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The previously reported complex [Ph,P][Fe(bpy)(CN)3(NO)]
(bpy = 2,2'-bipyridine) was synthesised and characterised in
detail using UV/Vis absorption and IR spectroscopy, cyclic
voltammetry, and single-crystal XRD. Detailed spectroelec-
trochemical (UV/Vis, IR and EPR) insight adds perfectly to
the previous electrochemical characterisation of this com-
plex. The description of this {Fe(NO)}? complex as a low-spin
Fell-NO" system based on the spectroscopic results is sup-

ported by DFT calculations. Reversible oxidation leads to the
corresponding {Fe(NO)}® (Fe'-NO*) complex, whereas the
reduction to the formal {Fe(NO)}® species [presumably (Fe'-
NO)] occurs irreversibly. When trying to synthesise further
derivatives that contain other a-diimine ligands, only for the
1,10-phenanthroline (phen) derivative were some results ob-
tained. For other ligands the obtained materials were too re-
active. The reasons for such behaviour are also discussed.

Introduction

Research on iron nitrosyl complexes is generally moti-
vated by the interplay of iron and nitrosyl in biology, which,
in chemical terms, could be described as the “taming” of
the highly reactive nitrosyl molecule.'™* A very prominent
scaffold for this purpose is provided by oligocyano iron spe-
cies [Fe(CN),]” (5 > n > 3; m depends both on n and the
iron oxidation state) as in Na,[Fe(CN)s(NO)], the famous
pentacyanonitrosyl ferrate(Il), also called nitroprusside
(NP), which has gained medicinal application as a highly
effective hypotensive agent with few undesirable side ef-
fects.['31 The biological effect of NP is due to the release of
NO in a physiologically controlled manner when adminis-
tered. From the viewpoint of “taming” the nitrosyl, the
nitrosyl-pentacyanoferrate platform [Fe(CN)s(NO)]” pro-
vides not only the possibility to generate coordinated
nitrosyl in the NO*, NO" or NO/HNO form,[® it also
allows one to carry out nitrosylation reactions.” At the
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same time, oligocyano iron complexes exhibit very specific
properties, such as a very high sensitivity to the solvent sur-
roundings® and they have been frequently used as building
blocks in coordination chemistry.[!

Starting from the nitrosyl-pentacyanoferrate, further
platforms of the general type {MXs(NO)} have been inves-
tigated to control the oxidation state of the nitrosyl ligand.
Examples are {M(CN)s(NO)} with M = Fe, Ru or
OsB36:7:10-121 and {M'Cl5(NO)} with M’ = Ir or Ru.Be 13l

A further variation of the nitrosyl-pentacyanoferrate
platform was previously presented by Fiedler and Ma-
Sekl1%-11 with the complexes [Fe(NN)(CN);(NO)|~ [NAN
= 2,2'-bipyridine (bpy) and 1,10-phenanthroline (phen)] in
which two cyano ligands are replaced by the diimine chelate
ligands to stabilise the {Fe(NO)!’ state (nomenclature by
Enemark and Feltham!!'#)). The {Fe(NO)}” species [Fe(CN)s-
(NO)?13e:10.15.16] i highly reactive and rapidly cleaves cyan-
ide. The idea was that the introduction of the n-backbond-
ing diimine ligands might stabilise this oxidation state. They
obtained the complexes from Na,[Fe(CN)s(NO)]-2H,O
({Fe(NO)}°), dithionite as a reductant and the correspond-
ing diimine in aqueous solutions.'>!"l The products were
precipitated by adding [Ph4P]Br (Ph = phenyl) and isolated
(yield was not provided). The electrochemistry of these
compounds has been studied using polarography and some
spectroscopic information and magnetic measurements gave
insight into these interesting {Fe(NO)}7 complexes, which
very likely contain low-spin Fe'l and NO'. The bpy complex
was oxidised using bromine to the very reactive and poorly
characterised {Fe(NO)}° complex [Fe(bpy)(CN);(NO)].['!]
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In this work we present a complete characterisation of
[PhyP][Fe(bpy)(CN)3(NO)] by single-crystal XRD struc-
tural studies, spectroelectrochemistry, and other spectro-
scopic techniques such as UV/Vis absorption, IR, and EPR.

In contrast to the complexes of the type {MXs5(INO)},
such a variable platform as [Fe(N~N)(CN);(NO)]” might
allow electronic variations of the nitrosyl ligand through
alteration of the a-diimine ligand N/AN. Therefore, we also
sought to prepare similar analogues by varying the diimine
ligands; however, it turned out that only the bpy and phen
complexes were stable.

The results are discussed in comparison to [Fe(CN)s-
(NO)> 1315161 and further {FeNO}7 species!!72% of which
the non-heme, six-coordinate complexes [Fe(pyN,)(NO)]**
{PyN, = 2,6-CsH;N[CMe(CH,NH,) L}, [Fe(pyS4)(NO)]
{pyS4 = 2,6-bis(2-mercaptophenylthiomethyl)pyridine-
(29)1,181 [Fe(PaPy;)(NO)|(ClO,) {PaPy;H N,N-bis-
(2-pyridylmethyl)amine-N-ethyl-2-pyridine-2-carbox-
amide},!'°! [Fe(TIM)(MeCN)(NO)]** (TIM = 2,3,9,10-
tetramethyl-1,4,8,11-tetraazacyclodeca-1,3,8,10-
tetraene),?Y [Fe(N;PyS)(NO)]* {N3;PySH = N-[2-phenyl-
thiolmethyl-N-(2-pyridinylmethyl- N, N-bis(2-pyridinyl-
methyl)methylamine)]},?!1 [Fe(N4Py)(NO)]** {N Py = 1,1-
di(2-pyridinyl)- N, N-bis(2-pyridinylmethyl)methanamine} 211
and the cyclam complexes [Fe(cyclam-ac)(NO)](PFy)
(cyclam-acH = 1,4,8,11-tetraazacyclotetradecane-1-acetic
acid) and trans-[Fe(cyclam)(CI)(NO)](ClIO4) (cyclam =
1,4,8,11-tetraazacyclotetradecane)??! are worth mentioning.

Results and Discussion

Complex Synthesis and Structural Characterisation

[PhyP][Fe(bpy)(CN)3(NO)] (1) was obtained in reason-
able yield as described in the Experimental Section. As a
first approach to the structural and electronic characterisa-
tion, FTIR spectroscopy was used to monitor the reaction.
The spectrum of the obtained compound showed a very
distinct intense signal associated with a coordinated NO li-
gand at 1642 cm™' (KBr pellet), and owing to the redshift-
ing in comparison to the coordinated nitrosonium of the
nitroprusside used as starting material, it was assigned to a
reduced NO species.>?>271 The signals that correspond to
the three cyano ligands were associated with a fac arrange-
ment.

Crystals of 1 suitable for single-crystal X-ray diffraction
experiments were obtained from ethanol/diethyl ether mix-
tures. The structure was solved in the orthorhombic space
group P2,2,2; (no. 19) with results depicted in Figures 1
and 2 (data in Table S1 of the Supporting Information).
The presence of only one counterion (a PPh,* cation) estab-
lishes the charge of the iron complex as —1. The molecular
structure shows a bent FeNO geometry with an ZFeNO of
147.9(2)° and a relatively long dNO of 1.168(3) A (Figure 1
and Table S2) in agreement with the hypothesis of the redox
state assignment of the nitrosyl as NO.[3:15-17-19,21.23¢.24.28]
For similar reported complexest!>2!1 the Fe-N-O angle is
in the range 141-149°, whereas dNO goes from 1.006 up to

Eur. J. Inorg. Chem. 0000, 0-0

1.211 A. Thus, the parameters found for the complex re-
ported herein are in agreement with these reference values.
The supramolecular packing is ruled by the non-conven-
tional hydrogen bonds C—H(bpy)--ON [distance H(bpy)---O
2.558(2) A, C-H-O angle 142.9(2)°] and C-H(bpy)--NC
[distances H(bpy)~-N 2.558(2) and 2.588(2) A, ~CHN
169.8(2) and 172.6(2)°, respectively], which gives rise to a
1D infinite chain along the crystallographic a axis (Fig-
ure 2). The interaction between chains is given by C-H-
(bpy)-*NC contacts [distances H(bpy)N 2.640(2) and
2.639(3) A, LCHN 124.9(2) and 121.1(2)°, respectively].
Then, owing to the displacement between these linear ar-
rangements, the resultant motif is a 3D zigzag sheet (Fig-
ure S1). By taking into account the cations, the supramolec-
ular structure reveals that they are intercalated in the afore-
mentioned 3D array described by the anions. Each phos-
phonium cation interacts with two different iron complexes
through C-H(bpy)-*NC contacts; at the same time, each of
one of these two anions are part of different 3D sheets. A
clear view is obtained along axis » (Figure S2).

Figure 1. Molecular structure of [Fe(bpy)(CN);(NO)]" in
[PhyP][Fe(bpy)(CN)3(NO)]. All atoms at 50% probability level;
protons were omitted for clarity. Selected bond lengths [A] and
angles [°]: Fel-N1 2.037(2), Fel-N2 2.125(2), Fel-C021 1.961(3),
Fel-C040 1.925(3), Fel-C044 1.959(3), N6-O1 1.168(3), C021-N5
1.143(3), C040-N4 1.137(3), C044-N3 1.151(3); Fel-N6-Ol
147.9(2), Fel-C021-N5 175.8(2), Fel-C040-N4 176.8(2), Fel-
C044-N3 176.7(2).

The synthesis of further compounds of the type
[Ph4P][Fe(NN)(CN);(NO)] with various a-diimine ligands
NAN such as [,10-phenanthroline (phen), dipyrido-
[3,2-a:2",3"-c]phenazine (dppz), N,N-disiopropyl-1,4-diaza-
butadiene (iPr-DAB) or bis(mesityl)acenaphthenequinone-
diimine (Mes-BIAN) has been attempted (for a complete
list and details, see the Supporting Information). However,
even a variation of the synthetic procedure did not allow us

© 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Hydrogen bonds in the [PhyP][Fe(bpy)(CN);(NO)] struc-
ture C-H-+O [red, intermolecular distance 2.558(2) A] and C—
H-N [green, intermolecular distances 2.558(2) and 2.588(2) A]
forming an infinite 1D arrangement. Interaction between chains
through C-H-+N contacts [purple, intermolecular distances
2.640(2) and 2.639(3) A, respectively].

to isolate the corresponding complexes, with the exception
of phen, which has been previously reported.['%11]

Electrochemistry

The redox processes related to complex 1 were previously
studied by polarography.['®!! Thus, we explored its electro-
chemical behaviour by using cyclic voltammetry and also
spectroelectrochemistry. To understand the influence of the
diimine ligand we also studied the electrochemical behav-
iour of the 1,10-phenanthroline (phen) derivative, complex
2, synthesised by a similar procedure to 1. Both 1 and 2
display similar behaviour either in organic solvents or in
aqueous media (Figure 3 and Figures S3 to S5 in the Sup-
porting Information). For instance, in CH,Cl,, for complex
1 a reversible one-electron oxidation is observed at —0.31 V
and additionally, two irreversible processes are detected at
—1.83 and -2.42 V. Whereas the oxidation very probably

. . . .
1 0 -1 -2
E/Ws. FeCp,/FeCp,

Figure 3. Cyclic voltammograms of [Ph4P][Fe(bpy)(CN);(NO)] in
CH,Cl,/nBuysNPF¢ at room temperature and 100 mVs ™! scan rate
(bottom). Square-wave experiment of the reversible oxidation with
10 mVs ! scan rate (top); both referenced against ferrocene/ferro-
cenium.

Eur. J. Inorg. Chem. 0000, 0-0

represents the {Fe(NO)}”® couple, the reduction waves are
probably due to bpy-based redox events coupled to loss of
ligands (NO and/or CN). In the same solvent, for the phen
complex 2, the corresponding potentials are —0.29, —1.83
and -2.40 V (Table 1, Figure S5).

Table 1. Selected electrochemical data for [PhyP][Fe(NN)(CN);-
(NO)).[lal

Eip Oxl  E, Redl  E, Red2
[Ph,P][Fe(bpy)(CN);(NO)] ~0.31 -1.83 242
[Ph,P][Fe(phen)(CN);(NO)] -0.29 -1.83 ~2.40

[a] Potentials in V versus ferrocene/ferrocenium from cyclic voltam-
metry or square-wave voltammetry in CH,Cl,/nBuyPF¢ at 298 K
and 100 mVs™! scan rate. Half-wave potentials E,,, for the revers-
ible oxidation, cathodic potential E,. for irreversible reductions.
Conversion to SCE = +0.46 V; to NHE = +0.66 V (see the litera-
ture as well®)).

In MeCN solution a reversible oxidation is observed at
—-0.29 V for complex 1, whereas a huge irreversible re-
duction wave lies at about —1.25V (Figure S3 in the Sup-
porting Information). In H,O solution, for the values for
complex 1, the oxidation is shifted cathodically (-0.40 V
versus ferrocene; 0.24 V versus SCE), whereas the reduction
occurs at as low as —1.31 V versus ferrocene/ferrocenium
(-0.91 V versus SCE; Figure S4; the measured SCE poten-
tials were converted in to the ferrocene/ferrocenium scale
by —0.643 V). The polarographically obtained potentials by
Fiedler and Masek are very similar to our values for the
oxidation process!' ! but differ largely for the reduction pro-
cess, where they found far less negative potentials and the
consumption of three electrons. Since parameters such as
the electrode material, the scan rate, the concentration, tem-
perature and solvent have a huge impact on the potential
for irreversible processes, this is not unexpected. Similar
problems have been observed for the determination of the
first reduction potential of [Fe(CN)s(NO)J>~ from polaro-
grams or cyclic voltammograms.!'® The first reduction of
this complex ({Fe(NO)}°~7) is irreversible both in aqueous
solution and in organic solvents owing to the loss of cyan-
idel'® and occurs at markedly more negative potentials [e.g.,
—0.82 'V in CH,Cl, (versus SCE)!'®4] than the oxidation of
1 ({Fe(NO)}7—9), thus the introduction of bpy or phen for
two CN ligands has largely stabilised the {Fe(NO)}” com-
plex 10111 Nevertheless, the potentials show that the com-
plexes [Fe(NN)(CN);(NO)]™ can be easily oxidised, in line
with their inherent instability during preparation and isola-
tion. Furthermore, in line with the irreversible behaviour
observed in the cyclic voltammograms, attempts to obtain
the reduced {Fe(NO)}® (Fe''-NO") complex by using co-
baltocene or pentamethylcobaltocene were not successful.

UVI/Vis Absorption Spectroelectrochemistry

The UV/Vis spectroelectrochemical anodic oxidation of
compound 1 is shown in Figure 4. The long-wavelength
bands of the starting complex with maxima at 381 and
449 nm, respectively, have been previously assigned to the
ligand-to-metal charge-transfer band (LMCT; NO' to
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Fe'M).''l" Alternatively, these bands might be assigned to
metal(Fe'")-to-ligand (n*,bpy) transitions as observed in
[Fe(bpy)(CN),J?>.B% In addition to these bands, a weak
shoulder at 550 nm is discernible that is probably due to
d—d transitions.3¢-11-301 Intraligand m—n* bands were ob-
served at 233 and 294 nm, respectively.l''] The tiny features
at around 270 nm are due to the counterion. Upon anodic
oxidation, the long-wavelength bands vanish and only very
weak long-wavelength absorptions at 460 and 550 nm re-
main, the intensity of the 233 nm intraligand band is dimin-
ished and the 294 nm band undergoes a redshift to yield a
band with maxima at 302 and 312 nm. Isosbestic points are
observed at 305 and 338 nm.

16

600 700 800

o

extinction coefficient ¢ / 10°Mol 'cm™
» [

N}

o

T T T T T T T T T 1
250 300 350 400 450 500 550 600 650 700
wavelength / nm

Figure 4. UV/Vis absorption spectra recorded during reversible
anodic oxidation of [PhyP][Fe(bpy)(CN);(NO)] in CH,Cl,/
nBuyNPF¢ at room temperature in an optically transparent thin-
layer electrode (OTTLE) cell (applied potential 0-800 mV). Inset:
Parent complex in green and product of the oxidation in red.

The oxidation occurs completely reversibly on the time-
scale of the experiment. Re-reduction after anodic sweep
produced more than 97% of the original spectral intensity.
The product of the oxidation [Fe(bpy)(CN)3;(NO)]
[{Fe(NO)}9] exhibits very weak long-wavelength bands
around 500 nm (see inset in Figure 4), which we tentatively
assign to d—d transitionsP®>3411] and redshifted intense m—
n* absorption bands. Both features are in line with a low-
spin Fe'' and NO" description as already assumed by
Fiedler and Magek.l'%!""] The metal-to-ligand charge-trans-
fer band (MLCT; Fe'' to NO*), which occurs in the visible
range for [Fe(CN)s(NO)J> 1384l seems to be shifted to the
UV range in [Fe(bpy)(CN);(NO)] owing to the weaker li-
gand bpy (compared with 2 X CN") and the reduced charge
of the complex, and is probably hidden under the intense
n—n* absorption bands.

Thus, our UV/Vis spectroelectrochemical experiment
strongly supports the LMCT assignment for the long-wave-
length bands of the parent complex 1 and the d—d character
of the very long-wavelength shoulder. The possible MLCT
(Fe-to-n*,bpy) transitions that occur in the visible region
for [Fe(bpy)(CN),]> 3% were not observed for 1 in the vis-
ible and might be hidden under the intense n—n* absorption
bands. In [Fe(bpy),(CN),], as in [Fe(bpy);]**, the d—d ex-

Eur. J. Inorg. Chem. 0000, 0-0

cited state lies also lower than this MLCT,3%311 which
means that two CN™ ligands (for one bpy) are not enough
to increase the d—d energy and lower the MLCT energy,
whereas four CN~ ligands as in [Fe(bpy)(CN)4]* seem to
be sufficient for this task. Starting from this complex, the
formal replacement of CN~ by NO' in [Fe(bpy)(CN)s-
(NO)] results in a weaker ligand field, reduced charge of
the complex and lower electron density in the Fe', which
shifts this MLCT to higher energy.

EPR Spectroscopy and Electronic Structure Calculations

X-band (9.4 GHz) EPR spectra were recorded on solid
samples and solutions of 1 in CH,Cl, (Figure 5 and Fig-
ure S7 in the Supporting Information).

—

3250 3300 3350 3400 3450
Field/ G

3350 3400 3450

Field /G

3250 3300

Figure 5. X-band EPR spectra of [PhyP][Fe(bpy)(CN);(NO)] in
glassy frozen CH,Cl, (conc. approx. 103 molL ") at 110 K and at
room temperature (inset) with simulations.

Whereas in a solution in CH,Cl, an ill-resolved isotropic
spectrum at g = 2.0107 is observed (Figure 5, inset), the
anisotropic spectrum recorded at 110 K in glassy frozen
solution (Figure 5) can be simulated by assuming a rhombic
symmetry with three g values (g; = 2.035, g, = 2.025, g3 =
1.972) and hyperfine splitting for one N nucleus (7 = 1) for
the NO ligand (4; = 11 G, 4, = 25 G, 43 = 15 G; line width
18, 15, and 14 G, Lorentzian/Gaussian: 0.9), which is in line
with an S = !/, system that represents a diamagnetic Fe!l,
low-spin system and the unpaired electron largely localised
on the NO ligand. With this data, the isotropic spectrum at
room temperature (Figure 5, inset) could be also simulated,
and interestingly, the simulation was slightly better when
assuming two different N-atom contributions to the un-
paired electron with Ajonoy = 16 G and AisoNbpy rrans to NO)
= 2 G (line width 17.5 G).

Thus, the EPR results confirm the assumption of Fiedler
and Masek that the observed magnetic moment (i) for
[Ph4P][Fe(bpy)(CN)3(NO)] of 2.27 B.M. is higher than the
spin-only value of 1.73 B.M. owing to orbital contribution
and not to a higher-spin system.''l For the complexes
[Fe(CN)s(NO)J>~ and [Fe(CN)4NO)]*>" the magnetic mo-
ment has been determined to be 1.73 B.M. with no orbital
contribution.['>) From our results we can say that the spin
is largely localised on the NO ligand; however, the high iso-
tropic g value and the g anisotropy (Ag = g; — g3) in the
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spectrum at 110 K of 0.063 point to a marked contribution
of the iron atom. For [Fe(CN)s(NO)]*~ an axial spectrum
with g = g, = 1.99, g3 = 1.92 with an averaged g value g,
below 2, Ag = 0.07 and 4, = 28 G has been reported.[3¢122
Parameters very similar to the values observed for [Fe-
(bpy)(CN);(NO)]- were reported for [Fe(pyN,)(NO)J**
{PyNy = 2,6-CsH;N[CMe(CHoNH )0} (gave. = 2.007, Ag
= 0.085)'"1 and the two forms of the complex [Fe(cyclam-
ac)(NO)I* (cyclam-acH = 1,4,8,11-tetraazacyclotetra-
decane-1-acetic acid) with g,,, of 2.014 and 2.012 and Ag
= 0.065 and 0.088, respectively.”?? For the last system, the
structural parameters /FeNO = 148° and dNO =
1.166(6) A are in complete agreement with the parameters
for [Fe(bpy)(CN);(NO)] ", which points to the fact that the
Fe(NO) fragment largely dominates the spin distribution in
these {Fe(NO)}’ systems. Also for the complex [Fe(Pa-
Py3;)(NO)|* {PaPy;H = N,N-bis(2-pyridylmethyl)amine-N-
ethyl-2-pyridine-2-carboxamide} a markedly lower g,,, of
1.989 is in line with a slightly changed Fe(NO) geometry
[£FeNO = 141.3(2)° and dNO = 1.190(2) A], whereas the
Ag of 0.088 is similar.[' In all the aforementioned systems
a large A4, value of more than 25 G is also a common fea-
ture. Very recently, Solomon, Jameson, Goldberg et al. re-
ported on two structurally related complexes, [Fe(Ns-
PyS)(NO)]* and [Fe(N4Py)(NO)]** {N;3PySH = N-[2-phen
ylthiolmethyl- N-(2-pyridinylmethyl- NV, N-bis(2-pyridinyl-
methyl)methylamine; N4Py = 1,1-di(2-pyridinyl)-N, N-bis(2-
pyridinylmethyl)methanamine)]}, with quite different g,
values of 2.005 for N3;PyS and 1.996 for N4Py but a vir-
tually identical Ag value of 0.085.2!1 The A4, value for the
N;PyS complex is markedly lower (21.1 G) than for the
N4Py derivative (25.1 G). Also here, the Fe(NO) geometry
seems to be crucial. Whereas the N;PyS complex exhibits
ZFeNO = 147.2(2)° and dNO = 1.150(3) A, the NPy de-
rivative has ZFeNO = 144.9(2)° and dNO = 1.157(3) A.

A broad overview of various {Fe(NO)}7 systems is pro-
vided in Table S3 of the Supporting Information. From this
we can conclude that the averaged g value (g,..) 1S quite
sensitive to the Fe(NO) geometry with higher values for
large angles. The 4, coupling constant and the g anisotropy
(Ag) is quite constant for most six-coordinate ferrous
nitrosyl {Fe(NO)}’ systems; smaller values were observed
for five-coordinate systems,[?3¢2401 whereas slightly larger
Ag values for six-coordinate systems were observed for por-
phyrin-based systems.[>3d However, a conclusive correlation
of Fe(NO) structural data and EPR parameters is lacking
because the structural data has been achieved in the crystal,
whereas EPR data is recorded in glassy frozen solution. Ad-
ditionally, more examples of such low-spin {Fe(NO)}” sys-
tems would be welcome.

In recent literature, it was shown for [Fe(NO)]**, as a
model for the {Fe(NO)}7 complexes,>? that among the
tested exchange-correlation functionals none of them is able
enough to provide a satisfactory description of the spin
densities relative to complete active space self-consistent
field (CASSCF) calculations. However, for complex 1 the
results obtained from DFT calculations under vacuum are
in good agreement with the EPR results. The relative spin-

Eur. J. Inorg. Chem. 0000, 0-0

state energies obtained for the [Fe(bpy)(CN);(NO)] anion
(Table S4 in the Supporting Information) using different
functionals (see the Experimental Section for details)
showed that the singlet state is favoured in all cases with
respect to the triplet state with stabilisation energies in the
range of 23.1-27.8 kcalmol™'. In addition, a similar spin-
density distribution that satisfactorily describes our system
is observed for the singlet state for the tested functionals
(Figure S8). As expected, in all cases the calculated spin
densities are centred among the Fe(NO) moiety, but no sig-
nificant differences were found for the different applied
functionals, contrary to what has been observed for similar
systems.[3?]

EPR and IR Spectroelectrochemistry

Additionally, we investigated the EPR response to the
anodic oxidation of 1 in CH,Cl,/nBuyNPF¢ at room tem-
perature (Figure 6). Upon oxidation, the isotropic signal at
g =2.0107 completely disappeared and reappeared upon re-
reduction. The EPR silence of the oxidised product [Fe-
(bpy)(CN);(NO)] could be either due to a ferromagnetically
coupled low-spin Fe™ and NO" or to diamagnetic low-spin
Fe!! and diamagnetic NO*. From spectroelectro-IR experi-
ments (Figure S9 in the Supporting Information) in which
the VNO band shifts from 1660 to 1930 cm ! and the vCN
bands shifts from 2108 to 2142 cm™! upon oxidation, we
conclude that the latter description of an Fe-NO* com-
plex is far more appropriate, in line with the conclusions
from UV/Vis spectroelectrochemistry and the assumptions
by Fiedler and Masek.[''l On the timescale of the IR and
EPR spectroelectrochemical experiments, the oxidation of
the complex 1 is reversible.

3350 3375 3400 3425

Field/ G

3325

3300

Figure 6. X-band EPR spectra recorded during re-reduction of
anodically oxidised [Ph4P][Fe(bpy)(CN);(NO)] in CH,Cl/
nBuyNPFg at room temperature (ox: —0.6—+2.0V; re-red:
+2.0—-0.6 V/0.2 V steps). The arrows indicate the signal growth
upon re-reduction.

Upon cathodic reduction of 1, the EPR signal vanishes.
In the IR, the vNO band at 1660 cm™! intensifies, whereas
the VCN band shifts to 2086 cm™'. Importantly, the re-
duction is completely irreversible.
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Conclusion

The {Fe(NO)}’ complex [PPh,][Fe(bpy)(CN);(NO)] has
been fully characterised. Its molecular structure (from sin-
gle-crystal XRD) shows a bent nitrosyl, and EPR data and
DFT calculations confirm that its electronic configuration
involves a diamagnetic low-spin Fe" with the unpaired elec-
tron density localised on the NO™ ligand. The brownish red
colour of the complex is due to long-wavelength LMCT
(NO' to Fe'!) absorptions, and the complex can be revers-
ibly oxidised to the {Fe(NO)}° (Fe'-"NO%) complex, as
confirmed by UV/Vis, EPR and IR spectroelectrochemistry.
Attempts to obtain the reduced {Fe(NO)}? (Fe'-NO")
complex by using chemical reductants failed, probably due
to the irreversible character of this reduction, as observed
in the CV and spectroelectrochemical experiments. More-
over, the NO' ligand in the parent {Fe(NO)}’ complex
seems to be highly sensitive to the environment, since re-
placement of bipyridine with other ligands with similar
properties, such as phenanthroline, produced complexes
that were much more reactive or were not formed at all.

Experimental Section

General: All syntheses and manipulations were carried out under
strictly controlled atmospheres of nitrogen or argon.

Instrumentation: EPR spectra were recorded in the X-band with a
Bruker ELEXSYSS00E equipped with a Bruker variable-tempera-
ture unit ER 4131VT (500 to 100 K); g values were determined
using a 2,2-diphenyl-1-picrylhydrazyl (dpph) sample. UV/Vis ab-
sorption spectra were measured with a Varian Cary 05E/Varian
Cary50 Scan photospectrometer. Spectroelectrochemical investi-
gations (UV/Vis and IR) were performed at ambient temperature
with an OTTLE cell.B3 EPR spectroelectrochemistry was per-
formed in an EPR tube equipped with three electrodes (working E:
Pt; counter-E: Pt and pseudo-reference-E: Ag). IR spectra were
recorded with a Nicolet Avatar 320 FTIR spectrometer with a
Spectra Tech cell for KBr pellets. Electrochemical experiments were
carried out in 0.1 M nBuyNPF¢ solutions using a three-electrode
configuration (glassy carbon electrode, Pt counter electrode, Ag/
AgCl reference) and an Autolab PGSTAT30 potentiostat and func-
tion generator. Data were processed using GPES 4.9 (General Elec-
trochemical System Version 4.9). The ferrocene/ferrocenium couple
(FeCp»/FeCp-*) served as internal reference.

General Procedure for the Preparation of [Ph,P][Fe(N"*N)(CN)s-
(NO)| complexes (NN = bpy, phen): Sodium nitroprusside
(1 mmol, 298 mg) was dissolved in nitrogen-purged water (40 mL).
Afterwards sodium dithionite (2 mmol, 350 mg, 2equiv.) was
added in water (10 mL), followed by the addition of the NN Ii-
gand (1 equiv.; 156 mg of bpy, 180 mg of phen). The solution was
stirred for three hours, and the colour changed from greenish to
dark brown. A solution of tetraphenylphosphonium bromide
(1 mmol, 420 mg) in water (20 mL) was added to the mixture and
stirring was continued for one hour. The mixture was left overnight
under an inert atmosphere to complete the precipitation. The mix-
ture was filtered and the brown residue was washed with water
(3% 20 mL). The crude product was dissolved in degassed ethanol
and recrystallised by adding diethyl ether. The mixture was centri-
fuged and the solvent was removed under reduced pressure to ob-
tain a microcrystalline brownish red solid. Compound 1 (bpy)

Eur. J. Inorg. Chem. 0000, 0-0

yield: 47%. Cs;7HzgFeNgOP (659.48): caled. C 67.39, H 4.28, N
12.74; found C 67.42, H 4.25, N 12.77. IR (KBr): viyo = 1642 cm™!,
ven 2108 em!. Compound 2 (phen) yield: 35%. CsoH,gFeNqOP
(683.50): caled. C 68.53, H 4.13, N 12.30; found C 68.25, H 4.11,
N 12.33. IR (KBr): vno 1641 cm !, ven 2106 cm !

X-ray Diffraction: The structure of 1 was solved by means of direct
methods** and refined by full-matrix least-squares®>> on F?. X-ray
reflections were collected at 298 K with an Oxford Xcalibur Gemini
Eos CCD diffractometer using Mo-K,, radiation (1 = 0.7107 A).
Data collection and processing, including a multiscan absorption
correction were performed using CrysAlisPro  (version
1.171.33.55),3% and OLEX2-1.2871 and SHELXL978! were used
for structure solution and refinement. In the course of the refine-
ment, several hydrogen atoms were detected at approximate loca-
tions in difference Fourier maps and then refined freely. Several
reflections were flagged as having an extremely poor match of Fpgq.
to Fuca., probably owing to beamstop interference. The omission
of those reflections does not introduce any modification in the re-
finement parameters.

CCDC-1026302 (for 1) contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Computational Methodology: All unrestricted Kohn-Sham DFT
calculations were performed with the Gaussian 09 quantum chemi-
cal program.* Six popular exchange-correlation functionals were
employed: B3LYP,#0 OLYP“!1 OPB,*? BP86,[*] BLYP*4 and
MO6-L.[%1 For direct comparison, all DFT spin-density profiles
were obtained from single-point calculations on the optimised
structure. We applied the 6-31G** basis set in all cases.[*! The spin-
density distributions were visualised using the Gabedit 2.4 program
(Figure S8 in the Supporting Information).7”)

Supporting Information (see footnote on the first page of this arti-
cle): Figures showing cyclic voltammograms of complexes 1 and 2;
UV/Vis absorption and IR spectra of 2; IR spectroelectrochemistry
of 1; an EPR spectrum (in the solid) of 1; and calculated spin-
density profiles for complex 1 are provided together with tables that
contain structural information and EPR data for selected
{Fe(NO)}7 complexes and details on further attempted complex
syntheses.
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The  previously  reported  complex
[Ph,yP][Fe(bpy)(CN)3(NO)] (bpy = 2,2'-bi-
pyridine) was synthesised and a detailed
structural (single-crystal XRD), (spectro)-
electrochemical and spectroscopic insight is
provided that adds perfectly to the previous
electrochemical characterisation.
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