W) Check for updates

Eur]JIC Chemstry

European Journal of Inorganic Chemistry EUEIRCER (Crioites]

Societies Publishing

Accepted Article

Title: Structure and reactivity of NO/NO+/NO- pincer and porphyrin
complexes

Authors: Cecilia Mariel Gallego, Agostina Mazzeo, Carina Gaviglio,
Juan Pellegrino, and Fabio Doctorovich

This manuscript has been accepted after peer review and appears as an
Accepted Article online prior to editing, proofing, and formal publication
of the final Version of Record (VoR). This work is currently citable by
using the Digital Object Identifier (DOI) given below. The VoR will be
published online in Early View as soon as possible and may be different
to this Accepted Article as a result of editing. Readers should obtain
the VoR from the journal website shown below when it is published
to ensure accuracy of information. The authors are responsible for the
content of this Accepted Atrticle.

To be cited as: Eur. J. Inorg. Chem. 10.1002/ejic.202100682

Link to VoR: https://doi.org/10.1002/ejic.202100682

WILEY-VCH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fejic.202100682&domain=pdf&date_stamp=2021-09-15

European Journal of Inorganic Chemistry

10.1002/ejic.202100682

WILEY-VCH

Structure and reactivity of NO/NO+/NO- pincer and porphyrin

complexes

Cecilia Mariel Gallego™®, Agostina Mazzeo'®, Carina Gaviglio™, Juan Pellegrino*® and Fabio

Doctorovich*[®

[a]  Prof. Dr. F. Doctorovich, Dr. J. Pellegrino, A. Mazzeo, C.M. Gallego
Departamento de Quimica Inorgénica, Analitica y Quimica Fisica
Facultad de Ciencias Exactas y Naturales, Universidad de Buenos Aires
Pabellon 2, Ciudad Universitaria, Buenos Aires, Argentina
E-mail: pellegrino@aqi.fcen.uba.ar, doctorovich@aqi.fcen.uba.ar

[b] Dr. C. Gaviglio
Departamento de Fisica de la Materia Condensada
Comision Nacional de Energia Atémica, CAC-GlyANN
Avenida General Paz 1499, San Martin, Buenos Aires, Argentina

TThese authors contributed equally.

Abstract: This review covers recent progress in the field of nitrosyl
pincer and porphyrinate complexes, and how their reactivity depends
on the redox state of the NO ligand. Synthetic methods, and the most
significant structural information, spectroelectrochemical studies, and
different reactivities of nitrosyl pincer complexes are presented. These
include selective activation and functionalization of carbon-halogen
bonds, catalysis for a variety of specific organic reactions, mediation
of NO disproportionation and reversible coordination of solvents and
weakly-coordinating anions. Regarding the porphyrinate complexes,
the focus is on biorelevant nitroxyl (NO/HNO) complexes, discussing
pioneering studies along with preparation and common
characterization methods. Their relative stability in different conditions
is compared, and possible decomposition mechanisms are discussed
in terms of their ability to act as biomimetic models for enzymatic
systems.
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1. Introduction

Since the discovery of its endogenous formation and its
physiological relevance, nitric oxide (NO*®) has been widely
studied as one of the central actors in the field of bioinorganic
chemistry. Its redox non-innocence has also placed it as a useful
ligand for organometallic chemistry transformations. Nitric oxide
can bind metal centers as NO™* (nitrosonium), NO* or HNO/NO~
(nitroxyl), which results in ambiguity for the assignation of the
oxidation states in M-NO fragments. To circumvent such
problems, Enemark and Feltham’s notation is generally used.M In
this notation, the fragments are represented as {MNO}", where n
is the sum of d electrons in the metal and of n* electrons in NO.
Its relevance relies mostly on the fact that it allows rationalization
of the MNO geometry (specifically the MNO angle) of a wide
range of different complexes. Predictions of MNO angle are then
based on the number n and the overall geometry of the complex,
regardless of the coligands. As an example, Figure 1 shows the
XRD structures of the three {Fe(OEP)NO}" porphyrin complexes
with n = 6, 7 and 8, highlighting the difference in the MNO angle
as a function of n.2

1 é
[Fe(OEP)(NO*)]* [Fe(OEP)(NO")] [Fe(OEP)(NO')]
{FeNO}® {FeNO}Y {FeNO}®
Fe-N-O: 173.2° Fe-N-O: 144.4° Fe-N-0:127.0°

Figure 1. Variation of the Fe-N-O angle for the {Fe(OEP)NO}n with n = 6, 7 and
8.

Pincer ligands and porphyrins constitute two representative types
of ligands for the organometallic and bioinorganic chemistry of NO
and HNO/NO™ respectively, and they both have been the focus of
different studies in our research group.

On the one hand, pincer ligands consist of a broad family of
tridentate organic ligands with meridional coordination. The arms
of the pincer ligands can vary both in length and composition, and
usually bind the metal center through neutral groups E and E’,
which may or may not differ. The central binding, Y, initially a
monoanionic carbon in an aryl system, can be either a neutral or
an anionic group. Pincer ligands are usually denoted by the atoms
that bind the metal center, as EYE’. Figure 2 summarizes the
generic scaffold for a pincer ligand indicating the various
modifications that their structure may present, which reflects the
versatility of the system.

Since the pioneer works of Shaw in 1970-80,5% centered on a
variety of PCP-based pincer complexes of Pt, Pd, Ir, Ni and Rh, a
consistent growth of studies of these type of systems has been
observed in the literature which are still today continually renewed.
The structural versatility of pincer ligands has been exploited for
several uses, such as catalysis, stabilization of unusual molecules,
use as building blocks for self-assembled systems and
development of gas sensors.l*-'2
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* Several possible linkers

* Several lengths
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* Y=5,N
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n

* Possible linking site s I
B E'
* E,E' identity = electronic tuning

Linker substituents can
regulate the steric hindrance * E,E' substituents = steric tuning

Figure 2. Generic structure for a pincer ligand and its possible modifications.

Such structural diversity as can be seen in Figure 2 also translates
into chemical versatility, since pincer ligands can be used to tune
both electronic and steric parameters on the metal center. Pincer
ligands were initially conceived as purely spectator ligands.
However, this conception has been changed in time through
reports of different reactions where transformations centered on
the pincer ligand allowed different types of reactivities.'*% Some
of the transformations consist of hemilability of one of the ligand
arms, 1421 formation of C-H agostic interactions,?
dearomatization of aryl systems,?® and even reversible collapse
of the pincer platform.?4

However, the broad scope of pincer complexes greatly contrasts
with that of pincer nitrosyl complexes, which have comparably
been far less consistently studied. Our laboratory group has
recently inaugurated a line of research focused on studying the
joint effect of pincer ligands’ fine-tuning possibilities with nitric
oxide’s redox versatility. In this review, our studies on {RhNO}"
pincer complexes will be described, along with related
antecedents.

On the other hand, nitrosyl porphyrin complexes, especially
{FeNO}*"%® have been widely studied for the last decades, mainly
due to their special relevance as biomimetic models for enzymatic
reaction intermediates of the nitrogen cycle, which have been
detected and characterized. More recently, the more elusive
reduced nitroxyl porphyrin complexes, {Fe(H)NO}®, have gained
researchers’ interest, not only because such species have also
been proposed as enzymatic intermediates, but also due to the
open question regarding the possibility of nitroxyl endogenous
formation and action as a biological metabolite. Moreover, the
transport of physiologically active nitrogen species (NO*, NO~ and
HNO) and their therapeutic effects are closely related to these
molecules’ interactions with proteins bearing porphyrin active
sites, especially of heme nature. In this context, metal-porphyrin
platforms prove to be very useful, not only for their structural
similarity with naturally occurring protein active sites, but also
because they provide a robust scaffold in which highly reactive
species such as HNO can be relatively stabilized, allowing further
investigation of its chemical properties and reactivity. Figure 3
shows a generic metalloporphyrin structure with a coordinated
M#* metal ion, in which the meso and 8 substitution positions are
depicted. Our journey in the stabilization of the initially elusive
{FeNO}® species in porphyrin platforms will also be addressed in
this review, along with the most relevant related literature.

This article is protected by copyright. All rights reserved.
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Figure 3. Generic metalloporphyrin structure, showing the usual substitution
position and a coordinated metal ion.

2. Pincer nitrosyls
2.1. Structural properties and synthesis

Characterization of pincer nitrosyl complexes is usually
comprised of XRD, FTIR and *P-NMR analysis (the latter on
account of most pincer scaffolds being phosphine-based). A
summary can be seen in Table 1 (next page). Some useful
diagnostic signals should be duly noted. To begin with, FTIR
v(NO) signals are particularly useful when trying to discern a NO*
from a NO- configuration, although in cases where stretching
frequencies are roughly between 1600 and 1720 cm™ they are
insufficient to draw a conclusion, since both linear and bent
nitrosyls overlap at these values.

XRD elucidated structures are much more informative, albeit
harder to obtain. As a general rule, bent nitrosyl angles are around
120°-130° whereas linear nitrosyls mostly coincide with the
expected 180° angle. However, a notable exception to this last
remark are the cases where linear NO locates trans to the central
donor atom of the pincer ligand, where the angles are significantly
smaller, as can be seen in complexes (6%), (9*) and (19%). This
deviation is a result of the strong c-donation from the aryl ring.?!
There are also some more ambiguous cases, for which the term
“half-bent” nitrosyls has been coined, where M-N-O angles range
from 140°-150°. Caulton’s group has studied this intermediate
behavior by comparison of a Ni(PNP)(NO) half-bent system (4)
with linear Ni(PNP)(CO). They found that the conformations of the
t-Bu groups of the pincer ligand did not differ, and also that the
NiNO angle was not affected by exchanging of t-Bu for Me and
thus discarded a steric origin. Instead, an electronic influence was
proposed to be the origin of this type of conformation. DFT
calculations of half-bent systems showed large spin densities to
be located on the nitrosyl ligand, which could be more reasonably
thought of as radical NO" coordinating via a lone pair in the N
atom.[26’27]

31P-NMR signals are also greatly useful for phosphine-based
pincer ligands, their chemical shift being influenced by the
electron density on the metallic center, thus giving indirect
evidence of either bent or linear nitrosyls. Another useful probe
for nitrosyl configuration in pincer ligands that we have exploited
is >N-NMR.82% |n Table 2 it becomes apparent that bent
nitrosyls have a large downfield shift when compared to linear
nitrosyl configurations. In addition, and differently from what was
observed for 3'P-NMR, the coupling constant J(***Rh,'*N) is also
diagnostic of nitrosyl configuration: whereas sp-hybridization in
linear NO configurations results in doublets, sp?-hybridization in
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bent NO configurations presents no coupling whatsoever. *°N-
NMR as a probe for nitrosyl ligands therefore bears the advantage
of being quite a conclusive tool where two separate parameters
with better discerning ranges than FTIR can be used to distinguish
bent from linear NO. However, it also bears the disadvantage of
requiring enriched °N samples, which implies a separate
synthesis, and hence it is not useful for a quick decision.

Another valid different strategy for discerning MNO configuration
involves working with DFT calculations. Kirchner's group has
consistently used a DFT analysis on frontier orbitals for a variety
of transition metal complexes (some of them illustrated in Table
1). The latter allows them to deduce the number of d electrons,
thus obtaining the metallic center oxidation state and the overall
MNO configuration.[??30-321 However, it must be noted that the
reliability of this strategy depends strongly on the quality of the
calculations performed, especially since transition metals can be
difficult to model. Therefore, this tool is best applied when
complemented by some experimental characterizations.

Table 2.®*N-NMR signals for a series of Rh complexes.

(69 () @) )

Rh'NO* Rh"NO- Rh"NO- Rh'NO*
377.88 ppm 841.18 ppm 829.76 ppm (br 377.06 ppm
(d, 35.3 Hz) (br s) s) (d, 33.6 Hz)

Synthetic strategies for the preparation of pincer nitrosyl
complexes are not greatly varied. Most used is the direct method
of nitrosylation by injection of gaseous nitric oxide into a solution
of the pincer precursor complex.[?2:2627:3033-35] Thijs route was first
employed by Milstein’s group, who proved Rh(PNP)(NO)(CI) (1%)
obtention could be achieved both by reaction of a Rh(Il) precursor
and NO" and by reaction of Rh(l) and NO*, as is depicted in
Scheme 1.%% This last alternative has been scarcely reported
thereafter.® A third strategy consists of chelating a complex
already bearing an NO ligand with the desired pincer ligand.[36:37

(<] (]
PtBU;] . PtBu;l pruz
/ A\ 1 NO N Im NOBF4 7 N\ _pit
N—Rh—cl——={_NoRh—cl =<—— (_N=Rfi—C
PBu, ON™—P'Bu, P'BU,

(1M

Scheme 1. Obtention of (1*) from Rh(ll) and NO* and from Rh(l) and NO™.

Within our group, a PCP ligand was chosen as a first approach to
these systems given it is one of the most reported and better-
known scaffolds for pincer ligands.?8 Up to that moment, very few
pincer nitrosyls had been reported, none with a PCP
scaffold.[262733,36] Synthesis consisted of reaction of Rh(PCP)(Ny)
with a nitrosonium salt yielding [Rh(PCP)(NO)]* (6*). This linear
nitrosyl complex (vide infra) was found to bend by reaction with
LiCl. This transformation included binding of a chloride ligand,
bending of NO* to NO-, and oxidation of the metal center from
Rh(l) to Rh(lll), yielding Rh(PCP)(NO)(CI) (7). This reaction
proved to be easily reversed by addition of HBF;*O(C;Hs),, which
produced abstraction of the chloride ligand with formation of HCI
and (6%). No HNO complex was formed (Scheme 2). Different
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pincer ligands were also explored in this first work, namely a PNP
and a PCC"?P ligand. Although for PNP the route was analogous
to that used for (6%), that is, a Rh(l) complex reacting with NO*,
the obtained product was not a Rh(I) one but pentacoordinate
Rh(lll), [Rh(PNP)(NO)(CH3sCN)J?* (82*). As for PC"2P, a different
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route was employed, consisting of reaction nitrosylation with NO*
of a Rh(lll) precursor (Scheme 3). Interestingly, the reaction
involves a multi-step rearrangement which drastically changes
the character of the pincer ligand yielding [Rh(PC €"2P)(NO)]* (9").

Table 1. Selected pincer nitrosyl complexes and their relevant structural parameters, ordered chronologically by year of report.

2MNO  vpno)/  SP-NMR Config. Ref. 2MNO vnoy/  3P-NMR Config. Ref.
Complex 1 Complex 1
/ deg cm / deg cm
pBu, 1® rEsu—|
7 | 67.2 ppm \ 80.6 ppm
_/—th —cl 1220 1675  (d, 114 Rh'NO-  [33] Ru—NO 176.4 1759 © RWUNO*  [37]
Hz
ON“—P'Bu, ) PfBu2
(1" (114
pipr, P Bz 78.73 and
H . Ru—NO 74.88
HN—Re2-NO 1777 1679 OT2PPM O panot [36] 179.6 1916 ppm(both  RWNO*  [37]
S ' d, 200
a P Bu, :
H P'Pr, (12) Hz)
2)
rBuZ
Me, e ~—P'Bu,
Me=
N—Ru—NO  179.2 1691 p;isé ) RWNO*  [38] R” —d 1302 1679 56.6ppm  RU'NO-  [37]
!
Men
Mo SI\——P‘BUZ ON ‘—(NI)Et
13
(3)
)
MEM-.Si/_‘PtB% P Bu7
e™ “
\ 68.3 ppm half- . NO 111.7 )
—Ni—NO 149.3 1654 » 27 - CO 151.7 1609 undefined 35
vead | © bent' 127 ppm (5) [381
Me™ '\ —pt Bu, PtB“z
(a) (14)
Mew. /P'Bu, 0—P'Bu,
Me=S{ /ND 1677  53.7 ppm | o _oH—5H
N—Rh= 1211 and  (d,119.9  Rh'"NO-  [26] NS 173.4 1654 - crNo* [30]
Metwsj 1649 Hz) | NO
Me™ \_-p'Bu, —P'Bu,
(5) (15)
@
P— N—PIPr
FrBu; 104.02 I 2
Rh —NO 159.9 1834  ppm(d, RhNO*  [28] —fecl 161.4 1747 - FeNO*  [31]
130.6Hz) ] “NO
P'Bu, HN—PiPr,
(6% (16%)
1)
v 74.92 MeN— Fl"Pr
Rh —cl ppm INTe 77.4 ppm N O-
/l 1274 1618 Tieg  RN'NO- (28] ID\_C, 140.1 1643 o) Co'"NO [39]
—pl] Hz NO
ON—P'Bu, ) MeN—P'Pr,
(7) 17)
PRy, | ®
{ 73.98 MenN— T"r B 156.0
/ N—-Rh —NCCH, 122.4 1703 ppm (d, Rh"NO- [28] o—nG 176.6 1806 ppm (br Co'NO* [39]
= 105.1 Hz) | s)
oN*—piay, ‘
24 MeN—P'Pr,
(82) (18"
PiBu, | @ ®
’ 109.62 T By, | 109.45
Rh—NO 1563 1726  ppm(d, RhNO*  [28] Rh—No 1625 1837  ppm (d, RhINO*  [40]
) 153.7 Hz) l 160.6 Hz)
P+Bu2 NE,
(9%) (19
P’Buj ® P'BU,
—~ 1 o 90.76
1 e |
7 “norela 1781 1867 O7PPM punot 37] /N gh—no 1286 1629 ppm(d,  Rh'NO-  [40]
=/l © = 197.2 Hz)
cl"— pBu, ol f—net,
(10%) (20)
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@
P'BU, P'BU, | P'Bu,
I NOBF, Licl
Rh=N, ——» Rh—NO<—= Rh—cl
-N, HBF ;20{C;He),
P'Bu, P'Bu, ON™—P'Bu,
(8%) )
Scheme 2. Obtention of (6*) and (7).
P'Bu, P Buz ’Bu—l
NOBF4
Rh—Cl h—NO + 7 Rh Cl
I HCI -H,
CHE‘—PtBu P Bu,

(9%)
Scheme 3.0Obtention of (9%).

Although most of the work published by our group has been
focused on these complexes, 2841421 in recent years we have also
explored reactivity of a complex with an asymmetric PCN pincer
scaffold.*? In this case, obtention of the tetradentate species
proved to be challenging, since the route analogous to that shown
in Scheme 2 yielded pentacoordinate Rh(PCN)(NO)(CI) (20) due
to residual chloride in solution. Three separate nitrosylation
pathways were tested: using a dinitrogen precursor with NOBF,,
using a hydride precursor and isoamyl nitrite, and using a hydride
precursor and Diazald® (N-methyl-N-nitroso-p-
toluenesulfonamide). This last alternative was ultimately chosen
for having the best conversion and most efficient work-up. Since
all three pathways yielded Rh(PCN)(NO)(CI) (20), an extra
chloride abstraction step had to be introduced to obtain the
tetracoordinate species [Rh(PCN)(NO)]* (19*), as shown in
Scheme 4.

tBu L}\r I\” Fa
P'Bu,” \s’fN,No\ P'Bu, PBu, I°
| ) NaBARF
Rh—C| —> Rh—NO —» Rh—NO
/7 | - Nacl |
H“—NEt, A /V:JNO o CI™=NEt; NEt,
T (20 (19*)

Scheme 4.Three pathways for obtention of (19%).

Both (6%) and (19%) present a rich redox chemistry which is further
revised in the following section. In particular, their reduced
analogues (67 and (19°) displayed interesting reactivities of their
own. These were obtained by the one-electron reduction of these
first stable species with cobaltocene in benzene solution under
argon.

2.2. Electrochemical studies

As it has already been discussed, the NO ligand can adopt either
NO*, NO* or NO~ configurations. The ability to perform these
rearrangements turns it into a potential electron reservoir.
Therefore, the effect of the pincer ligand on the electron transfer
behavior of nitrosyl complexes is of particular interest, although it
is relatively unexplored.

An interesting study on the matter for rhodium complexes with
similar pincer ligands is summarized in Table 3. These have been
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based on studies performed for complexes (6*) and (7) (PCP),
(9%) (PCC*?P), and (19*) and (20) (PCN). As can be seen, all of
the linear tetracoordinate complexes undergo a one-electron
reduction at a relatively accessible potential yielding a {RhNO}°
species. As can be seen from Eu2 values, changing of the pincer
arms did not have a significant effect in this reduction, whereas
exchanging phenyl by benzyl coordination does make the
reduction less favorable, due to increased donation to the metallic
center. Notably, the analogous complex Rh(PCP)(CO)®“3 does
not present a reduction within the THF solvent window, which
proves that the redox reactivity in these species is indeed a direct
consequence of nitric oxide’s redox versatility. For PCP and
PCC"2p a second irreversible reduction, which has not been
included in Table 3, was observed at around -2.5 V. This was not
observed for PCN due to the narrower solvent window.
Irreversibility is believed to be caused by loss of either the NO or
the pincer ligand.

Table 3. Ea2 vs ferrocene obtained by cyclic voltammetry experiments for three
related pincer nitrosyl complexes, expressed in volts.

L=PCP  L=PCSp  L=PCN

[Rh(L)(NO)]* + & — [Rh(L)(NO)J -1.16 -1.41 (1) -1.19 (i)
0]

Rh(L)(NO)CI — [Rh(L)(NO)(C]* + e~ 0.65 (i) 0.65 (i) 0.68 (1)

[Rh(L)(NO)]" — [Rh(L)(NO)]*" + e~ 1.02 (qr)

(r)=reversible, (i)= irreversible, (qr)= quasi-reversible.

The oxidations available for these species also deserve some
observations. Most notable in this aspect is the fact that only the
PCN complex presented an oxidation of the tetracoordinate linear
NO species. This is consistent with the more electron donating
character of the amine group in PCN compared to the phosphine,
which favors higher oxidation states. Such an effect has already
been reported for a similar asymmetric pincer complex, in a work
carried out by Wendt's group for complexes lacking a nitrosyl
ligand.*4 A more subtle consequence of this electronic effect is
the fact that for oxidation of the pentacoordinate bent NO species
the oxidation is reversible for PCN (and irreversible for PCP and
PCc"2p), which also hints of a slight stabilization of higher
oxidation states. It is also remarkable that this irreversible
oxidation presents the same value of Ei» for both PCP and
PCCH2P_ In this case, the Rh""NO~ species has less electron back-
donation to the metallic center and so the difference in donation
between the phenyl and benzyl ligands has virtually no effect on
the reduction potential.

As for the case of PNP pincer complex (82*), electrolytic reduction
of this complex resulted only in an irreversible reduction within the
solvent window, coupled with oxidations that were later
demonstrated to belong to a [Rh(PNP)(CH3CN)]" species. A
[Rh(PNP)(NO)(CN]* analogue was prepared by reaction of (82%)
with LiCl, but its cyclic voltammetry showed a similar behavior.
Therefore, the one-electron reduction for PNP {RhNO}®
complexes results in loss of the nitric oxide ligand, as was
confirmed by separate FTIR spectroelectrochemistry experiments
where the v(NO) band was seen to disappear during electrolytic
reduction, and so no further studies on them were performed. !
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Given the efficiency of using v(NO) FTIR signal as a probe for
presence and configuration of nitric oxide, relevant redox
processes reported in Table 3 have been explored by FTIR
spectroelectrochemistry (SEC). Some are summarized in Figure
4.

1834 cm” 1625cm’™

| (b) (q1728cm" 1g12em
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1837 cm”

T T T T T T T T T T T T T
1800 1700 1600 1800 1700 1600
-1
Wavenumber (cm )

(7)—=(7")+e — (8)

Wavenumber (cm’)

(6)+e~(6")~(6-Cl)

18b0 I 17I00 I
Wavenumber (cm™)
(9")+e —(9") —(9-C1)

1900 1800 1700 1600
Wavenumber (cm™)
(20— (20") +e—= ?

T T T T T T T T 1
1600 2000 1900 1800 1700
Wavenumber (cm”)

+ 2+ -
(19) — (197 ) +e

Figure 4. FTIR-SEC experiments performed for: (a) Reduction of (6*), (b) Oxidation of (7), (c) Reduction of (9*), (d) Oxidation of (19*), (e) Oxidation of (20).

Figures 4a and 4c present the electrolytic reduction of (6*) and
(9%) in CH.CI,, respectively. As can be observed, reduction
resulted in loss of the linear v(NO) signals and emergence of bent
v(NO) signals at around 1620 cm™. Moreover, although cyclic
voltammetry experiments showed a reversible reduction, no linear
v(NO) signal was recovered by reverting the potential. This proves
there is a different reactivity occurring in these experiments: most
likely intermediate unstable 17-electron (67) and (97) species,
which can be reverted by one-electron oxidation back to their
precursors, are in this case reacting further with the solvent and
abstracting a chloride atom from it. This suspected reaction was
confirmed by conducting the chemical reduction of both
complexes in CH.Cl, and identifying their products as the
pentacoordinate chlorinated species. Isolation of reduced
{RhNO}® was of interest given the scarce bibliography on this sort
of complexes. As was made apparent from electrochemical
experiments in CH,Cl,, these studies had to be carried in non-
chlorinated solvents to ensure a relative stability for the expected
product. Further studies on this reactivity are discussed in a
separate section of this review.

Figures 4b and 4e present the electrolytic oxidation of
Rh(L)(NO)(CI) complexes (7) and (20). There are a few
similarities between both processes. Both present linear v(NO)
signals corresponding to their respective [Rh(L)(NO)]* species
and intermediate v(NO) signals at around 1730 cm which are
attributed to [Rh(L)(NO)(CI)]** unstable (7**) and (20**) species.
One explanation for these observed signals could be that whereas
one-electron oxidation occurs, the unstable radical species reacts
losing CI' and yielding the linear species and Cl,. Interestingly,
there are also some differences between both of these
experiments. Firstly, while for oxidation of (7), the signal of the
linear product (6%) consistently grows throughout the experiment,
for the oxidation of (20), signal of (19*) is seen to grow at first but
to diminish later on. This is a result of the ability of (19*) to be
further oxidized. Effectively, at higher potentials oxidation of (19%)
is evidenced by appearance of a 1918 cm™ overlapped with that

of the main product at 1892 cm (vide infra). More evident is the
fact that oxidation of (20) presents even more signals that have
no correlation whatsoever with those observed for (7), evidencing
a more complex or even an altogether separate oxidation pathway.
Remarkably, when chemical oxidation of (20) was tested, only
these signals (1684 cm™* and 1892 cm™) were observed, and the
paramagnetic character of these complexes was confirmed by
their lack of signals in 3:P-NMR. No further studies on this peculiar
oxidation have been carried out yet.

Figure 4d presents the electrolytic oxidation of the four-coordinate
complex (19*), which as has been mentioned is of interest since
no other pincer made this process possible. As can be seen, (19%)
partially oxidizes without loss of the nitric oxide ligand yielding a
(19%*) complex. Although the intensity for the reverse reduction is
scarce, as seen in cyclic voltammetry experiments, partial
recovery of the initial complex was achieved by reverting of the
potential. Since an Rh'NO* configuration is expected for this
complex, it would be reasonable to expect this oxidation to be
centered in the Rh atom. No further studies could be carried out
since attempts at chemical oxidation only resulted in
decomposition of (19%).

Pecak and coworkers have also exploited the nitrosyl ligand as a
probe for electrolytic oxidation. In their case, a Co(PCP)(NO)(CI)
(17) complex, {CoNO}® in Feltham notation, was observed to
oxidize reversibly in E12=0,11 V vs ferrocene. FTIR-SEC showed
conversion from the bent 1654 cm v(NO) signal of (17) to a new
v(NO) signal of 1771 cm for the {CoNO}’ product. However, the
MNO configuration for this species could not be conclusively
assigned. Whereas the v(NO) shift suggested linearization of the
nitrosyl ligand, and therefore a NO-centered oxidation, DFT
calculations did not reflect this experimental observation neither
in the CoNO calculated angle (which only changed from 143.5° to
148.2°) nor in the spin density, which was localized in the metallic
center.3
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2.3. Pincer nitrosyls in catalysis and bond activation

One of the ultimate aims of research into pincer nitrosyl
complexes is the design of efficient catalysts for a number of
organic reactions. Since these particular types of complexes are
still relatively unexplored, there are little reports of them being
used as catalysts. Choualeb and coworkers’ rhenium hydride
complex (2) has been proven to work as a catalyst for transfer
hydrogenation of ketones, but decomposition of the complex
under their experimental conditions limited the reaction.!3¢! Fogler
et al. reported dehydrogenative coupling of alcohols to esters to
be catalyzed by ruthenium complex (12).37 Complex (16) was
shown to be catallytically active for the coupling of primary
alcohols to amines, whereas complex (15) catalyzed the
hydrosilylation of ketones.3%31 Pecak and coworkers’ have also
studied the use of a cobalt hydride complex derived from (18*) as
a catalyst for the hydroboration of alkenes, and have used DFT
calculations to elucidate the mechanism involved. Interestingly,
they found nitrosyl to play an important par, since strong bending
of the CoNO angle and its reversion were found to be involved,
thus revealing the ligand to act as a reservoir of electrons
(Scheme 5).B32

Activation of carbon-halogen bonds leading to formation of new
carbon-carbon bonds is also of interest for organic synthesis.
Instability of complex (67 in CH.Cl, hinted of an interesting
reactivity of the sort for our {RhNO}® complexes with organic
halides which has been further explored.“41 However, a more
controlled -and thus, more tunable- reactivity would result from
coordination of the organic moiety to the metallic center. This has
not been observed for either complex, although reduction of the
steric bulk by changing from PCP to PCN could have been
expected to favor it. The effect of further reducing steric hindrance
in the pincer is yet to be studied.

NO
“
N PPr2
JB
Ph _N-— PPr2
(159°)
ON Lpprz SN— PPrZK Ph
ICO/\’ Ph Co—r’u
. ‘
N- P1P" N ' _N- Pipr2
(127°) (1229
+ HE, I P'P"z /
Co"’\/Ph
_N- F"Pr2
(1399)

Scheme 5. Catalytic cycle for the hydroboration of alkenes as proposed by
Kirchner and coworkers.2 DFT-calculated Co-N-O angles are indicated in red.

Most notable was reaction with 2-fluoroiodobenzene substrate,
which bears the advantage of allowing °F-NMR monitoring. Both
for (6°) or (19°) the reaction observed was that depicted by
Scheme 6. Presence of [Rh(L)(NO)(I)] was detected by 3P-NMR
and confirmed by separate preparation and characterization of
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this new complex. Formation of 2-fluorobiphenyl was detected by
F-NMR and confirmed by GC-MS. This implies that abstraction
of I' from the substrate is effected by the radical complex, yielding
a radical substrate byproduct which in turn activates the benzene
solvent. Similar reactivity was found for other tested substrates.

Fl’fBuz—I' F T’Buz F
Bz
Rh—NO + G| —_— Rh— + Q.
| / |
X ON—X
(6°), (19°)

Scheme 6. Activation of 2-fluoroiodobenzene by (6°) (X=P'Buz) and (19
(X=NEtz).

2.4. NO disproportionation

Interconversion between NO* and NOy, N;O, etc., is relevant in
environmental chemistry given that these species are known air-
pollutants.¢! Disproportionation of NO* is one of the possible
interconversion routes, particularly significant due to the fact that
NO-* rarely undergoes this reaction unless assisted by a catalyst.
This reaction is also catalyzed in biological systems by nitrite
reductases,*”) so its biological significance is not to be underrated
either.

Verat and coworkers have thoroughly studied disproportionation
of NO* by reaction with a Rh(I)PNP complex.?8 Interestingly, their
precursor is actually a Rh(lll) complex prone to reductive
elimination and thus a source of masked Rh(l). Reaction with
several Rh/NO* ratios has been studied (Scheme 7), where the
main product Rh(PNP)(NO)(NO,) (5) could be identified in higher
NO* ratios. Presence of Rh(PNP)(NO)* in low Rh:NO ratios
suggest it to be an intermediate. A separate experiment using
pure Rh(PNP)(N2) and adding NO* was carried out, which showed
complete conversion to (5), thus explaining the absence of this
product in higher Rh:NO* ratios.

o2 Rh (PNP)(NO)(NO,) (5)

CMe,

‘\‘.
M,  HC™ | me, HC—cwve, S

Me-a._
ml & S, SP'BY ‘RhiNO 1:1-1:2_RR(PNP)NO)(NO,) (5)
—_—

Meun,, . —~N-Rh—H Me i, N 'RH
&
fJ_-,vo
27
Rh

:Si
Me" \MP’gu

Scheme 7. Experiments with varying ratios of Rh:NO* carried out by Verat et

al.?sl

Rh 1PNP}( 2)

'(PNP)(NO)

The complete disproportionation reaction as proposed by the
authors is presented in Scheme 8. Further research on the
mechanism did not shed much light into it. An unknown
intermediate consistent with Rh(PNP)(X)(Y) - due to its Cs
symmetry - was observed in experiments with low NO* ratio. Its
identity was inquired by exploring geometry optimization by DFT
calculations of several possible intermediates, out of which the
structure was defined as Rh(PNP)(NO)(ONO).
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—P'"Bu —P'Bu —PBu,
Me: :si 2 Me: - ¢ 2 Me: -5
Me”™ ME’SI\ I Me™ "y ,,NO
3 N-Rh + 6 NO* —> N-Rh-N, 4+ 2 N-Rh®NOD,
Me.., ! / I
Me s Me= S Me'ssi
& " \—plRy, € \—p'gy, R T
(5)
Scheme 8. Reaction equation of Rh(PNP) and nitric oxide.
The authors propose that since the first intermediate

Rh(PNP)(NO)* is a 17 electron species, coordination of a second
NO* radical is most likely to occur, thus yielding an unseen
intermediate Rh(PNP)(N.0O-), which could be either a dinitrosyl
species or a hyponitrite one, depending on the free NO* attack
site. Two alternative pathways are proposed. Firstly, reaction of
the undefined Rh(PNP)(N2O;) with Rh(PNP)(NO)* to yield
Rh(PNP)(NO2) -which in turn yields the final product by binding
another NO* molecule- and Rh(PNP)(N2O) which subsequently
decomposes to Rh(PNP(N;) by oxygen transfer to either the
nitrosyl or the dinitrosyl species. The second alternative consists
of an oxygen transfer from Rh(PNP)(N.O) to free NO* resulting
in free NO2* which can then bind the nitrosyl intermediate. The
authors believe this last mechanism to be more appropriate given
that the steric bulk introduced by pincer PNP might interfere with
O-atom transfer between pincer-complexes.

We have also studied the NO° disproportionation reaction
mediated by a rhodium pincer complex.“? This reactant consists
of a radical {RhNO}® species (coincidentally the same
configuration as the Rh(PNP)(NO)* intermediate observed by
Verat et. al.). The reaction both of [Rh(PCP)(NO)]* (6°) and of
Rh(PCP)(N2) were followed by FTIR (Scheme 9). The main
difference comparing to the previous work is that the reaction
products differ from those observed by Verat et al.: whereas a
Rh(PCP)(NO)(NO,) was formed, no dinitrogen complex is
observed. The reduced NO product was instead free N.O, as
detected by FTIR gas spectroscopy, which is actually the most
frequently reported product for transition metal complex-assisted
NO disproportionation. The authors have acknowledged this
particularity by suggesting intermediate Rh(PNP)(N>O) as part of
a proposed mechanism.

PrB”zj- P'Bu, P'Bu,
[ +3NO* +4 NO*
Rh—NO ——> Rh—NO, + N,0 <—— Rh=N,
¢
P'Bu, ON*-P'Bu, P'BU,
(6%)
Vyo=1614 em? Vio=1639 em™ vy =2218 emt Vy.0=2123 emt

Scheme 9. Reactions of [Rh(PCP)(NO)]+ and of Rh(PCP)(N2) with NO.

Notably, N,O could already be detected when adding only one
equivalent of NO. This, together with observation of an isosbestic
point between the FTIR signals of [Rh(PCP)(NO]" and
Rh(PCP)(NO)(NO.), suggests a fast reaction with short-lived
intermediates. Effectively, no intermediates were detected in the
FTIR experiments. As has already been discussed in the previous
work,?¢) some sort of Rh(PCP)’N,O,” formulation would be
expected as an intermediate, either as a dinitrosyl or as a
hyponitrite complex. In order to elucidate the mechanism involved,
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both DFT calculations and mixed-labeling experiments were
undertaken.

Reaction of [Rh(PCP)(*®*NO)]" with *NO vyielded both
Rh(PCP)(**NO)(NO;) and Rh(PCP)(**NO)(NO;), along with
signals for all possible combinations of labeling for nitrous oxide:
14NL0, “N°NO, N™NO and '5N,O. This reveals that there is
indeed formation of a dinitrosyl species, which is in turn in
equilibrium with both its mononitrosyl species (Scheme 10).
Dinitrosyl species containing pincer ligands are relatively rare, but
reports of both chemically equivalent and nonequivalent NO
structures can be found.34%! However, the existence of a
hyponitrite species cannot be discarded.

t . . t .
PBu, 17 o prLllg—I o PtRu, |
Rh=1°NO === Rh{NO = Rh=14NO

¢ |, “4no '

P'Bu, P'Bu, P'Bu,
Vn.o=1581 cm? Vy.o=1614 cm™

Scheme 10. Equilibrium between the mononitrosyl species and the dinitrosyl
intermediate.

DFT geometry optimizations led to comparable energies for
possible dinitrosyl and hyponitrite intermediates. Either of these
intermediates should react with a third molecule of nitric oxide
releasing a N.O molecule and resulting in a [Rh(PCP)(NOy)]
intermediate complex, which in turn binds another nitric oxide
molecule to yield the final product. Isolation of the new
paramagnetic intermediate [Rh(PCP)(NO_)]* was attempted by
reaction of [Rh(PCP)(NO)]* with O, but Rh(PCP)(O,) and
Rh(PCP)(NO)(NO,) were obtained instead of the desired product
(vide infra).

A few observations on the work carried out by Watson et al. are
pertinent with regard to NO* disproportionation.*® In this work,
reactivity of a 14-electron Ru(PNP)CI (note that the pincer ligand
is much similar to that used by Verat et. al.) with NO* was studied
(Scheme 11). Although the authors were unable to isolate and
identify the main product, an interesting structure was elucidated
by XRD from crystals obtained only under excess NO*: the ion
pair [Ru(PNP)(NO)2][Ru(NO)(OH)CI»(NO,),] (21*). The authors
propose the overall unusual reactivity to derive from instability of
the suspected primary product Ru(PNP)(NO)CI* - a radical
species - which favors further reaction with NO*, the only radical
guencher present in the reaction mixture. An expected byproduct
of this reaction would be free nitrous oxide, although its presence
was not verified, along with nitrite, which was found to bind Ru in
the counteranion. The authors discarded secondary reactions
with N2O to be responsible for the convoluted reactivity observed
by running a control experiment of Ru(PNP)CI with N.O and
confirming no reaction to take place.

@ S)
Me”‘ SI/—PtBuz e»«s-/_PtBuz Cl
- .
e |n NO e { in Cla, |IIyNO
N—Ru— N—Ru;NO Ru
excess ! N HO™ NO
exsi I Me"Si , NO | 2
e\t e ¢
PBu PBu NO,

Scheme 11. Reaction of Ru(PNP)(CI) with excess NO yielding (21*).
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Remarkably, in the dinitrosyl cation nitrosyl ligands present an
NO* and an NO™ configuration (vide infra), and (21*) can therefore
be considered a Ru(ll) complex, just as the Ru(PNP)CI precursor,
thus having mediated the NO* disproportionation without a global
redox change. However, the counteranion has not only
undergone oxidation to Ru(lll) but has also lost the pincer ligand.
It cannot be completely discarded that NO* disproportionation has
not taken place mediated by this complex, since the presence of
dinitrosyl is highly suggesting, but a mechanism could not be
proposed.

2.5. Dinitrosyl complexes

Pincer dinitrosyl species are rarely reported. However, they are
often invoked as intermediates in a number of reactions,
especially in NO* disproportionations, as we have already
discussed (Scheme 10). Dinitrosyl iron complexes have been
proposed to function as biological reservoirs and carriers of NO,
oftentimes being prone to NO® - releasing decomposition
pathways. Currently, reports of this type of species are mainly
focused on structural studies and do not thoroughly explore their
reactivity.

An early and rather peculiar case was reported by Watson et
al.,“® which has already been presented in Scheme 11. The
[Ru(PNP)(NO).]* complex reported is particularly interesting since
it features two chemically inequivalent molecules of nitric oxide.
One of them, located trans to the amine of the pincer ligand,
presented a linear NO* configuration with a Rh-N-O angle of
178.9°. The other one, positioned in the apical site of the square-
based pyramid, presented a bent NO~ configuration with a Rh-N-
O angle of 129.0°.

Another relevant report was made by Suzuki et al. with a rather
unusual bulky SNS thioamide pincer ligand.** The first challenge
faced in the work was the synthesis of a monochelate complex
rather than the most easily obtained bis-chelate species. The
authors solved this by employing a bulky pincer ligand. Exposure
of Fe(SNS)(THF), to a nitric oxide atmosphere resulted in
formation of the dinitrosyl compound Fe(SNS)(NO), (22) as is
presented in Scheme 12. Differently from the previous case, this

complex features two chemically equivalent nitric oxide molecules.

XRD-elucidated structure consists of a trigonal bipyramidal
structure with the pincer moiety located in the trigonal plane and
the two NO molecules with Fe-N-O angles of 168.9° and 168.0°.
N-O bond lengths are reported to be 1.154(4) and 1.166(3) A,
longer than NO*, shorter than NO~ and very similar to neutral NO*
radical. The authors suggest the two unpaired electrons in the
metallic Fe(ll) center and the two NO* radicals to be coupled
antiferromagnetically. Interestingly, although most {Fe(NO),}®
structures tend to be susceptible to decomposition into {FeNO}’
and free NO*, this is not seen for the reported complex.

Ph Ph ] Ph Ph Ph Ph ] PhPh
THF THE ON NO

(22)

Scheme 12. Obtention of Fe(SNS)(NO)2 (22).
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2.6. Other reactivities

The sensitivity of the characteristic v(NO) FTIR signal to the
electronic influence of the ambiance means that the nitrosyl ligand
can be used as a probe for changes in the coordination sphere. A
brief but elegant example was presented by Pecak et al., who
worked with cobalt complexes of three identical PCP pincer
ligands with different linker groups: CH,, NCH, and O.**! The
consequently decreasing donor strength for the pincer ligand,
which in turn decreases back donation from the metal center to
the nitrosyl ligand, was reflected by the increasing v(NO) signal
shift, as can be seen in Figure 5.

Hzc—'TiPrz MeN—F|’ Pr, o—||=‘|=r2
Co—Br Co—Cl Co—cCl
Q o o o
H,C—P'Pr, MeN—P'Pr, O—P'Pr,
(17)

Vno=1639 em™? Vyo=1643 em? Vno=1650 emt

Figure 5. Cobalt pincer complexes with different linkers and their v(NO) signal.

Another example is the analysis of solvent influence on the
nitrosyl group carried out for complex (6*).128! Three parameters
for the solvents were taken into account for this study: the
Gutmann donor number (DN), the Gutmann acceptor number
(AN) and the Z-value. The first two numbers rank organic solvents
by their ability to either donate or accept electron density,
respectively, whereas the Z-value is a measure of solvent polarity.
As can be seen in the results presented in Figure 6, there was a
clear tendency towards higher frequency v(NO) signals with
decrease on the DN or increase on the AN. The effect of the Z-
value also showed a slightly less marked tendency towards
decrease of the v(NO) signal with increased polarity. These
tendencies are proof that solvents can indirectly interact with the
nitric oxide ligand through the metallic center: good donors
enhance the electron density of the metallic center and so
increase back donation from rhodium to NO, decreasing v(NO).
Good acceptors, on the other hand, drain electron density from
the rhodium and so impede efficient back donation towards NO,
increasing v(NO).

35 4 24
) 'PVDMSO
304 . 4
. ¢ 2 CH,Cl,
21omF 207 DM cHon ’
20 ‘\.CHBOH 184
=z A = ’
a 151 ¢ <164 ¢
104 CHSCN DMF
144 'PV
54
N 124
+
0- | CHIZCI2 | .
1600 1700 1800 1600 1700 1800
v(NO) (cm™) v(NO) (cm™)

Figure 6. FTIR NO frequencies for complex (6*) in several solvents versus:
(left) their DN numbers; (right) their AN numbers.
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Interestingly, the large shifts in v(NO) caused by some highly
donor solvents indicate that the effect of back donation is actually
causing the NO to switch from a linear configuration to a bent one.

This was confirmed separately by analysis of the 3!P-NMR signals.

Therefore, for these cases, it might be more appropriate to
consider the solvent as a fifth ligand, as is depicted in Scheme 13.
Although DN and AN are defined for second-sphere solvent
effects, coordinating solvents still show a good correlation with
non-coordinating ones. Notably, all of these equilibria could be
displaced back to a linear configuration by subjecting the solution
to vacuum and redisolving in a suitable solvent. An extreme case
was seen in the case of (19*), where exposure of the complex to
CH3CN resulted in formation of the pentacoordinate species
[Rh(PCN)(NO)(NCCHj3)]* that could not be reversed even under
high vacuum for several hours.*9 This relative stability when
compared to PCP of coordinated CH3CN introduced by the PCN
ligand could be attributed to the reduced steric hindrance of the
latter. However, it could be also related to the more electron-
donating character of the PCN ligand, favoring Rh(Ill) complexes.

P’Buz_]® PtBUz—l(B
| solvent
Rh —NO =—— Rh —solvent
vacuum
P'Bu, ON"“—FPBu,
(6%)

Scheme 13. Reaction of (6*) with highly electron-donating solvents.

Another such extreme case was seen only for derivatives of PCN
complex (19%).101 As has already been mentioned, this complex
was obtained via Rh(PCN)(NO)(CI) (20) following chloride
abstraction with NaBArF (BArF =tetrakis[3,5-
bis(trifluoromethyl)phenyllborate). When this was attempted with
salts of other weakly-coordinating anions (WCAs), namely TIBF,,
TIPFs and silver triflate (AgOTf), (19%) could not be isolated, and
instead coordination of the WCAs was observed. In the case of
AgOTf, reaction with one equivalent vyielded only
Rh(PCN)(NO)(OTf). However, in the case of BF,~ and PFs an
equilibrium between [Rh(PCN)(NO)*[X"] (A) and
[Rh(PCN)(NO)(X)] (B) (X= BFs;PFs’) was established. In both
cases, addition of extra tetrabutylammonium
hexafluorophosphate resulted in an increased v(NO) (A) signal.
This is evidence that structure (B) in the equilibrium is formed not
by any X~ anion in solution but by the X~ counteranion inside of
the ionic pair structure, that is to say, the counteranion in the most
immediate proximity (Scheme 14). Hence, the addition of more
counteranion X results not in further coordination of it, since it
cannot access the ionic pair structure, but instead increases the
ionic pair stability by increasing the ionic strength of the solution.
All of these experiments were carried out in dichloromethane, so
it would be reasonably expected for a more polar solvent to also
have an effect in this equilibrium, although this was not studied.
Although WCAs have been proved not to be completely inert in
several reports,**-52 this case bears the advantage that the nitric
oxide ligand makes WCA coordination easily detectable by FTIR.
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TrBuz—p P'Bu,
th—NO +X - Rh—NO
NEt, X{—ILEtZ
(19%)

IIDrlauz_l@I x] P'Bu,

Rh—NO = Rh—NO

NEt, X —NEt,
[19*-X]

Scheme 14. Equilibrium established between [Rh(PCN)(NO)*][X7] (A) and
[Rh(PCN)(NO)(X)] (B).

A similar linear to bent equilibrium was reported both for PCP and
PCN in the case of reaction with carbon monoxide.??34% Upon
addition of gaseous CO to a linear NO solution of either (6*) or
(19%), the presence of the new [Rh(L)(NO)(CO)]* was detected by
appearance of two FTIR bands (one split band corresponding to
v(CO) at around 2080 cm™ and one corresponding to v(NO) at
around 1700 cm). However full conversion did not take place and
the linear v(NO) did not disappear even under treatment with
excess CO. Interestingly, the equilibrium could be fully displaced
by removing CO under vacuum.

Stabilization of small molecules is also of importance. Oxygen
adducts have been reported for other pincer complexes,“! their
significance lying in the chemical and structural insight they can
give both in oxygenation processes -for complexes able to
activate molecular oxygen - and in oxygen transport - for
complexes able to reversibly coordinate to oxygen. Milstein and
coworkers explored the formation of oxygen adducts using (11%)
as a precursor complex, and studied the mechanistics of oxygen
transfer to assess their possible reactivity in catalytic oxidation
cycles.s310n the other hand, both {RhNO}® complexes (6°) and
(19" have been found to be short-lived and particularly air
sensitive. Reaction of (6%) with O, was tested in an attempt to
isolate a NO* disproportion intermediate, but instead it was found
to result in coordination of oxygen to the metallic center, as is
shown in Scheme 15.12 However for the case of the PCN ligand,
whereas reaction of (197 with air does also yield
[Rh(PCN)(NO)(NOy)], coordination of the oxygen molecule was
not observed.*9 Reaction with excess O, resulted in
decomposition of (19°) into several products as evidenced by !P-
NMR (unpublished data).

PBU, | P Bu, PfBu2
3/20,
2 Rh—NOQ ——» h —NO, + h -0,
P'Bu, ON‘—P Bu, P Bu,
(6°)

Scheme 15. Reaction of (67) with O>.

Non-innocence of the pincer ligand, although frequent in the
literature, has seldom been reported for pincer nitrosyl complexes.
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One of the few cases is the dearomatization of rhodium complex
(11%) to form (12),3” which has also been observed for (11*)’s
oxygen adduct (Scheme 16).531 The interest in this type of
reactivity lies in the possible implications for catalytic cycles
involving pincer complexes, where aromatization-
dearomatization could enable the activation of chemical bonds.
MNO angles and FTIR v(NO) values for (11*) and (12) are omitted
in Scheme 16 as they have already been presented in Table 1.
These last values for the dearomatization process are, however,
unexpected, since reducing of the total charge could be expected
to reduce v(NO) rather than increase it. Similarly, the completely
reversible formation of a protonated arene featuring an agostic
interaction between the metal iron center of a structural analogue
of (16) and the transient C-H bond has also been reported.??

PBu, P'Bu, Vi P'Bu,
LiOH | O g |
N ﬂu “NO —/—~ N Ru -NO -..—-" -Ru—~p —> N-Ru—-CO
CH,OH PPh, _/ =/ |
u, —P'Bu,

ON “—PBu,
(11"' (12) Vigo= 1733 cr? Vyo= 1558 cm’!
RuNO= 168.7° RufO= 131.1°

Scheme 16. Dearomatized pincer nitrosyl products reported by Milstein and
coworkers and their interconversion.

3.Nitrosyl and nitroxyl porphyrin complexes

As mentioned in the Introduction, a great part of the studies
involving nitroxyl stabilization and characterization have been
carried out using porphyrins as ligand platforms, due to their
special significance as heme enzyme bioinorganic models. In
particular, this has been one of the main subjects of our research
group. In the following sections, our own progress in this field will
be discussed, along with the most relevant pioneering
antecedents.

3.1.{MNO}®7 porphyrin complexes

Depending on the different electronic properties of each transition
metal, nitrosyl complexes may be best described as M-NO*, M-
NO* or M-NO~/M-HNO species. Some iron-based platforms have
allowed for the redox interconversion between all three states,®*
58] put this is not the case for all metals. For example, almost all
porphyrin complexes with manganese centers have a linear
{MnNO}® electronic structure, although isomerism to bent species
has also been observed.®® These complexes are probably best
described as Mn(l)-NO* species, which show greater stability
compared to iron {FeNO}® analogues. This makes manganese
porphyrin nitrosyls good models for the more elusive ferric heme
nitrosyls.!®%81 Further reduction of these complexes takes place
on the porphyrin ring, yielding unstable compounds which release
NO*, and so {MnNO}"® are neither easily accessible nor useful for
studying the reactivity of reduced MNO species.[* However,
there is early evidence for a {MnNO}’ complex formed at 77K via
y irradiation,®® and reactive intermediates of this nature may be
present in NO* disproportionation and electrocatalytic nitrite
reduction mediated by Mn porphyrins. 64651

{MNO}®¥" porphyrin complexes can be prepared by different
methods, such as bubbling NO* gas into a solution of a porphyrin
bearing a metal center which readily binds NO°*, like Fe(ll) or
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Ru(ll); or either via reductive nitrosylation or nitroxyl trapping
reactions on a more oxidized center, namely Fe(lll), or Mn(l11).15%-
89 Both NO* porphyrin species have been thoroughly and
meticulously studied by other pioneering groups, and complete
literature analyzing their stability along with kinetic and
mechanistic aspects of their reactivity is available.?>4770
Although these efforts have mainly been focused on iron
coordinated systems, Ru, Co, Os, Mn, Cr and Mo nitrosyl
porphyrin complexes have also been widely studied and reviewed
in detail.[67:71-801

In the following section, focus will be put mainly in revisiting
porphyrin nitroxyl (HNO and NO~) complexes, mainly of iron,
which represent an important research topic in our laboratory over
the last decade.

3.2 {MNO}® porphyrin complexes
Iron

Iron nitroxyl complexes can be prepared, from their {FeNO}®”
precursors, via chemical/electrochemical reduction of a Fe(Il)-NO*
derivative, or through direct hydride attack on a Fe(ll)-NO*
species. Although the first {FeNO}® moiety was found in a
dinitrosylporphyirin complex,’®!! reports on mononitrosyl species
of this kind come from Kadish and coworkers, who made
substantial advance in the field of iron nitroxyl porphyrin
complexes, working with the TPP (meso-tetraphenylporphyrinate)
and OEP (B-octaethylporphyrinate) platforms. The Fe(ll)-NO~
adducts (23°) and (24°) were obtained from their nitrosyl
precursors in dichloromethane by electrochemical reduction
(Figure 7).[6283]

(@) 9 ®) 0 1e

[Fe'(TPP)NO]
(23)

[Fe'(OEP)NO]
(24)

Figure 7. The first examples of iron nitroxyl porphyrin complexes, Fe(TPP)NO~
(237) and Fe(OEP)NO~(247).

Years later, Ryan’s group managed to further stabilize these
same NO~ products in THF solution also via chemical and
electrochemical means, enabling their characterization by FT-IR
spectroscopy. 485 Evidence for the Fe-HNO derivatives was also
subsequently gathered, via electrochemical studies of the
nitrosyls in the presence of weak acids;® the [Fe(OEP)(HNO)]
adduct resulted stable for hours, as long as a phenols were
present as proton sources.’®” The HNO complex was proposed to
be stabilized by hydrogen bonds with phenol molecules.
Abucayon and coworkers obtained the hexacoordinated,
imidazole bound variant [Fe(OEP)(HNO)(5-Melm)] from the ferric
nitrosyl using a hydride attack strategy in chloroform, allowing its
characterization via *H NMR giving a 11% yield at -20°C.®8! This
hydride reduction approach had already been successfully carried
out by Lee and Richter-Addo in the same pioneering group, which
resulted in the preparation, in 77% yield, of the first porphyrin
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HNO complex (25) using the [Ru(TTP)(5-Melm)] platform (TTP:
meso-tetratolylporphyrinate) in methanol (Scheme 17).189 This
adduct could be properly characterized via FT-IR and 'H NMR,
and this kind of reactivity later allowed carbon-nitrogen and
nitrogen-nitrogen bond formation by alkyl attack on Fe(ll)-NO*
and Ru(I1)-NO* porphyrin complexes.®® The presence of a sixth
axial ligand is key for effective HNO formation, since hydride can
coordinate directly to the metal center instead if there is an
available position.[°

[RU'(TTP)HNO(Melm)]
(25)

Scheme 17. Formation of the first porphyrin HNO complex via hydride attack
on coordinated NO*.

In 2010, the first {FeNO}® complex could be isolated by Pellegrino
and coworkers in our research group, taking advantage of a very
electron withdrawing perhalogenated porphyrin, TFPPBrs (4
octabromo-meso-tetrakis-(pentafluorophenyl)porphyrinate),
which  provided extra stability towards oxidation.!?
[Fe(TFPPBIrg)(NO7)]~ (267) (Figure 8) was obtained by chemical
reduction of the corresponding {FeNO}’ adduct using cobaltocene,
and proved to be indefinitely stable in deoxygenated CH.Cl,
solution. The protonated HNO complex could not be
experimentally observed, since acid addition instantaneously
yielded the starting [Fe(TFPPBrg)(NO")] species. Nevertheless,
the perhalogenated platform allowed for = N NMR
characterization of an iron nitroxyl anion complex for the first time,
with a resonance signal at +790 ppm vs CH3®NO,, proof of its
diamagnetic nature and the {FeNO}8configuration. Further FT-IR
and UV-Vis spectroscopic characterization, along with DFT
theoretical calculations, interestingly suggested the assignment of
the electronic structure of (26-) as an intermediate between Fe(ll)-
NO~ and Fe(l)-NO" states, rather than establishing it as a
predominantly ferrous nitroxyl complex as stated for other related
non-heme, low spin complexes. !

ual g L

Uikt o

\

T
900 800 700 ppm 1900 1700 1500 1300

P Wavenumber (cm™)

Figure 8. DFT structure of (26-) (top); *®N NMR signal of Fe(TFPPBrg)(NO™) at
790 ppm (bottom left); IR spectra of the nitrosyl (red) and nitroxyl (blue)
derivatives (bottom right).
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The observed spontaneous reoxidation upon acid addition to yield
the nitrosyl Fe(II)-NO" adduct gave rise to the possible hypothesis
of a bimolecular decomposition of Fe(P)HNO complexes, (Eq. 1)
with formation of hydrogen gas. This was later supported by
results obtained with a sterically hindered porphyrin by Lehnert
and coworkers.®4
2Fel'(P)HNO — 2Fe!'(P)NO' + H, 1)

This particularly electron poor substituted porphyrin even allowed
for the investigation of a second reduction of the nitrosyl complex,
which displayed a reversible wave in performed cyclic
voltammetry experiments (Figure 9).°® The product,
[Fe(TFPPBrg)(NO)]?>~ could be characterized by UV-Vis and FT-
IR in solution. The N-O stretch frequency, which was expected to
lower due to the increased electron density, was observed to shift
from 1550 to 1590 cm? instead. DFT calculations predicted such
a behavior for intermediate and high spin complexes (with S = 3/2
and 5/2), but not for low spin states (S = %2). Moreover, the
calculated higher bond angle for the Fe-N-O moiety in the
optimized structures also suggested a porphyrin ring-based
reduction and delocalization, giving a structure best described as
a [{FeNO} (TFPPBrg)*-]> species.

—F

1uA

06 08 10 1,2 -14 -16 -1,8 -2.0
E (V) vs. Fc'lFc

‘02 04

Figure 9. Cyclic voltammetry of Fe(TFPPBrs)NO showing its two reversible
reduction processes. Reproduced from reference [°2,

In the last five years the crystal structures of (26-) as well as that
of (24-) could be resolved, shedding more light in the field of
hemenitroxyl compounds.* Of particular interest is the
experimental evidence of the expected increased bending of the
Fe-N-O adducts, displaying angles of 122° and 127° respectively,
compared to their nitrosyl precursors at 148.5° and 143°.

The use of electron poor porphyrinic platforms was further
exploited by Goodrich and coworkers, who observed similar
results for different complexes in dichloromethane and THF
solution. Remarkably, a bis picket fence porphyrin with bulky
substituents (3,5-Me-BAFP? 3,5-methylbis(aryloxy)-fence
porphyrin dianion) provided them with a robust scaffold for
obtaining the first ferrous heme model HNO complex (27), which
displays outstanding stability as it gives back the corresponding
nitrosyl precursor only after several hours (Figure 10).°4 These
results supported the hypothesis of the bimolecular
decomposition (Eq. 1), since the sterically hindered coordination
site prevents two HNO moieties from approaching each other and
reacting to produce molecular hydrogen.
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Table 4. Selected porphyrin nitrosyl complexes and their relevant spectroscopic
parameters.

{M-NO}® Porphyrin/neme wvno (cm?) HNO H-NMR

Complex (**N/*5N) (ppm) Ref.
Fe(TPP)(NO*)(NO") 16902 - [81]
Fe(OEP)(NO") 1440/1425° - [85]
Fe(OEP)(5-Melm)(HNO)  1383/1360° 13.99 (CDCl3) [88]
Ru(TTP)(5-Melm)(HNO) ~ 1380/1348  13.64 (CDCls) [89]
Fe(TFPPBrg)(NO") 1550¢ [92]
Fe(3.5-Me-BAFP)(NO") 1466 [94]
Fe(To-F2PP)(NO-) 1473 [94]
f;é;‘;')((';ooz,);'p' 1482 [94]
Fe(Tper-FsTPP)(NO") ~ 1500 [94]
Mb-HNO 1385'  14.8 (20% D.O buffer)  [97,98]
IgHb-HNO (leghemoglobin) 15.0 (phosphate buffer) [99]
cHb-HNO (hemoglobin 1) éi::;) (phosphate 5o,
th—HNO_ (human 14.63, 14.80 [99]
hemoglobin) (phosphate buffer)
Co(TPP)(NO) 1689¢ [100]
Co(OEP)(NO) 1660 [101]
Co(T(p-OCHz)PP)(NO) 1680" [102]
Co(T(p-NO2)PP)(NO) 1694 [102]
Co(TMPYP)(NO)** 17229 [103]
Co(T(X)PP)(NO)

éF: F:)CCHN3 &%ﬂ? P 1681-1605" [104]
OCH3

Co(TPPBrNO2)(NO) 1692¢ [105]
Co(CTPPMe)NO) (N [106]

confused)

a: Nujol; b: THF solution; c: CHCIz solution; d: KBr solid; e: solid film/CH2Cl»
solution; f: from XANES/XAFS measurements; g: Data from resonance Raman;
h: CH2Cl2 solution.

10.1002/ejic.202100682

WILEY-VCH

P
D
a8

Bis-picket fence porphyrin Fe'HNO
(27)
Figure 10. Fe-HNO complex of a bis-picket fence porphyrin.

The first well characterized HNO heme complex was in fact that
of myoglobin in aqueous media, reported by Lin and Farmer, for
which N and *H NMR spectra were successfully obtained.!®”
This adduct was stable for weeks, and allowed further
characterization by Raman spectroscopy and X-ray absorption, 8l
as well as setting a precedent for the preparation of new HNO
complexes of other globins through different strategies, making
the special stability of these protein adducts evident.®® Despite
the many reports of evidence for different {MNO}® reported in
organic media that emerged in the years following this
breakthrough, which were already revisited, no characterization
of a water soluble nitroxyl porphyrinic complex occurred until for
almost another two decades.

In 2019, the ferrous nitrosyl complex based on the widely used,
water-soluble anionic porphyrinic platform TPPS (meso-
tetraphenylsulphonate porphyrin dianion), could be isolated in our
group by Mazzeo and coworkers. The convenient manipulation of
Nas[Fe(TPPS)(NO?] as an isolated solid allowed us to further
study its redox behaviour and some properties of its nitroxyl
derivatives.['1  An earlier study which explored the flash
photolysis reduction of the Fe(ll)-NO* complex by a
benzophenone ketyl radical, which yielded a transient species
attributable to a nitroxyl complex,i*%® inspired us to use this
porphyrinate as a suitable platform for the study of the elusive
{FeNO}? form.

After optimizing the experimental conditions to ensure maximum
oxygen exclusion, the {FeHNO}® derivative (28*) could be
obtained in pH 6 phosphate buffer, via chemical reduction with
recrystallized sodium dithionite,!® as monitored by UV-Vis
spectrophotometry. The characteristic porphyrin Soret band
shifted its position from 414 to 418 nm (Figure 11), accompanied
with a more evident 40% increase in molar absorptivity; similar
changes were observed in early studies involving flash photolysis
reductions of [Fe(TPPS)(NO")]* generated in situ. Analogous
experiments at pH 12 resulted in a different, more subtle spectra
transformation, in which the more noticeable changes were in the
Q-band zone (Figure 11), surprisingly similar to the observed
spectral changes for the reduction of {FeNO}’ porphyrynate
complexes in organic media.l®¥! Our tentative assignments of the
reduction product at pH 6 as [Fe(TPPS)(HNO)]* (28*), and the
product at pH 12 as [Fe(TPPS)(NO™)]> (29%) were confirmed as
both products interconverted upon base and acid addition
respectively. It is important to note that, while the deprotonated
nitroxyl complex appeared to be only sensitive to possible oxygen
filtrations, the HNO adduct (28*) quickly reverted to the nitrosyl
adduct, and so base addition had to proceed immediately after
Fe-HNO formation.
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Fe'TPPSNO™ |
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== > [Fe'(TPPS)HNO]*
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Figure 11. UV-Vis spectra for the nitrosyl and nitroxyl derivatives of
[Fe(TPPS)]* (left) and structure of (284) (right).

The obtention of both protonated and deprotonated nitroxyl
adducts allowed for a systematic spectroscopic and
electrochemical characterization as a function of pH. UV-Vis
experiments showed the Fe-HNO species to dominate up to pH
9, while the Fe-NO™ adduct was the only reduction product from
pH 10 and above. Concordantly, the pH dependence of the
reduction potential satisfyingly fitted to the behavior predicted by
the Nernst equation for a pKa of 9.7 (Figure 12), with Egep values
of -0.665 vs. Ag/AgCI for [Fe(TPPS)(NO")]*,H*/(28*) at pH 6 (in
concordance to electrochemical pioneering studies of the in situ
generated nitrosyl by Meyer),*'% and Egep = -0.885 V for
[Fe(TPPS)(NO")*/(29%) at pH = 11.3. The estimated pKa value
for (28*) is about two units lower than the reported value of 11.4
for free HNO,"*Y in agreement with the stabilization of the NO~
moiety due to coordination. This result is of special relevance,
being the first of its kind reported for a heme porphyrin complex,
and allowing a biomimetic model useful for exploring the reactivity
of heme enzymes of the nitrogen cycle.

-0.65

pKa ~9,7

V)

i

9

o
L

-0.75 4

E vs Ag/AgCl

-0.85 o

-0.90

pH

Figure 12. Experimental measurements of the reduction potential of
[Fe(TPPS)(NO")]* as a function of pH. Nernst equation for pKa = 9.7 is plotted
in pink. The experimental slope of the purple plot is -52 mV/pH, in fair agreement
with Nernst's prediction of -59 mV/pH.

The spontaneous reoxidation reaction of (28*) was kinetically
studied under different experimental conditions resulting in a first-
order (and not second order, as proposed by Eq.1) decomposition
with k = (0,017 + 0,003) s, which did not change significantly with
pH, and resulted = 3 times smaller in D,O. When the radical
TEMPO was added to the cuvette once (28*) was formed, instant
and complete formation of the {FeNO}’ nitrosyl was observed,
evidencing the relatively weak nature of the H-N bond in the HNO
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moiety, for which an upper limit value of 70 kcal/mol can be
established.'? These results suggested a decomposition
pathway involving the homolytic cleavage of such bond as the
rate-limiting step. DFT calculations with [Fe(TPP)(HNO)]
supported this hypothesis, evidencing the migration of the
hydrogen atom from the HNO moiety to the most proximate meso
carbon of the porphyrin ring to form a phlorin radical intermediate,
when scans increasing the H-N bond distance of the HNO moiety
were performed (Figure 13). The phlorin radical structure resulted
only 2.4 kcal mol™* higher in energy than the initial complex, while
the calculated activation energy resulted in 19.4 kcal mol?, in
agreement with experimental measurements of kogs as a function
of temperature, which yielded an experimental activation energy
of approximately 13 kcal/mol. Intramolecular PCETs of this kind
have been recently reported for other porphyrins, where the bent
phlorin  intermediate was theoretically proposed and
detected.['*314 With this in mind, a decomposition mechanism
consisting of a rate-limiting step involving H-NO homolytic
cleavage and phlorin formation followed by fast porphyrin
rearomatization and H atom loss was proposed. Further
spectroscopic and reactivity characterization of these complexes
is the subject of ongoing work.

Transition state
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Figure 13. DFT structures for the Fe(TPP)(HNO) model, calculated transition
state and phlorin intermediate for the proposed decomposition.

All in all, the fundamental factors affecting the stability of {Fe-
HNO} complexes are not completely clear. Although in organic
media the bimolecular reaction (Eq. 1) might be the principal
decomposition pathway, as supported by the enhanced stability
provided by hindered porphyrins,® more evidence should be
gathered to make ends meet, especially regarding the formation
of H, gas as a byproduct. In agueous media, however, there seem
to be additional and diverse reasons influencing the stability of
protonated HNO adducts. For instance, the heme protein adducts
studied by Farmer and coworkers are particularly stable because
of strong hydrogen bond formation between the nitroxyl moiety
and distal amino acid residues. More specifically, evidence from
NOESY experiments along with computational simulations
support hydrogen bonding interaction of a Histidine residue and
the oxygen atom in the HNO species, among others. This kind of
interactions favour a specific configuration of the nitroxyl adduct,
possibly providing additional stability due to electronic as well as
steric effects.71% The remarkable stability reported for the non-
heme {FeNO}® nitroxyl complex [Fe(CN)s(HNO)]*~ allowed for the
determination of the first apparent pKa value for bound HNO, and
yet they bear no bulky ligands that might provide special
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protection.® The only other water-soluble porphyrin HNO
derivative, [Fe(TPPS)(HNO)]*, although not as long-lived as the
former, presents enhanced stability compared to structurally
similar complexes in organic media (and, in addition, appears to
decompose by an unimolecular pathway, not proposed before for
nonaqueous media). Very interestingly, in a recent report from
2019, Rahman and Ryan provided evidence for the formation of
a hydrogen bonded complex Fe(OEP)(NO™)---H-O-Ph in addition
of the protonated [Fe(OEP)(HNO)] adduct in the presence of
substituted phenols acting as weak acids.*'® The existent
equilibrium (shown in Figure 14) between both species is strongly
temperature dependent, and illustrates the importance of
considering hydrogen bonding interactions when analyzing the
stability of Fe-HNO adducts.
*@° 4
3338 o 3. 2 B0,
s z‘jl “4"‘?J — @82 X J‘J ]
<& “ T 2 P
ahelsne = Balpde
}4 ¥ 7 95798, )‘Ma
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Figure 14. Proton transfer-hydrogen bonding equilibrium for Fe(OEP)(NO™)---H-
O-Ph and Fe(OEP)(HNO)--—0O-Ph. Reproduced from reference [116].
Copyright 2019, with permission from American Chemical Society.

All these observations put together make us consider whether the
interaction of the nitroxyl complexes with more polar solvent water
molecules or buffer species themselves might provide additional
stability. Moreover, the newly proposed decomposition
mechanism for Fe-HNO complexes involving a - phlorin
intermediate provides a new interpretation for the remarkable
stabilities of the water soluble HNO complexes [Fe(CN)s(HNO)J*
54 and [Ru(Mes[9]aneNsz)(bpy)(HNO)]**,27 which do not have
this route available. In the case of the bis-picket-fence adduct (27),
this could be prevented due to the high steric hindrance of the
meso carbon.¥ In this context, research focusing on the stability
and reactivity of nitroxyl heme complexes in agueous and organic
media remains an interesting challenge for bioinorganic chemists.

Cobalt

The first reported nitroxyl complex was in fact not an iron complex,
but [Co(TPP)(NO)], in 1973.12% Evidence in this work and many
others, show that most readily prepared Co-NO porphyrin
complexes fall in the {CoNO}® category, displaying
complementary reactivity to that explained above for Mn-NO
porphyrin complexes.*8l These adducts present Co-N-O angles
of ~ 120° and diamagnetism, and so are best described as Co(lll)-
NO~ entities.['941%] They are also five-coordinated due to the
strong trans-effect caused by the nitroxyl ligand, although some
six-coordinate adducts were detected at low temperatures.
{CoNO}® complexes can be prepared by reaction of Co(ll)
porphyrins, either in solution or in solid state, with gaseous NO
via a reductive nitrosylation mechanism,[11%121 or either by
reaction with nitrosonium ion (NO*) followed by chemical
reduction of the Co(ll)-NO* adduct using cobaltocene.*%4

Several spectroscopic and electrochemical studies on related
complexes came to the conclusion that the {CoNO}¥7 derivatives
are not easily accessible, since oxidation of the nitroxyl
complexes occurs on the porphyrin ligands to give a 1 radical
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cation*®l, Even if the first reduction is reversible in the
voltammetric timescale, the second process eventually yields
Co(lll) species and free NO.[104.105.118.121] |nterestingly, results from
spectroelectrochemical studies in organic media showed changes
in the vno frequency during the first and second oxidation that
were consistent with formation of T cations on the porphyrin
system still bearing the NO moiety.[*%222l On the other hand,
reduction experiments ended in NO labilization after the first
reductive process.'?! Using a perbromated, nitro-substituted
porphyrin, Kadish and coworkers could relatively stabilize the one
and two-electron reduction products, which conserved the NO
moiety on a short timescale, suggesting a reduction process
based on the electron withdrawing macrocycle.%! Interestingly,
this porphyrin exhibited a saddled conformation; later studies
have shown that tetrapyrrole distortion can trigger different
changes in Co-NO binding model*?? and reactivity, as shown by
N,O production from nitrite catalyzed by an isolated {CoNO}°
complex based on the N-confused porphyrin system (307), in
which the nitrogen atom is now at the  position of one of the
pyrrole groups, and coordination occurs via a carbon atom (Figure
15).[106]

N-confused [Co"(CTPPMe)NO]
(307)

[Co'(TMmPyP)]*
(31*)

Nitroxyl Cobalamin
(32)

Figure 15. Structure of N-confused porphyrin nitroxyl cobalt complex
Co(CTPPMe)(NO™) (top left), Co(TMPyP)** (top right) and simplified nitroxyl
cobalamin (bottom).

In aqueous media, the reductive nitrosylation of Co(ll) porphyrins
to give Co(lll)-NO~ adducts was performed with many
derivatives,*? and in particular [Co(TMPyP)]** (31*) can act as
a catalyst for nitrite reduction to ammonia, implying the possible
formation of Co(lll)-HNO or Co(ll)-HNO intermediates, even if
such complexes have not been directly observed.[%

Although not strictly a porphyrin but a structurally related corrole,
cobalamine, also known as Vitamin B12, is a biologically relevant
compound bearing Co(lll) atoms in a corrin structure. Cobalamin
was found to react with nitric oxide in both its natural and its
reduced Co(ll) form, to give a {CoNO}® complex, (32),
characterized again as a diamagnetic Co(Ill)-NO~ complex by >N
NMR experiments.[123-125

In contrast to iron, HNO cobalt porphyrin adducts are not
observed, since protonation takes place on the macrocycle rather

This article is protected by copyright. All rights reserved.



European Journal of Inorganic Chemistry

than on the nitroxyl ligand.[*?81 However, {CoNO}® complexes can
show HNO donor reactivity in the presence of protons,*?¢l an
ability also shared by a non-porphyrin {CoNO}° complex with
promising HNO-release reactivity in aqueous media.'*1 This
complex is very well characterized, and interpreted as a Co(ll)-
NO™ entity, which releases HNO upon protonation. Many non-
porphyrin {CoNO}" complexes have been prepared and reviewed,
and computational studies of porphyrinic derivatives have been
performed.['?81291 Some of them are proposed as reactive
intermediates in the catalytic reduction of nitrite to ammonium. 30

Summary and Outlook

The pincer nitrosyl organometallic complexes chemistry is an
incipient but growing field which has considerably advanced in the
last decade. The synthesis and structural elucidation of several
new pincer nitrosyl complexes, assisted by detailed
electrochemical studies, led to the discovery of remarkable
transformations. Among the most important results we can
mention the selective activation and functionalization of C-X (X=
Cl, Br, I) bonds; mediation of NO disproportionation by different
rhodium complexes; some sparse reports of catalytic activity for
specific organic reactions, which are yet to be more consistently
studied but constitute a promising subject of study, where the
assistance of the NO as an electron reservoir has already begun
to be observed. In particular, the activation of C-X bonds by
{RhNO}° complexes with PCP and PCN pincer ligands implies that
halide abstraction and single-electron transfer chemistry is not
limited to first-row transition metals, thanks to the ability of NO to
act as electronic “accumulator”.

Moreover, the reversible CO addition to four-coordinate {RhNO}®
complexes (6) and (19*) could be of potential application to
sensors in solid or crystalline state, whereas reversible
coordination of solvents to complex (6) and of WCAs to (19*) are
also remarkable results. This reversible coordination is again a
manifestation of nitric oxide’s redox activity, since it takes place
through interconversion between linear NO*and bent NO™.

All in all, NO is a powerful electron reservoir that in combination
with pincer complexes can offer interesting possibilities for future
applications in catalysis and bond activation. A lot of chemistry is
waiting to be studied on this topic, and the combination of the NO
redox activity with the cooperativity of PNP pincer ligands as
proton shuttles will certainly give place to interesting chemistry in
proton-coupled electron transfer processes, such as the hydrogen
evolution reaction. 3!

On the other hand, nitroxyl, is becoming increasingly popular due
to its biological effects, which only partially overlap those of NO®,
showing functions of its own. It has also been shown to be easily
produced from by mild, biologically relevant reducing agents.[*32
Hemoproteins are one of the main biological targets of these small
molecules and heme {FeNO}®® adducts have become a
particularly interesting object of study from a bioinorganic point of
view.

The remarkable increase in the number of reports on {FeNO}?
complexes during the last decade has contributed to the
spectroscopic characterization of this initially elusive species,
although further studies are still required to obtain detailed
information at the mechanistic level. More than a decade ago, a
particularly stable {FeNO}® complex (26-), could be isolated and
characterized by UV-Vis, FT-IR and *>N-NMR in our laboratory
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using a perhalogenated, electron-deficient porphyrin in organic
medium. More recently, chemical reduction of a water-soluble
heme {FeNO}’ precursor at different pH values resulted in the
formation of the first water-soluble heme nitroxyl complexes,
{FeNO}® (29>) and {FeHNO}® (28+). UV-Vis characterization of
these complexes, added to the electrochemical information
obtained from cyclic voltammetry experiments of the {FeNO}’
complex allowed us to estimate the pKa of the {FeHNO}? species
at around 9.7. More importantly, we could establish a mechanism
for the first-order decay of the {FeHNO}® complex, that involves
ligand cooperativity of the porphyrinate, forming a phlorin
intermediate in which the hydrogen atom from the HNO moiety
has migrated to the most proximate meso carbon of the porphyrin
ring. Further studies to get more insight in this novel heme
{FeHNO?}® decomposition mechanism are needed.

The ever-expanding literature on nitric oxide coordination
compounds reflects the rich chemistry offered by the NO-metal
interaction, with many fundamental aspects still to be learned and
lots of new applications continuously appearing. To take a case
in point, the first transition metal nitrosyl, [Fe(NO)(H,0)s]?*, the
iconic “Brown-Ring” chromophore, was discovered by Joseph
Priestley more than two hundred years ago,**3 but even today
there are reports on new aspects of its electronic structure, with
its DRX structure elucidated just in 2019.134 Surely, with the aid
of promising scaffolds such as pincer ligands and porphyrinates,
a lot of new fascinating metal nitrosyl chemistry is yet to be
discovered.
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