to
model structures of 1-(NO), in square pyramidal geometries showed
these to not be viable; see further comments in the SI ( see pages $34-
$55).

As described above, the next intermediate D evidenced by the
stopped-flow analysis corresponds to the addition of a cuprous ion
complex to the dinitrosyl species 1-(NO),. The DFT modeling for this
intermediate supports a Cu2(NO), diamond core structure (Figures
1,856),” as most recently described by S. Zhang and coworkers®** and
also similar to a recent motif found in iron-nitrosyl chemistry.*® OQur
calculations (see pages $56-S57) indicate a Cu' oxidation state with
dissociation of one pyridine ring per copper (Cu-N distance 3.01
A)(Tables 5.3.1-5.3.2 in the SI) to facilitate the formation of the dia-
mond core with pentacoordinate Cu' centers (Figure 12).

2

1-(NO) 1-(NO),
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Figure 12. DFT optimized structures for intermediates 1-(NO) -
00** based on calculations at (COSMO, ZORA)-S12g/TZ2P. See
the text and Supporting Information for additional details.

The subsequent formation of the N—N bond is accompanied by the
breaking of diamond core, leading to a dicopper{11)-hyponitrite inter-
mediate NN, the proposed N,N’ bound hyponitrite (see Section 5.4 in
the SI; Pages $58-S64), prior to rotation of the hyponitrite to form the
first O,0-bound hyponitrito dicopper(II) complex 2, characterized by
resonance Raman spectroscopy (Figure 1). Based on the structure of
NN, a counter-clockwise rotation in which the oxygen atoms bind to
the opposite copper seems to be the most plausible route to formation
of 2. In the formation of this species (see Supporting Information,
pages $65-870), the two tmpa ligands are oriented in a cis-like manner,
possibly stabilized through 7-7 stacking of pyridine rings from oppo-
site tmpa ligands (Figures $67-S68). The weakly anti-ferromagneti-
cally coupled Cu" in intermediate 2 are bonded to the HN moiety in
the axial position (Figure 13) with Cu—O distances of 1.949/1.991 A
(see Table 5.5.1 in the SI). Importantly, the symmetry around the hy-
ponitrite ligand in 2 produces calculated vibrational frequencies and
N/O isotope shifts that match observed RR frequencies (Table 2 in
main text and Table 5.5.2 in the SI). This match is particularly true
when four solvent molecules are included explicitly in the calculations
for intermediate 2, bringing the computed v(N—N) values of the pro-
posed structure 2¢EtOH, at 1376 cm™ and A”N and A'O shifts in
perfect agreement with experiments (see Supporting Information, Ta-
bles §.5.3-5.5.4; pages $68-S70). The in-plane and out-of-plane
S8(ONNO) frequencies (at 545 and 411 cm™ with DFT, respectively;
Table 5.5.4. in the SI) also produce isotope shifts that match the RR
data. The computed trigonal bipyramidal coordination of the two
Cu(II) ion is also consistent with the observed EPR spectrum of 2

(Figure 7).

Rotation of one of the tmpa ligands in 2 suffices to bring the overall
structure of the dicopper complex towards the trigonal bipyramidal
structure in the room temperature stable hyponitrito complex 00**
observed previously by X-ray crystallography.® The N-N central dis-
tance of 1.273 Ain 2 (Table 5.5.1 in the SI) is only slightly larger than
that observed in 00** (1.257 A X-ray;%? 1.270 ADFT (Table 5.6.1 in
the SI)), while the N—O distance is somewhat larger in the X-ray struc-
ture (1.360 A) than by DFT (1.310/1.325 A for 2, 1.310 A for 00*™
(Table 5.6.1 in the SI)). Although no MeOH molecules was found in
the crystal structure of 00™,% the inclusion of four explicit solvent
molecules in the calculations improves the agreement significantly,
with N—O distances of 1.334/1.342 for 2.EtOH, and 1.318/1.329 A
for 00**.EtOH,, and N—N central distances of 1.259 A for 2.EtOH,
and 1.260 A for 00*%.EtOH, (see Supporting Information, pages
$68-S870 for computational details of 2.:EtOHs, $74-876 for compu-
tational details of 00*%.EtOHy,).

Figure 13. (COSMO/ZORA)Sl2g/TZ2P optimized structure of
2 and its spin-density (isosurface value 0.005). An alternative compu-
tational structure includes four EtOH solvent molecules which are H-
bonded to the hyponitrito ligand. See the text and Supporting Infor-
mation for additional details.

Additionally, the Gibbs free energies for structures D to 00*™*
(Figure 12) are all within a < § kcal-mol” range, which corroborates
the viability of the proposed reaction path. These differences are even
smaller when four solvent molecules are included explicitly. Because
of the large size of the system involved, no transition-state searches
have yet been attempted.

Reactivity studies of intermediate 2. Exposing 2 to 1-10 equiv of
the O-atom scavengers viz. Me,S and Ph;P at —110 °C had no measur-
able effect. Similarly, 2 did not react with Lewis acids such as
Sc(OTf)s, Zn(OTI), or weaker Bronsted acids such as p-cyanophenol
and p-nitrophenol. However, exposure of 2 to 1 equiv of the strong
acid [H(DMF)]*("OTf) results in a 50% loss of the 470-nm absorp-
tion feature from 2 and complete loss after addition of 2 equiv of the
acid (Figure 14) over a period of 50 minutes. GC analysis of the reac-
tion vessel headspace reveals a near-quantitative production of N>O
(~85%) (Figure S79).
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Figure 14. UV-Vis spectroscopic monitoring of reaction of 2 with
two equiv [H(DMF)]*("OTf) at —110 °C. Complete decay of the 470
nm band takes 50 minutes.

CONCLUSION

Our study provides a detailed mechanism of Cu-mediated "NO,
reductive coupling in protic/H-bonding alcohol solvents. For copper
ion systems where initial reaction of a Cu(I)-complex with NOg) is ex-
ceedingly fast, we have provided evidence for the formation of an ini-
tial mononuclear copper-nitrosyl unit, whereupon a new cupric di-
nitrosyl intermediate 1-(NO): is identified for the first time by reso-
nance Raman spectroscopy. Efforts to model this intermediate by
DFT produced a number of isoenergetic cupric structures, which only
moderately reproduce the spectroscopic features of 1-(NO),. The di-
nitrosyl species converts to a novel cupric hyponitrite intermediate
characterized again for the first time by resonance Raman spectros-
copy. DFT modeling of this complex 2 produces an excellent match in
K-0,0’-trans-
[L,Cu"(N202)")]* structure. Complex 2 isomerizes at higher tem-

vibrational frequencies supporting a
peratures to a symmetric O, O’-trans-hyponitrito complex 00*™.
These data represent the first concrete example of a temperature-de-
pendent isomerization of a metal-bound hyponitrite species en route to
N-O bond cleavage. Strikingly, the hyponitrite formation is only
achieved in H-bond donating solvents (R-OH), with the mononu-
clear-dinitrosyl intermediate 1-(NO). decomposing to the nitrite
product [ (tmpa) Cu"(NO,)]*in aprotic tetrahydrofuran. This solvent
dependence supports a crucial role for hydrogen bond interactions in
facilitating N—N bond formation in dinitrosyl species.”* Future syn-
thetic model studies incorporating intramolecular H-bond donors are
already underway in our laboratories.

EXPERIMENTAL SECTION

Materials and Methods. All commercially available chemicals were
purchased at the highest available purity from either Sigma-Aldrich
(Millipore Sigma) or TCI America and were used as received unless
otherwise stated. Synthesis and manipulation of air-/moisture-sensi-
tive substances were carried out using standard Schlenk techniques
under an argon atmosphere, or in a nitrogen-filled Vacuum Atmos-
pheres glovebox with H>O and O: levels <1 ppm. All organic solvents
were purchased at HPLC-grade or better. Methanol/Ethanol were de-
gassed (bubbling argon gas for 40 min at room temperature) in an ad-
dition funnel connected to an evacuated Strauss flask under an inert
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atmosphere and dried using molecular sieves after transferring to the
glovebox. All solvents were then stored in dark glass bottles inside the
glovebox over 3 A activated molecular sieves for at least 72 hrs prior to
use. Nitric oxide was purchased from Matheson Gases and purified ac-
cording to published procedures.”*” Purified NO(g) was then stored in
25 or 50 mL Schlenk flasks sealed with a rubber spectrum and copper
wire. N*°O and *N**O bottles (1 litre) were both purchased from
ICON Isotopes (Dexter, MI) and transferred directly to individual 25
ml Schlenk flasks using air-free techniques.

Instrumentation. UV-Vis absorption spectra were collected on a
Cary-50 Bio spectrophotometer equipped with a liquid nitrogen
chilled Unisoku USP-203-A cryostat (Unisoku Scientific Instru-
ments) using a 1 cm modified Schlenk cuvette. Electron paramagnetic
resonance (EPR) spectra were collected in 5 mm (outer diameter)
quartz tubes using an X-band Bruker EMX-plus spectrometer coupled
to a Bruker ER 041 XG microwave bridge (~9.4 GHz) and a Bruker
EMX 081 power supply: microwave frequency = 9.42 GHz, micro-
wave power = 0.201 mW, attenuation = 30 dB, modulation amplitude
= 10 G, modulation frequency = 100 kHz, temperature = 20 K. Gas
chromatographic analysis for headspace N2O(y) quantification was car-
ried out using a Agilent 8860 instrument (manual injection) equipped
with a HP-$ {specifications: 30 m long, 0.32 mm wide (witha 0.25 pm
film)} J&W GC capillary column. The GC samples were injected us-
inga 100 pL gas-tight syringe, and the injector oven and detector oven
were maintained at 200 and 300 °C respectively. The GC column tem-
perature was set at 150 °C. The duration of each GC experiment was
10 min.

Stopped-Flow Kinetics. All experiments were performed using a
Biologic cryo SEM-4000 four-syringe stopped-flow combined with a
150 W xenon lamp and a J&M TIDAS diode array detector (200-724
nm, integration time 0.5 ms). Prior to use, the stopped-flow system
was flushed two times with argon and two times with degassed metha-
nol. For the measurements only two syringes were used. The solutions
of NO() and Cu'(tmpa)complex were mixed in a 1:1 ratio with a total
flowrate of 5.5 mL/s, resulting in a total volume of 226 pL. For cooling
aHuber C-905 cryostat filled with silicon oil was used. The analyses of
spectral changes as well as global analysis of kinetic traces at various
wavelengths were performed by the use of Specfit, Global Analysis Sys-
tem (Version 3.0.38 for 32-bit Windows system).

All solutions were prepared in degassed methanol as solvent under
anaerobic conditions. NO(g saturated solution was prepared by bub-
bling pure NO(y) gas through methanol in Schlenk tube equipped with
septum (usually 10 mL of methanol was bubbled for 20 minutes). NO
gas was purified in accordance with literature procedures (saturated
potassium hydroxide, column of Ascarite, column of P,Os).” The con-
centration of the saturated NQ(y) solution in methanol was determined
by a NO-sensitive electrode (14 mM). For the different NO(g) concen-
trations, appropriate dilutions of NO saturated solution were per-
formed by using a Hamilton gastight syringe equipped with a 3-way
valve. The solutions of Cu'(tmpa) complex were prepared and stored
in the glovebox and brought outside by using Hamilton gastight sy-
ringes equipped with 3-way valves.

Computational details. All DFT calculations were performed with
the Amsterdam Density Functional (ADF)*'® and QUILD'' pro-
grams. Molecular orbitals were expanded in an uncontracted set of
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Slater type orbitals (STOs) of triple-{ quality with double polarization
functions (TZ2P).""*'% Core electrons were not treated explicitly
(frozen core approximation'®). An auxiliary set of s, p, d, f, and g STOs
was used to fit the molecular density and to represent the Coulomb
and exchange potentials accurately for each SCF cycle. Geometries
were optimized with the QUILD'® program using adapted delocalized
coordinates until the maximum gradient component was less than 107*
a.u. Energies, gradients, Hessians'™ (for vibrational frequencies) and
UV-Vis spectra (TD-DFT) were calculated with the S12g func-
tional,*** by including solvation effects through the COSMO'® die-
lectric continuum model with appropriate parameters for the sol-
vents.'” For computing Gibbs free energies, all small frequencies were
raised to 100 cm™ in order to compensate for the breakdown of the
harmonic oscillator model.'”"* Scalar relativistic corrections have
been included self-consistently in all calculations by using the zeroth-
order regular approximation (ZORA)'®. For the frequencies calcula-
tions the Becke""""" grid of Normal quality was used; all other S12g
calculations were performed with a Becke grid of VeryGood quality.
All DFT calculations were performed using the unrestricted Kohn-
Sham scheme.

All computational data have been uploaded (DOI: 10.19061/iochem-
bd-4-35) onto the IOCHEM-BD platform (www.iochem-bd.org) to
facilitate data exchange and dissemination, according to the FAIR

principles'”

of OpenData sharing.

Samples for UV-Vis study. In a general procedure, a stock solution
of ~ 2.0 mM [LCu'(MeCN)]B(CeFs)4 [L=tmpa] is made by dissolv-
ing the solid complexes in EtOH (or MeOH) in scintillation vials in
the glovebox. Each LCu solution was transferred in a Schlenk cuvette
via syringe, capped with septum, parafilmed and taken out of the glove-
box. The cuvette is allowed to cool to —110 °C (for EtOH) or —90 °C
(for MeOH) in the cryostat of the UV-Vis spectrophotometer for 15
minutes and then 5.0 ml of *N**O¢ is injected at once through a me-
tallic needle of a 3-way gastight syringe following which the spectra are
recorded. The same procedure is followed for recording the spectra at
—50°C corresponding to Figure 4. A 5.0 ml 3-way gastight syringe, pre-
vacuum/Ar(y,) purged and equipped with a long (10-inch, 21-gauge)
needle, was used to transfer the gas to a reaction vessel by drawing up

gas from the Schlenk flask headspace.

Resonance Raman Spectroscopy. Resonance Raman samples
were prepared inside a glovebox containing less than 1 ppm O, (Om-
nilab System, Vacuum Atmospheres Co.) as ~2.0 mM stock solution
of [(tmpa) Cu{MeCN)]B(CsFs)+ (1) in EtOH or MeTHF:THF mix-
ture; SO0 pl aliquots were transferred to standard NMR tubes and
capped with tightfitting septa and parafilm wrapping. The sample
tubes were placed in a cold bath (EtOH/lig N> (—110 °C)) and main-
tained at -110 °C for 10 minutes before a fast, one-time addition of §
ml NO(y) with a gastight Hamilton syringe previously loaded with un-
labeled or labeled gas inside the glovebox. The mixture was allowed to

react at —110 °C for ~2 hours and frozen in liquid No.

Resonance Raman samples were obtained using a custom McPher-
son 2061/207 spectrometer equipped with a Princeton Instrument
liquid-Ns-cooled CCD detector (LN-1100 PB). Semrock RazorEdge
filters were used to attenuate Rayleigh scattering. Excitations were
from a krypton or argon ion laser (Innova 302C and Innova 90,

Coherent). Laser intensities ranged from $ to 20 mW and were loosely
focused with a cylindrical lens to illuminate an area of 10 mm by 0.2
mm at the bottom of the sample in the NMR tube. The NMR tube was
maintained at ~110 K inside a copper cold finger cooled with liquid
nitrogen and was spun continuous to minimize photochemistry and
bleaching of chromophoric complexes. Frequencies were calibrated
relative to aspirin and are accurate to£ 1 cm™.

Electron Paramagnetic Resonance (EPR) Spectroscopy. In the
glovebox, a 500 pul  of 20 mM  solution of

[ (tmpa) Cu(MeCN)]B(C¢Fs)« (1) in EtOH was prepared, transferred
to an EPR tube and capped with tightfitting septa before parafilmed.

The sample tube was placed in a cold bath (EtOH/liq N> (—110 °C))
and maintained at that temperature for 10 minutes before a fast, one-
time addition of 5 ml “N'°O(y via a fine-point needle of a three-way

gastight syringe. The mixture was allowed to react at —110 °C for ~2
hours prior to the tube being frozen in liquid N. Figure 7 depicts the
EPR data obtained.
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