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Conversion of Nitric Oxide into Nitrous Oxide as Triggered by the
Polarization of Coordinated NO by Hydrogen Bonding
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Abstract: Reduction of the {Co(NO)J® cobalt-nitrosyl N-
confused porphyrin (NCP) [Co(CTPPMe)(NO)] (1) pro-
duced electron-rich {Co(NO))° [Co(CTPPMe)(NO)][Co-
(Cp*),] (2), which was necessary for NO-to-N,O conversion.
Complex 2 was NO-reduction-silent in neat THE, but was
partially activated to a hydrogen-bonded species 2--MeOH in
THF/MeOH (1:1, v/v). This species coupling with 2 trans-
formed NO into N,O, which was fragmented from an [N,O,]-
bridging intermediate. An intense IR peak at 1622 cm™ was
ascribed to v(NO) in an [N,O,]-containing intermediate.
Time—course ESI(—) mass spectra supported the presence of
the dimeric [Co(NCP)],(N,0O,) intermediate. Five complete
NO-to-N,O conversion cycles were possible without significant
decay in the amount of N,O produced.

Reduction of nitric oxide (NO) to nitrous oxide (N,O) is
catalyzed by a nitric oxide reductase (NOR), which has a non-
heme/heme binuclear active site at its catalytic center.!!
However, the details of the catalytic process, including the
active species involved in NO coupling, the short-lived
adducts of two NO units, and N—O bond cleavage upon
N,O release, are not well-understood. Biomimetic models of
non-heme/heme hybridized active centers have been gener-
ated to investigate the chemistry of NO reduction;>
however, only the initial NO coordination at the active site
and the ultimate N,O release were characterized in these
functional model studies. The formation of N,O by the
protonation of putative hyponitrite (N,0,? )-coordinating
intermediates has also been studied extensively with a handful
of homo-bimetallic and mononuclear complexes.! The difer-
ric hyponitrite porphyrin complex [(OEP)Fe],(m'n'-N,O,)
was obtained from the reaction of trans-H,N,O, and [Fe-
(OEP)],(u-0).*! However, the same diferric p-hyponitrite
complex has never been produced by a radical-coupling
reaction of two mononuclear {Fe(NO)}’ [(OEP)Fe(NO)]
units, in which {Fe(NO)}" is the Enemark—Feltham notation.”!
These results indicate that a radical-type coupling reaction to
give a u-N,O, bridging diferric porphyrin is thermodynami-

[*] C.-H. Chuang, Prof. C.-H. Hung
Institute of Chemistry, Academia Sinica
Nankang 11529, Taipei (Taiwan)
E-mail: chhung@gate.sinica.edu.tw
C.-H. Chuang, Prof. W.-F. Liaw
Department of Chemistry, National Tsing Hua University
Hsinchu 30013 (Taiwan)
E-mail: wfliaw@ mx.nthu.edu.tw
@ Supporting information and the ORCID identification number(s) for
® the author(s) of this article can be found under http://dx.doi.org/10.
1002/anie.201512063.

Wiley Online Library

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

cally unfavorable and kinetically forbidden;® however,
a radical-coupling scenario in native NOR can not be ruled
out. One critical feature is that the NOR active site forms
asymmetric iron—nitrosyl electronic structures, which are not
possible in model studies with a single metal complex.
Furthermore, the distal water and amino side chains in
native NOR may also generate the proton(s) required for
NO-to-N,O reduction to release either OH™ or H,O.

DFT calculations on NO-reduction reactivity with the
heme—copper oxidoreductase have indicated that protonation
of the heme-nitrosyl group after the initial binding of NO to
each of the heme and copper centers results in concomitant
N—-N bond formation to yield the trans-hyponitrite inter-
mediate.!’! On the other hand, it has been recognized that
hydrogen-bonding (H-bonding) interactions (NO--HOR,
R =H, Me, or Et) that induce electron back-donation from
the Cu center to the 27t* orbital of NO to facilitate N—O bond
cleavage play a crucial role in catalytic NO reduction.”
Accordingly, protonation or electrostatic H-bonding interac-
tions exerting force on the Oy, atom of the heme-NO moiety
could be a crucial driving force for N—N coupling and N—O
cleavage reactions. Nevertheless, the addition of a proton
source to {Fe(NO)}® iron-nitrosyl porphyrins leads to the
exclusive release of H, and a return to the corresponding
{Fe(NO)}" complex.®l Although {Fe(HNO)}® [Fe(3,5-Me-
BAFP)(HNO)] exhibits a sterically hindered porphyrinic
macrocycle that prohibits the generation of H, gas[*! the
compound is still inert toward N—N coupling and NO
reduction.

Although the use of a {Fe(NO)}”® iron—nitrosyl porphyrin
for an N—N coupling reaction is still infeasible, N,O-evolution
activity was established by two-electron reduction of the
ligand-constrained non-heme complex [Fe,(BPMP)(OPr)-
(NO),](BPh,),™ in the absence of an external acid source.
Furthermore, the reduction of {Co(NO)}® [(CI)(NO)Co-
((M°doen)Mg(Me, TACN))(H,0)]" in the presence of
a proton source, Et;NHCI, led to N,O evolution, probably
through a bimolecular process,™ which suggests that the
reduction of a {Co(NO)}® cobalt-nitrosyl complex to its
corresponding electron-rich {Co(NO)}’ state could poten-
tially produce a reactive species for studying NO-to-N,O
reduction. Herein, we describe the successful reduction of
{Co(NO)}* [Co(CTPPMe)(NO)] (1) to {Co(NO)Y [Co-
(CTPPMe)(NO)|[Co(Cp*),]  (2),')  which presumably
formed a dicobalt dinitrosyl N-confused porphyrin (NCP)
intermediate, in which NO-to-N,O conversion occurred to
give [Co(CTPPMe)], as long as an alcohol (e.g., MeOH or
EtOH) or water was introduced to serve as a proton donor
through an H-bonding interaction (Scheme 1). To our knowl-
edge, the intermediates for the conversion of axial NO ligands
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Scheme 1. Stoichiometric reduction of 1to 2 (X" =[Co(Cp*),]*) and
N,O production through N—N coupling and N—O cleavage as assisted
by H-bonding interactions. Cp* =1,2,3,4,5-pentamethylcyclopenta-
dienyl.

directly into N,O on the metalloporphyrinoids have never
been identified.

The cobalt—nitrosyl complex [Co(CTPPMe)(NO)] (1) was
produced from the reaction of [Co(HCTPP)]"! and excess
CH;l in CH,Cl,, followed by nitrosylation in a THF/MeOH
mixed-solvent system under anaerobic conditions in the
presence of NaOMe as a base and NO gas (1 %) as the NO
source."”” The structure of complex 1 was corroborated by
single-crystal X-ray structure determination (Figure 1a), and
the complex was characterized by spectroscopic methods. The
key structural parameters of 1 include a bent Co-N-O unit
with an angle of 125.62(14)° and Co—NO and CoN—O bond
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Figure 1. a) ORTEP diagram of 1. Hydrogen atoms were omitted for clarity.

Selected bond lengths [A] and angles [°]: Co-N(5) 1.7886(16), N(5)-O(1)
1.187(2); Co-N(5)-O(1) 125.62(14). b) Original and c) subtracted IR SEC
spectra of complex 1 under an applied potential (E,
d,e) UV/Vis SEC spectra of the 1%~ (E
(E.pp=—0.4 V), respectively.

app

wp=—1.3V) and 177° process
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lengths of 1.7886(16) and 1.187(2) A, respectively. The
severely bent angle of Co-N-O in 1 is consistent with the
structural characteristics of the {Co(NO)}® cobalt—nitrosyl
group. The IR spectrum of 1 (KBr) revealed a vy vibration at
1620 cm ™ (v(®NO) =1592 cm™!; Avyo =28 cm™); this value
is in the regular range for a {Co(NO)}® complex. As compared
with other {Co(NO)}* [Co(porp)(NO)] complexes (vyo=
1681, 1677, and 1710 cm™' for porp=TPP?>", OEP*", and
TPPBr,NO,*, respectively),® 1 exhibited a lower vyq value,
which suggested that CTPPMe*™ is a better electron-donating
ligand than the aforementioned porphyrinato macrocycles.
Additionally, 1 displayed a low-spin diamagnetic pattern in
the 'HNMR spectrum (see Figure S2 in the Supporting
Information). The inner methyl group of 1 was located at
—4.5 ppm, as confirmed by [Co(CTPPCD;)(NO)] (1-CDy).
The "N NMR spectrum of [Co(CTPPMe)(“NO)] (1-*NO)
exhibited a distinctive signal at 635 ppm (vs. MeNO,; see
Figure S4), thus implying a preferential Co™-NO™ electronic
state in 1. Although cobalt-nitrosyl porphyrins can readily
provide a {M(NO)}® electronic configuration, as seen in the
majority of {Co(NO)}® cobalt-nitrosyl complexes,**! the
reactivity of NO™ in 1 may be stabilized by a kinetically inert
low-spin d® Co** center,l*"! thus making it unreactive without
a preceding reduction reaction.

Accordingly, we investigated the reduction of 1 to deter-
mine its reactivity, especially in the conversion of axial NO
into N,O. Only a few non-porphyrin-supported {Co(NO)})’
cobalt-nitrosyl complexes have been described, and no
thorough characterization of a reduced {Co(NO))’ or {Co-
(NO)}® radical-anion cobalt-nitrosyl porphyrinoid has been
reported, possibly as a result of the facile denitrosylation of
such compounds upon reduction.!"?! Furthermore, an elec-
tron-rich metal-nitrosyl porphyrin in a reduced state usually

requires an electron-deficient porphyrinato ligand for

stabilization. For example, {Fe(NO)}® [Co(Cp),][Fe-

(TFPPBrg)(NO)] was structurally characterized by the

use of an extremely electron-deficient porphyrin,

TFPPBr*", as the supporting ligand.'® Consequently, the

CTPPMe* macrocycle was not anticipated to stabilize

a reduced complex. However, a reversible redox couple at

—0.835 V (vs. SCE; see Figure S5) in a cyclic voltammetry

(CV) study and a bathochromic shift of vy, from the IR

spectroelectrochemical (SEC) measurements of 1imply an

unusually stable {Co(NO)}’ complex without denitrosyla-
tion when 1 receives one reducing equivalent. The
reversible redox process at Ei, = —0.835 V for 1 displayed
diffusion-controlled electrochemical behavior, as others
have reported for {Co(NO)}* cobalt-nitrosyl complex-

es.**17 Upon the electrolysis of 1in CH,Cl, under —1.2 V

(vs. a pseudoreference silver-wire electrode), the IR SEC

spectrum showed a vyo shift from 1616 to 1521 cm™

(Avno =95 cm™'; Figure 1b), which was further corrobo-

rated by studies with isotope-labeled 1-"NO (see Fig-

ure S6). Thus far, only one-electron m-ring oxidation of

{Co(NO)}* cobalt-nitrosyl tetraaryl porphyrins provided

an NO-intact product with Avyoa40 cm 5™ all other

reduction processes resulted in facile denitrosylation.!”?

Notably, the one-electron electrochemical reduction of

1 only caused a redshift of the Soret-like band from A,,,, =
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432 to 455 nm without significant peak broadening in the UV/
Vis SEC spectra (Figure 1). These spectroscopic features from
constant potential electrolysis strongly indicated a metal-NO-
centered reduction of 1, in which case it is understandable
that reduction of the relatively electron rich CTPPMe*~
moiety requires a more negative potential. Significantly, no
other stable {Co(NO)}’ cobalt-nitrosyl porphyrinoid derived
from the electrochemical reduction of the corresponding
{Co(NO)}® complex without denitrosylation and with a large
Avyo value has been reported to date. Inspired by the CV and
IR SEC studies, we attempted to chemically reduce 1 to the
{Co(NO))’ complex 2. The chemical reduction of 1 with
[Co(Cp*),] (1.2 equiv) in neat THF under anaerobic condi-
tions generated complex 2, which could be isolated as
a crystalline product (89.7 %) by saturating the solution of 2
in THF with ether. Similar to the value of 95 cm™' obtained
from IR SEC studies (CH,Cl,), the powders of 1 and the
chemically reduced compound 2 showed Awyo=283cm™!
(KBr) in the IR spectra.

The quantitative production of 2 with high stability by
a chemical reduction reaction in aprotic solvents under
anaerobic conditions allowed us to examine its reactivity
and the NO reduction intermediates one step at a time. A
proton source is proposed to be essential for catalytic NO
reduction by NOR. However, the addition of a proton donor
(NH,PF) to 2 resulted in H, evolution exclusively, accom-
panied by the regeneration of {Co(NO)}® 1, in analogy with
protonation reactions of {Fe(NO)}® heme-nitrosyl complexes.
We then serendipitously observed that the addition of
methanol or water to the solution of 2 in THF (protic
solvent/THF, 1:1, v/v) is necessary to promote the NO-to-N,O
conversion in association with the disappearance of the
characteristic vyo peak (see Figure S9). N,O production was
confirmed by gas chromatography (GC) of samples taken
from the headspace of the reaction vessel (see Figure S10).
N,O production was further corroborated by IR analysis of
the headspace gas, which showed characteristic N,O(g)
stretching frequencies at 2236 and 2213 cm™'. These peaks
shifted to 2167 and 2144 cm ' when 1-*NO was used as the
starting compound, which further confirmed N,O production
from axial NO on the cobalt NCP (see Figure S11). Since the
addition of NH,PF, generated H,(g) exclusively, the pathway
of metalloporphyrinoid-irrelevant HNO dimerization to N,O
and H,O was not the preferred pathway. Although a route to
HNO/N,O generation through proton-coupled nucleophilic
attack by aromatic alcohols or ascorbate has been reported,
no HNO or N,O generation with MeOH has been de-
scribed."”

Besides methanol and water, more sterically bulky
alcohols were also applied to the NO-to-N,O conversion
under the same conditions. The replacement of MeOH with
EtOH resulted in a much slower N,O formation rate, which
implied direct participation of the alcohol in N,O formation.
Intriguingly, the use of sterically bulky /BuOH did not result
in N,O generation (see Figure S10). We therefore concluded
that this NO reduction occurred via an intermediate that
combined two molecules of 2. Presumably, a nonplanar NCP
core in 2 and sterically bulky fBuOH prohibited the dimeri-
zation of the two molecules of 2, although the pK, difference
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between the alcohols, and thus the difference in the strength
of the H-bonding interactions exerted on the reduced form of
2, should also be considered. The IR spectrum of 2 in
[Dg]THF/[D4]MeOH (1:1, v/v) strongly supports the presence
of an H-bonding interaction between the coordinating NO
molecule and methanol, as it shows two distinguishable vy
humps at 1542 and 1513 cm ™" (Figure 2), which were assigned

a) 1542

1513

NS N 0 e
vicm™

Figure 2. Time—course IR spectra (2-180 min) of 2 dissolved in
a) [Dg]THF/[D,JMeOH (1:1, v/v) and b) THF/methanol (1:1, v/v; inset
for N,O detection).

as 2 and 2--«CD;O0D and which correspond to forms with and
without H-bonding interactions between 2 and CD;OD,
respectively. A shift in the vyo value from 1542 to 1513 cm™!
in the presence of H-bonding interactions with 2 is consistent
with the observed back-donation of electron density from
a copper—substrate complex to a m¥y orbital polarized by
a H-bonding interaction.I"! In bioengineered non-heme/heme
NOR, the Oy atom of heme-NO electrostatically interacts
with a distal metal ion, such as Zn** or Fe?", in the non-heme
pocket, which also decreases the vyo value up to 50 cm ™.
As DFT calculations on heme-copper oxidoreductase
showed that the NO reduction proceeds through an N—N
coupling phase facilitated by the protonation of heme-NO to
form an HN,O,  intermediate, we postulated that treatment
with CD;0D induced the formation of 2--CD;O0D (shifted to
Yno=1513 cm™!) through H bonding. It is this polarization
that stimulates the interaction between 2 and 2---CD;0D and
allows N—N coupling to proceed and form a plausible [N,O,]-
bridged intermediate.

To obtain more data to support the formation of the
[N,O,]-containing intermediate and to monitor the spectro-
scopic changes in the whole reaction process for 2 and MeOH,
we collected time-resolved IR measurements. When 2 was
dissolved in THF/MeOH (1:1, v/v) a new IR peak at
1622 cm ™' appeared immediately and continuously increased
during the initial 30 min, after which it decreased (Figure 2b).
The use of 2-""NO!” shifted this peak from 1622 to 1577 cm ™
(Av =45 cm™'; see Figure S13). This isotope-sensitive peak at
1622 cm™! is close to the value of vy~ 1605 cm™' observed
for bridging neutral [N,O,] coordination in diruthenium
complexes that produce N,O by protonation-induced electron
transfer from the diruthenium core to the [N,O,] unit.**"
Furthermore, the concomitant decrease in the bands at 1542
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and 1513 cm™' in [Dg]THF/[D,MeOH (Figure 2a), which
signifies the consumption of 2 and 2--CD;OD, and the
increase in the peak at 2224 cm ' in THF/MeOH (2155 cm ™!
when 2-"NO was used; see Figure S13) from the accumu-
lation of N,O occur concurrently with the intensity change at
1622 cm ™. Thus, we infer that the peak with increasing
intensity at 1622 cm ™' in THF/MeOH was due to the »(NO)
vibration of a [N,O,] intermediate, that is, {{Co(CTPPMe)],-
(WwN,O,)(CH,OH))*", after N-N coupling of 2 and
2.+CH;0H. The decrease in intensity after a maximum had
been reached at 30 min was caused by subsequent N—O
fission for N,O formation. The continuous increase in the
intensity of the peak at 2224 cm ™' strongly confirmed the
formation of N,O.

Significantly, ESI(—) mass spectrometry (30°C) with
MeOH and 2-CD;!! in THF indicated two sets of m/z
patterns  corresponding to  {[Co(CTPPCD;)],(N,O,)}”
(mlz 1437.4) and {[Co(CTPPCD;)],(N,0,)(OMe)}~
(m/z 1468.4; Figure 3; see also Figure S14). The observation

1468.4
1437.4

50 min 11, ||,

LRI L B L L L L B e

30 min ||, |
LIS I I IS B B I B LN BRI LA |

2 min “I
LI M LI AL LA L

T T R
o Q o

D S A o

Ng N Ny N\

m/z
Figure 3. ESI(—) MS spectra (at 30°C; neat MeOH as the mobile

phase) showing signal-intensity changes for the ions m/z 1437.4 and
1468.4 in the reaction of 2-CD; and MeOH from 2 to 50 min.

that the ESI(—) mass signals of these two dimeric fragments
exhibited maximum intensity after the reaction had pro-
ceeded for approximately 30 min is consistent with the result
that the intensity of the peak at 1622 cm ™' in the IR spectrum
reaches its plateau at 30 min. Although the charge discrep-
ancy between the observed m/z signal and the proposed
intermediate cannot be directly correlated with the dianionic
intermediate {[Co(CTPPCD;)],(u-N,O,)(MeOH)}*, the two
monoanionic dimers detected in the ESI(—) mass spectrum
can be explained by considering them to be the result of
oxidation of the authentic intermediate by the ionized proton
from MeOH, because the highly reduced intermediates are
readily oxidized by protons to form H,(g) during electrospray
ionization. The use of the {Co(NO)}* complex 1-CD; for the
same measurements in the presence of MeOH produced no
corresponding dimeric m/z peak. This observation further
signified that an [N,O,]-containing dimeric cobalt-NCP
complex with MeOH polarization is a plausible intermediate.
The NO-to-N,O conversion through a bridging hyponitrite in

Angew. Chem. 2016, 128, 5276 —5280
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combination with a hydrogen-bonded MeOH molecule will
generate OH™ through a concerted process involving proton
transfer and N—O bond cleavage.

The final denitrosylated complex [Co(CTPPCDj;)], which
is available for a second reaction cycle, was detected as
{[Co(CTPPCD;)(OMe)]~ with m/z 719.2 in the mass spec-
trum (m/z 716.2 when 2 was used; see Figure S14e). The
detection of {{Co(CTPPCD;)(OMe)]” may also indicate the
generation of methoxide (OMe™) through the deprotonation
of MeOH during the NO-to-N,O conversion. Examination of
the pK, values of ROH (R=H, Me, Et, and (Bu) indicated
that tBuOH is a less effective proton donor than the others
and is thus inadequate for promoting N—O bond cleavage and
N,O release. Our results are consistent with the observation
that a poor H-bond donor exerts a weaker effect on the NO
molecule attached to a Cu(110) substrate.””! Finally, after N,O
evolution, the introduction of NO gas into the THF/MeOH
solution led to the recovery of 1 (Scheme lc; see also
Figure S9), which was purified and dried for the next N,O-
generation cycle. As many as five reaction cycles were carried
out without a significant drop in N,O production.

In conclusion, we have successfully reduced {Co(NO)}®
1 to {Co(NO)}’ 2. Complex 2 is the first {Co(NO)}’ cobalt-
nitrosyl porphyrinoid that is stable and has been isolated. The
system offers an unprecedented chance to examine the
reductive coupling of a {Co(NO))’ species for N,O formation.
We have provided evidence that a protic solvent acts as an
H-bonding donor to drive N—N bond formation and N—O
bond cleavage during the NO-to-N,O conversion. This
finding leads us to conclude that the final step of N,O
evolution in NOR may involve concerted N—O cleavage and
protonation of the O~ fragment, as induced by buried distal
water molecules through H-bonding interactions with the
Ono terminus of heme-NO. Furthermore, we propose that the
role of distal water in native NOR is not only to shuttle
protons but also to trigger N—N bond formation through H-
bonding interactions.
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