7® ROYAL SOCIETY
P OF CHEMISTRY

Dalton
Transactions

View Article Online
View Journal | View Issue

PERSPECTIVE

Present state of knowledge on the electronic

o structure and oxidation state of iron in the brown
Cite this: Dalton Trans., 2025, 54, . - - -
15686 ring complex: a long-standing debatable issue in
undergraduate chemistry coursest
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In terms of electronic structure, the century-old, well-known brown ring complex formed in the classical
brown ring test employed in the qualitative analysis of nitrate (and nitrite) is still a matter of debate among
both theoretical and experimental chemists. The extensive n-bonding in the Fe—N-O linkage complicates
the prediction of the real oxidation state of iron in the brown ring complex, involving the non-innocent
NO ligand that can have different chemical states to tune the oxidation state of iron in the complex. This
article summarises the present-day knowledge of the possible electronic structures of the quartet {Fe
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(NO)Y moiety (S = 3/2) of the brown ring complex. Experimental observations (isomer shift of °’Fe in MB
spectrum, EPR and IR data, X-ray crystal structure data, etc.) along with the consideration of the basic
required conditions to accommodate the large number of remaining o-donor neutral ligands (5H,0)

rsc.li/dalton support the most probable oxidation state of iron as an intermediate state of +2 and +3, but closer to +3.
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Introduction

In the classical “brown-ring” test for nitrate in aqueous solu-
tion in undergraduate analytical chemistry, the addition of a
small amount of freshly prepared FeSO, or Mohr’s salt solu-
tion to an aqueous solution of nitrate, followed by the careful
addition of a small amount of concentrated sulphuric acid
along the sides of the test tube containing the aqueous solu-
tion of Fe(n) and NO;~ produces a brown iron nitrosyl
complex, called the brown ring complex, denoted by [Fe
(H,0)5(NO)J**, at the liquid-liquid interface."” The involved
reactions and the appearance of the brown ring complex at the
liquid-liquid interface are shown in Fig. 1.

The brown ring complex is unstable in terms of NO loss in
aqueous solution. It may be noted that nitrite (NO,”) also
responds to this test.” In fact, thermodynamically, both nitrate
and nitrite are almost equally powerful oxidising agents, and
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nitrite can oxidise Fe(u) to Fe(u) in the same way to generate
NO.® Besides this, under acidic conditions, nitrous acid pro-
duced from nitrite readily undergoes disproportionation to
produce NO and NO;~ (eqn (1)):°

3HNO, = NO;~ +2NO + H,0 + H* (1)

Possible electronic structures of the brown ring complex: the
non-innocent nature of the NO ligand

The odd-electron molecule NO, a 15e species with the
unpaired electron in the n-ABMO (antibonding molecular
orbital, t*-MO), is a well-known non-innocent ligand®™° that
may exist in the complex as neutral NO, cationic NO" (isoelec-
tronic with the well-known =n-acid ligands CO and CN™) and
anionic NO~ (isoelectronic with the dioxygen ligand 0,)"'7°
which means that the brown ring complex likely has one of
different possible electronic structures,'”'* as shown in
Table 1. In terms of the geometry of the M-N-O linkage, it can
have the two modes:''™* the bent mode, characterised by an
M-N-O bond angle < 165°, and the linear mode, characterised
by an M-N-O bond angle > 165°. There is actually a correlation
between the N-O stretching frequency (vno) and the Fe-N-O
bond angle in non-heme {FeNO} (Enemark-Feltham nota-
tion'?) complexes, which was first established by Chavez and
coworkers.'® Non-heme {FeNO}’ complexes are broadly cate-
gorized into two spin states:'""? 1s-{FeNO}” (total spin, S = 1/2)
and hs-{FeNO}’ (total spin, § = 3/2). The spin state is primarily
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Fig. 1 (a) Involved reactions in the formation of the brown ring complex. (b) Appearance of the brown ring complex at the liquid—liquid interface.

Table 1 Possible electronic structures of the brown ring complex*

NO
H,0/14,,, Fle..u\\\OHz
H,0" | VoH,

OH,

S0,

Fe" + NO — hs-{FeNO}’ (total spin, S = 3/2)

Electronic Structure  Iron spin state NO spin state  Coupling
Fe(1)-NO" Fe():d” (S=3/2) NO'(S=0) —
Fe(11)-NO’ Fe(n):d® (§=2) NO'(S=1/2) AF
(5=1) F
Fe(ur)-NO™ Fe(m): d®> (S=5/2) NO™ (S=1) AF
(§=3/2) NO™(S=0) —
(§=1/2) NO™ (§=1) F

governed by the ligand environment around the iron
center."""> Complexes bearing the strong-field ligands, such
as macrocyclic N4-type frameworks or other ligands with high
ligand-field strength, typically stabilize the low-spin configur-
ation.” In contrast, complexes incorporating the weak-field
ligands, most commonly polypyridine derivatives or other
nitrogen-based heterocycles, favor the high-spin state.?

Enemark-Feltham notation of the electronic structure of the
‘M(NO)’ moiety in the nitrosyl complexes

According to the Enemark-Feltham notation,'” the {M(NO),}’
moiety present in a complex is represented by {M(NO),}",
where the superscript x denotes the total number of valence
electrons (i.e., the sum of the metal-d and the NO-t* elec-
trons), and y denotes the number of NO groups in the ‘M(NO)’
moiety. For the electron count (x), we may consider one elec-
tron per NO ligand and an appropriate d” configuration of the
metal to maintain the overall charge of the complex (i.e., x =y
+ n). Thus, for the purpose of electron counting (x), consider-
ation of the actual oxidation states of the metal and NO ligand

This journal is © The Royal Society of Chemistry 2025

in the complex is not required. This is illustrated in the follow-
ing representative six-coordinate mononitrosyl (y = 1)
complexes:"®

[Cr(CN)5(NO)P*: {Cr(NO)}®, i.e., d* + 1 = 5, linear M-N-O
linkage (176°)

[V(CN)s(NO)P*~: {V'(NO)}*, ie., d® + 1 = 4, linear M-N-O
linkage (176°)

[Mn(CN)5(NO)P*": {Mn"(NO)}’, i.e., d® + 1 = 6, linear M-N-O
linkage (174°)

[Fe(CN)s(NO)]*: {Fe™(NO)}®, ie., d° + 1 = 5, linear M-N-O
linkage (178°)

[Co(NH3)5(NO)**: {Co"(NO)}?, ie., d” + 1 = 8, bent M-N-O
linkage (119°)

It is evident that in the six-coordinate mononitrosyl com-
plexes, for higher values of x (>6), to maintain the 18e rule, the
bent M-N-O linkage is quite expected as in this mode, NO
acts as a 1e donor ligand while for the smaller values of x (<6),
to maintain the 18e rule, the linear M-N-O linkage is quite
reasonable as in this mode, NO acts as a 3e donor ligand. It
has already been mentioned that Chavez and coworkers'® have
established a correlation between the N-O stretching fre-
quency (vno) and the Fe-N-O bond angle in non-heme
{FeNO}’ complexes. This correlation confirms the proposed
Fe-N-O angle of ~160° in the brown ring compound.

Nitrosyl complexes
Linear M-N-O linkage'""*

When NO coordinates as NO*, in terms of electron count, NO
acts as a 3e donor ligand: donation of the unpaired electron
present in the n-ABMO to reduce the metal (M) centre by 1e
followed by the c-donation of a lone pair present in the non-
bonding MO or weakly c-ABMO as the HOMO (highest occu-
pied MO) of NO" produced by the 1e transfer from the HOMO
of NO to the metal centre. Thus, the produced NO" acts as a
weak 2e donor ligand in the Lewis sense, and at the same
time, it can act as a potential n-acid ligand like CO, which is
isoelectronic with NO" that receives back electrons from the
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metal d-orbital through the n-backbonding, d (metal) —» =*-
MO (NO"). This n-backbonding is favoured for the linear M—-N-
O linkage due to the better overlap between the metal d-orbital
and 7*-MO of NO', and this reduces the IR-stretching fre-
quency (vno, cm™") of NO™. In fact, for the nitrosyl complexes
having NO" as the ligand, vno increases compared to that of
free neutral NO (o = 1876 em™") due to the loss of one elec-
tron from the 1*-MO of NO, but it decreases compared to that
of free NO* (uno = 2387 cm ™ in NOBF,)*” because of the elec-
tron acceptance in the #*-MO of NO' through the
n-backbonding, d (metal) — n*-MO (NO")."*"** In fact, for the
linear nitrosyl complexes (NO" as the ligand), vno lies in the
range 1660-1900 cm™ ", satisfying the condition: 2387 cm™*
(free NO*) > uyo (in the complex) > 1876 cm ™" (free NO).'>*
Here, it is assumed that the o-donation of the lone pair
present in the nonbonding MO or weakly ¢*-MO does not
affect much the vyo value.>**

The N-O stretch (vno) value in the linear M-N-O linkages
depends on the degree of oxidation of NO in the nitrosyl
complex. This is illustrated by two representative complexes.
In sodium nitroprusside (SNP), Na,[Fe(CN);(NO)], the octa-
hedral anionic moiety [Fe(CN);(NO)]*~ with a linear FeNO unit
shows a very high N-O stretch value (vno = 1939 cm™')'7"8
indicative of distinct NO oxidation. The N-O stretch value is
found a little low (vno = 1903 ecm™*)'*?® in the complex [Ru
(NH;)5(NO)]Cl;, indicative of partial NO oxidation.

Bent M-N-O linkage'""?

When NO coordinates as neutral NO, it acts as a 1le donor
ligand. The unpaired electron of NO makes a covalent-like
linkage with the metal’s unpaired electron in a d-orbital, as in
the organic nitroso compounds (R-N=0) housing a lone pair
on the sp>-N to make the linkage bent, as also predicted by the
VSEPR (valence shell electron pair repulsion) theory. When the
metal centre is electron rich or in a low oxidation state, it
becomes readily oxidisable, and an electron can be transferred
to the singly occupied mn*-MO (or the singly occupied sp>N
orbital in terms of valence bond theory, VBT) of NO to reduce it
to NO~ (isoelectronic with O,) which in turn can act as a strong
2e n-donor ligand but a weak n-acceptor ligand."” In this case,
in terms of electron counting, NO effectively acts as a 1e donor
ligand by considering the 1e reduction of NO to NO™ by the oxi-
disable metal centre. Both neutral NO and NO™ produce a bent
M-N-O linkage. It may be noted that NO™ is isoelectronic with
0,, which also coordinates in a bent end-on fashion in many
complexes, as in haemoglobin and myoglobin.***! In the for-
mation of NO7, it receives an electron in 7*-MO of NO and con-
sequently, vno (1358 cm™" in NaNO)** decreases compared to
free NO (= 1876 cm™'). In general, we have the order: vyo (=
1660-1900 cm™" in the linear mode of coordination) > vye (=
1525-1680 cm ™" in the bent mode of coordination). Here, it is
important to mention that for the {FeNO}’ systems, the N-O
stretching band (both IR and Raman active) usually appears in
the range of ~1700-1800 cm™ " and the Fe-N-O angle is corre-
lated with the N-O stretch, where a higher N-O stretching fre-
quency is correlated with a more linear Fe-N-O unit.'»'>1%43
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Strong anionic coligands (see Table 2) reduce the iron’s
effective nuclear charge, decreasing the n-donation from the
singly occupied n* orbitals of *NO™ to the electron-rich iron
center."”” This weakens both the Fe-NO and N-O bonds
(because of the increased electron density in the antibonding
n* orbitals of NO), lowering their stretching frequencies (vno
drops down to the 1700 cm™" region).'* Conversely, in the pres-
ence of neutral coligands (e.g., TPA, BMPA, TMPza, and H,0),
the metal center becomes less electron-rich, which enhances
n-donation from the ®NO~ ligand. This increased n-interaction
strengthens the Fe-NO bond, makes the Fe-NO unit more
linear, and shifts the N-O stretching frequency closer to
~1800 cm™" (see Table 2)."> Not only the electronic factor, but
the steric factor can also play an important role in controlling
the Fe-N-O bond angle.**

Iron-nitrosyl complexes

Heme and non-heme iron-nitrosyl complexes are considered
as  the important  intermediates in  biological
processes.''*?%2¢ Examples of low-spin (Is) heme iron-nitro-
syl complexes and high-spin (hs) non-heme iron-nitrosyl com-
plexes are known.'>** In fact, Fe(i) non-heme iron-nitrosyls
have been studied as the models for the corresponding O,
complexes to understand the mechanistic pathways of activity
of non-heme iron enzymes.”’*° The Lehnert group® prepared
a complete series of high spin hs-{Fe-NO}*® complexes ([Fe
(TMGj;tren)(NO)**) using the TMGstren coligand (Fig. 2).
These complexes, generated via redox transformations of the
hs-{FeNO}’ species to hs-{FeNO}® (by one-electron oxidation)
and hs-{FeNO}® (by one-electron reduction), have been exten-
sively investigated through the different experimental tech-
niques, such as X-ray crystallography, MCD, XANES/EXAFS,
Mossbauer spectroscopy, and theoretical DFT studies. These
studies have established the fact that these redox transform-
ations are all metal-centered and the corresponding complexes
represent hs-Fe(n)->NO~ (hs-{FeNO}®, S = 1, vyo = 1618 cm ™),
Fe(u)->NO~ (hs-{FeNO}’, S = 3/2, uno = 1739 cm™ ') and °Fe
(iv)->NO~ (hs-{FeNO}*, S = 1, vno = 1879 cm ™) systems.

In contrast, for the corresponding low-spin (Is) iron-nitrosyl
complexes (i.e. 1s-{FeNO}*®) having the cyclam-acetate coligand,
prepared by Wieghardt’s group,®® such redox transformations are
found to be NO-centered (Fig. 3), i.e., Is-Fe(u)-"NO~ (Is{FeNO}®, S
=0, vno = 1271 em™), Is-Fe()-NO™ (Is{FeNO}, S = 1, 1o =
1607 cm™) and Is-Fe(n)-NO" (Is-{FeNO}®, S = 0, o = 1903 cm ™).

In the hs-{FeNO}*® complexes, the NO™ ligand acts predo-
minantly as a strong n-donor ligand, and the degree of
covalency in the Fe-NO bond increases with the increasing
positive oxidation state of iron. It is reflected in the increasing
trend of Fe-NO bond strength in the order: hs-{FeNO}® (vge_no
= 594 cm™') > hs-{FeNO} (vpeno = 484 cm™') > hs-{FeNO}®
(Ureno = 435 cm ™). It may be noted'>** that the Is-{FeNO}’
complexes (S = 1/2) can be reversibly reduced to the corres-
ponding stable 1s-{FeNO}® complexes (S = 0, diamagnetic); the
reduction is ligand (NO) centered and it occurs at extremely
negative redox potentials. In contrast, hs-{FeNO}’ non-heme
complexes (S = 3/2) experience the metal-centered reduction,

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Series of hs-{Fe—NO}*~® complexes using the TMGstren coligand reported by the Lehnert group,?®
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12 §=0
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Fig. 3 Series of [s-{Fe—NO}*~8 complexes using the cyclam-acetate coligand reported by the Wieghardt group,! where the redox transformations

are all NO-centered.

and these complexes can be reduced to hs-{FeNO}* complexes
(S = 1, paramagnetic) at relatively mild redox potentials. The
brown ring complex is also a hs-{Fe(NO)}” species (S = 3/2), as
confirmed by EPR and magnetic measurements (vide infra).

Prediction of the mode of
coordination by the NO ligand in the
brown ring complex

According to the Enemark-Feltham notation,'” the ‘Fe(NO)’
moiety present in the brown ring complex is represented as {Fe
(NO)Y, where the superscript denotes the total number of
valence electrons (i.e., the sum of the metal-d and the NO-n*
electrons) in the ‘Fe(NO)’ moiety. The value of total electron
count (= 7) predicts a bent Fe-N-O linkage (i.e., NO acting as a
1e donor ligand). This simple prediction is to be justified by
the experimental findings and computational results. In fact,
there is a difference of opinion in this regard among the
different groups of workers, and it is still an active area of
research for both computational chemists and experimental
chemists.***®°%¢17%% The brown-ring complex was first pro-
posed in 1958 by Griffith et al.® as an Fe(1) complex with NO",
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produced from Fe(u) through the reduction of Fe(u) by the odd-
electron molecule NO, which is oxidised to closed-shell NO* to
act as the ligand. Thus, all the seven electrons present in the
‘Fe(NO)’ moiety of the brown ring complex reside on the metal
center Fe(i) (high-spin tggeg, S = 3/2). The charge transfer tran-
sition within Fe(1) was considered to explain the broad absorp-
tion band at 450 nm.®® This idea was changed by the group of
van Eldik in 2002 from their kinetic and spectroscopic (elec-
tron paramagnetic resonance (EPR), Mossbauer (MB), IR and
flash photolysis spectroscopy) studies (Fig. 4), and they pro-
posed the brown ring complex as a complex of Fe(u) (high-
spin t2g o» S = 5/2) antiferromagnetically coupled to a triplet-
NO™ ligand (S = 1) produced through the 1le-reduction of NO
by Fe(u).”° It makes the overall system a quartet (S = 3/2).

The isomer shift of the Mdssbauer spectral data (zero-field
>’Fe MB data: isomer shift (5) = 0.76 mm s~ ', AE, = 2.1 mm
s™1) strongly supports the presence of high-spin Fe(m) antifer-
romagnetically coupled to triplet °NO™ (S = 1), producing the
observed spin quartet ground state (S = 3/2). In fact, the MB
parameters of the brown ring complex are in good conformity
with those of many non-heme high-spin {FeNO}’ systems, best
described as the Fe(ur)-NO~ complexes, where a high-spin Fe
(m) center (S = 5/2) is coordinated to a triplet °NO~ ligand (S =

1), and the spins are antiferromagnetically coupled.'*'>?7:3%71

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) Experimental and simulated X-band EPR spectra of [Fe(H,0)5(NO)I?*. The simulation shows effective g values g = 4.04, 4.04, and 2.0 [D
> hu; E/D = 0] for a typical spin quartet species (trace 'S = 3/2’). (b) Zero-field Mdssbauer spectrum of [Fe(H,0)s(NO)]?* at 80 K. Two overlapping
quadrupole doublets with an intensity ratio of about 2:3. ‘a’ line for {FeNO)’ (5 = 0.76 mm s, AEq = 2.1 mm s7%); ‘b’ line for unreacted
[Fe'(H,0)6l?*. “Reprinted (adapted) with permission from ref. 50. Copyright {2002} American Chemical Society”.

Recent studies further support this view. Goldberg et al*®

recently reported one interesting example of a hs-{FeNO}
complex, [Fe(N3Py**"SEtCN)(NO)](BF,),, (see Table 2) gener-
ated from its hs-ron(n) precursor, [Fe"(CH;CN)
(N3Py**"SEtCN)](BF,),. This hs-{FeNO}’ complex (containing
hs-Fe'", antiferromagnetically coupled with the *NO™ ligand)
exhibits § = 0.67 mm s" and |AEq| = 2.20 mm s, whereas
the corresponding high spin Fe(u) precursor (S = 2) shows & =
1.09 mm s~ and |AEq| = 2.93 mm s~'. The same group also
reported another hs-{FeNO}’ complex®>® (see Table 2), [Fe
(NO)(Me;TACN)(OSiPh,),0], with § = 0.52 mm s~ " and |AEq| =
0.80 mm s, again significantly lower than those of its high
spin iron(i) precursor (5 = 0.98 mm s~ and |AEq| = 1.98 mm
s™"). Similarly, Lehnert and co-workers®” reported a non-heme
high-spin  {FeNO}’ dimer, [Fe,(BPMP)(OPr)(NO),](OTf),,
described as Fe(um)->NO~ with an isomer shift of § = 0.70 mm
s~ and |AEq| = 1.72 mm s~ ', while its dinuclear Fe(u) precur-
sor [Fe,(BPMP)(OPr)|(OTf), exhibited an isomer shift of
1.19 mm s~ " and a quadrupole splitting |AEq| of 2.89 mm s,
which are both indicative of high-spin iron(u). Thus, the high-
spin {FeNO}’ complexes exhibit a much lower isomer shift
(0.50-0.76 mm s, see Table 2) than that of the corresponding
high-spin iron(u) (S = 2) complexes.

Here, it may be noted that besides the oxidation state, some
other factors, like the degree of covalency in the bond, may
also partly contribute to determining the MB isomer
shift.>”®% In spite of this partial contribution of other
factors, the MB isomer shift is considered as a strong evidence
to identify the oxidation state of iron in its different
compounds.®®”® Thus, the observed MB isomer shift
(0.76 mm s™')°° shows a convincing signature of hs-Fe(m) in
the brown ring complex. Based on these observations, the
former [Fe'(H,0)5(NO")]** complex was reformulated in 2002
as [Fe"(H,0)5(NO)>*.>°

This journal is © The Royal Society of Chemistry 2025

Two years later, based on the computational studies (gas-
phase DFT calculations), Cheng et al. proposed a new elec-
tronic structure for the complex as [Fe"(H,0)5(NO%)J*, ie., a
complex of Fe(u) (high-spin t;.e7, S = 2), antiferromagnetically
coupled to a doublet neutral NO ligand (S = 1/2).°" Conradie
et al. suggested the linearity of the Fe-N-O moiety in the
ground state of the {Fe(NO)}” unit from their computational
studies.®> However, this prediction does not support the
experimentally found bent structure of the Fe-N-O moiety in
the brown ring complex.’® These three possible electronic
structures (a, b and c) are shown in Fig. 5.

All these structures explain the overall quartet state (S = 3/2)
with the same magnetic moment (u = 3.8 BM, suggesting three
unpaired electrons) in conformity with the experimental find-
ings.®® Thus, the magnetic data measurements cannot dis-
criminate among the three possible electronic structures.
Because of the unstable nature of the brown ring complex, it
was difficult to obtain the crystallographic data to characterise
it. In this regard, Monsch et al. in 2019 made a major break-
through by isolating the brown ring complex as the deep-
brown crystals consisting mainly of FeSO,-7H,0 = [Fe(H,O)s]
(SO4)-H,0 with small amounts (max. 14%) of the said nitrosyl
complex bearing NO as a ligand replacing one water mole-
cule.*® Their crystal structure analysis using X-ray diffraction
measurements (Fig. 6) indicated a bent Fe-N-O moiety (angle
about 162°) in the crystalline environment.*® They also ana-
lysed the bonding in the Fe-N-O moiety theoretically and con-
cluded that because of the strong m-bonding interactions in
the linkage, it is difficult to determine the oxidation state of
iron in the brown ring complex.

The group of Odelius and Banerjee in 2022 suggested the
dynamical instability of the brown ring complex that remains
in an equilibrium mixture of octahedral [Fe(H,0)s(NO)]*" and
square-pyramidal [Fe(H,0),(NO)J** species.®® If there is an
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Fig. 5 Three possible electronic structures (a—c) of the brown ring complex [Fe(H,0)5(NO)I?* (S = 3/2).

Fig. 6 The molecular structure of [Fe(H,O)s(NO)I?* in crystals of the
ferrate, reported by the Kliifers group.*® Bond distances: mean Fe-0,q
=2.079 A, Fe—~Nyo = 1.780(3) A, N-O = 1.134(4) A; bond angles: Fe—-N-
O = 162.2(3)% NO stretching frequency vno = 1841 cm™; Mdssbauer
data: 5 = 0.655(3) mm s~ and |AEg| = 2.031(8) mm s~*. Adapted from
CCDC number 1893482.

equilibrium between these two species, obviously, the octa-
hedral species is expected to be the predominant one because
of the higher crystal field stabilisation energy (CFSE) in the
octahedral geometry. The same group in 2023 proposed from
theoretical calculations that the electronic structure of the
‘FeNO’ moiety in the brown ring complex depends on the Fe-N
distance.®* In 2025, a DMRG-CASSCF (DMRG-CASSCF denotes
Density Matrix Renormalization Group - Complete Active
Space Self-Consistent Field, CASSCF - a multireference
method that accounts for these multiple configurations) study
of {FeNO}’ complexes by Ghosh et al. suggests that the brown
ring complex ([Fe(H,0), 5(NO)]**) predominantly exists as Fe(i)
with neutral NO.*®

To date, the structural interpretation of the brown ring
complex has been made by the group of van Eldik®® mainly
through the experimental probes using different spectroscopic
methods like IR, EPR, MB, and flash photolysis while the
other groups have made most of the theoretical investigations
using gas-phase calculations, implicit solvation models,
etc.>®°1%%%%73 If we consider the ligand environment in the
brown ring complex having a large number of remaining

15692 | Dalton Trans., 2025, 54, 15686-15695

o-donor ligands (5H,0), the low oxidation state of iron, like +1
state, is quite unlikely (i.e., the reduction of Fe(u) to Fe(i) by
NO producing an NO" ligand). Rather, to accommodate these
large number of o-donor ligands (5H,0), a higher oxidation
state of iron, like +2 or +3 state, is preferred.">"* If we consider
the oxidation of Fe(u) to Fe(m) by NO, producing the NO™
ligand, then the experimental observations of EPR and MB
spectroscopy can be nicely explained.*®*° In fact, the presence
of a large number of o-donor ligands in [Co(NH;)s(NO)**
leads to the chemical state as [Co™(NH;)s(NO™)]**."”>** The
observed IR stretching frequency of NO in the brown ring
complex is about 1810 cm™" (¢f 1876 cm ™" for free NO having
one electron in the n-ABMO, 2300 cm™" for free NO* having no
electron in the m-ABMO, and 1500-1600 cm™" for free NO~
having two electrons in the n-ABMO)."*"*?° It is important to
note that the strength of the bonding interaction between
®NO™ and Fe(m) in hs-{FeNO}’ can be modulated by different
factors”® and is highly sensitive to the surrounding ligand
environment.'>"* For the 6-coordinate hs-{FeNO}’ complexes,
the N-O stretching frequency varies from 1848 to
1680 cm™',"""* accompanied by variations in the Fe-N-O
bond angle from 180 to 144° (see Table 2), and it depends on
the types of coligands attached to the iron center.'"'> A higher
N-O stretching frequency is correlated with a more linear Fe-
N-O unit.'® Generally, the presence of neutral coligands co-
ordinated to the iron center in the hs-{FeNO}” system leads to
the higher N-O stretching frequencies.'>'®*>**>3 On the
other hand, the presence of the anionic coligands in the hs-
{FeNO}’ system leads to the lowering of N-O stretching
frequency.>”***"*>7% In the brown ring complex, the neutral
coligands (H,O) render the Fe center relatively electron-
deficient, and the observed higher N-O stretching frequency
(1810 cm™")*® can be explained by the greater r-donation from
the n*-orbitals of >NO™ to Fe (d-orbitals), which reduces elec-
tron density in the N-O antibonding n-orbitals and strength-
ens the N-O bond."” The brown ring complex having the
neutral coligands (5H,0) records the bond angle of about
162°.%° A similar type of bond angle (165°) and stretching fre-
quency (1812 ecm™") are observed in Goldberg’s hs-{Fe(NO)}
complex, [Fe(N3Py**"SEtCN)(NO)](BF,),, where the coligand is
also a neutral ligand.*® However, the presence of anionic coli-
gands in ochahedral hs-{FeNO} complexes [e.g. [Fe(NO)
(Me;TACN)((0SiPh,),0)] (1680 cm™),>>*®  [Fe(Me;TACN)

This journal is © The Royal Society of Chemistry 2025
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(N3),(NO)] (1690 em™),*® [Fe(BMPA-Pr)(Cl)(NO)] (1726 em™"),*
[Fe(6-COO -tpa)(NO)[" (1752 cm™"),>* and [Fe(EDTA)(NO)]
(1780 em™")*”*°] increases the electron density at the iron
center. This results in reduced n-donation from *NO™, greater
electron occupancy in the NO n* orbitals, weaker N-O bonds,
and consequently, lower N-O stretching frequencies.

Here, it is worth mentioning that sodium nitroprusside
(SNP) Na,[Fe"(CN)5(NO™)] (S = 0)°°7? is considered to consist
of Is-Fe(n) bearing an NO" ligand. The Is-Fe(u) centre (t3,) pos-
sesses a high CFSE (crystal field stabilisation energy) in
sodium nitroprusside. In SNP, other remaining ligands are the
n-acid ligands (5 CN™) that favour the reduction of Fe(m) to Fe
(m) by NO, producing the NO' ligand and the reverse possi-
bility, i.e. oxidation of Fe(u) to Fe(m) by NO, producing the NO™
ligand, is strongly disfavoured."*'* In fact, the group of n-acid
ligands favours the lower oxidation state of the metal centre to
enhance the metal-to-ligand back donation of electrons.

Conclusions

A single electronic state of the brown ring complex is not yet
accepted by all. In fact, the strong n-bonding interaction in the
Fe-N-O linkage of the brown ring complex complicates to
determine the oxidation state of iron in the complex.®
However, the structure [Fe'(H,0)s(NO)]** involving the +1
state of iron and NO' ligand proposed by Griffith et al. first in
1958 appears quite unlikely because it cannot adequately inter-
pret the experimental findings like MB spectral data, stretch-
ing frequency of the NO group and bond angle (about 162°,
bent Fe-N-O linkage, experimentally determined; ¢f. the NO*
ligand strongly favours a linear Fe-N-O linkage). Besides
these, the +1 state of iron can hardly accommodate the large
number of o-donor ligands (5H,0). Both the structures
[Fe"(H,0)5(NO°)** and [Fe™(H,0)5(NO7)J** lead to the bent
Fe-N-O linkage as experimentally found and both Fe(u) and Fe
(ur) can also comfortably accommodate the remaining c-donor
ligands (5H,0), but the structure involving hs-Fe(ur) and *NO~
can better explain the spectroscopic data (IR, EPR, Mossbauer
(MB), and flash photolysis spectroscopy) explored by the van
Eldik group.”® However, if we consider the structure
[Fe'(H,0)5(NO")]**, then the extremely strong d(Fe') — n*(NO")
n-back donation may lead to the higher oxidation state of iron
like +2 or +3 or an intermediate state between +2 and +3.%%73
In this concept, the limiting situation of n-back donation leads
to the structure [Fe™(H,0)s(NO)]*" as proposed by the van
Eldik group. To explain the blue-shifted stretching frequency
(about 1800 cm™, higher than that of free NO™) in the brown
ring complex, the n*(NO~) — d(Fe™) donation is considered to
deplete the electron density in the n*-MO of NO™. Thus, the
real oxidation state of iron represents most probably an inter-
mediate state between +2 and +3, but closer to +3, which can
explain the experimental observations of the van Eldik group
and accommodation of the remaining s-donor neutral ligands
(5H,0). The intense observed colour of the brown ring
complex can be argued due to a ligand to metal charge trans-

This journal is © The Royal Society of Chemistry 2025
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fer (LMCT) transition, n*(NO~) — d(Fe™). In fact, the origin of
the color of {FeNO}’ complexes due to the LMCT (NO~ to Fe
(m)) transition has been analyzed in a number of

cases, 12:26:27,74
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