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Calculations of the electronic structure, geometry and electronic spectra of Roussin’s red salt dianion (RRS)
and Roussin’s red diester (RRE) were carried out with the RB3LYP and UB3LYP methods. The electronic
structure emerging from these calculations may be described as composed of two {Fe(NO),}° units, in which
ferric ion (S = 5/2) is antiferromagnetically coupled to two NO™ ligands (each with S = 1), giving S = 1/2;
the units are antiferromagnetically coupled to each other yielding a total S = 0. The S*>~ bridges (in RRS)
or SR™ bridges (RRE) mediate the antiferromagnetic coupling. The character of the frontier orbitals controls
the dinuclear species’ reactivity, which is initiated by electrophilic attack on S-localized HOMO orbitals
(RRYS) or nucleophilic attack on the Fe-S antibonding LUMO orbital (RRE). The contrasting susceptibility
to electrophilic/nucleophilic attack is also assisted by the sulfur charge, which is negative in RRS and
positive in RRE. The calculated spectra of RRS and RRE show substantial resemblance to the experimental
spectra. The calculated transitions are mainly of charge transfer character: At long wavelengths they are
described as t*no — d (LMCT), at short wavelengths (below 250 nm) the most intense transitions are

d - m*no (MLCT). In the middle part of the spectra both types of transitions are present. Some
contribution of sulfur to the transitions throughout the whole spectrum is observed. The t*No — d
transitions are assumed to be responsible for the photochemical reactivity of both compounds, which is

initiated by photodissociation of the NO group.

1. Introduction

Iron-sulfur clusters constitute an integral part of several nat-
ural structures occurring in a large family of biologically
relevant metalloproteins. These [Fe—S] units form the active
sites of enzymes, which play a crucial role in living organism
processes such as: electron transfer chain, photosynthesis
(photosystem 1), isomerization, respiratory chain, nitrogen
fixation and many various catalytic reactions; they can also
operate as biosensors for oxidants and iron.'” The [Fe-S]
clusters are even supposed to be the interface between the
biological and inorganic worlds, because they catalyze redox
transformations of such likely components of the Earth’s
primordial atmosphere, as N,, CO and H,.*

The iron-sulfur units form mono, di-, tri-, tetra- and hexa-
nuclear species in which iron atoms are connected through S
bridges, with thiolates as terminal ligands. From the point of
view of magnetic properties they can be considered as high-spin
ferrous (Fe**, S = 2) or ferric (Fe*", § = 5/2) units anti-
ferromagnetically coupled to each other, where S~ bridges
mediate the antiferromagnetic interactions.”®

Quantum mechanical calculations have been widely used to
elucidate the electronic structure and interpret the physical
properties of such clusters. For iron-sulfur clusters, the iron
d-d interactions are weak and the closed-shell wave function is
unstable to perturbations that allow electron spins to localize
at the iron centres. This led to the idea of spin and space
unrestricted wave functions, which provide an improved de-
scription of exchange correlation effects. In such wave func-
tions the orbitals describing o (spin-up) and B (spin-down) tend
to be localized on different metal atoms. This broken-symme-

604

New J. Chem., 2005, 29, 604-612

try (BS) formalism has been used to calculate properties of
iron-sulfur clusters such as Heisenberg antiferromagnetic cou-
pling constants and redox potentials.”® The spin unrestricted
wave function is not an eigenfunction of the (S*) operator. The
wave function of antiferromagnetically coupled dinuclear com-
plexes has a multiconfigurational character, which is included
in the unrestricted DFT wave function.

The interaction of NO with the natural [Fe—S] clusters gives
rise to iron-sulfur cluster nitrosyl complexes. These include:
[Fe>S»(NO), >~ (dianion of ‘Roussin’s red salt’, RRS), [Fe,
(SR)>(NO)4] (Roussin’s red esters, RRE, R = alkyl or aryl),
[FesS3(NO);]~ (‘Roussin’s black salt” anion, RBS) and
[(FeNOS);]  (tetranitrosyltetra-pz;-sufidotetrahedrotetrairon,
‘cubane’). The complexes are reported to act as NO-donor
drugs and they are also generated under physiological condi-
tions; some of them, for example, [Fe,(SCH3),(NO)4], can be
found in natural sources.'®'

In this work two dinuclear complexes (RRS and RRE, with
R = CH3) are investigated in order to determine conclusively
an explanation of their magnetic, spectral, chemical and photo-
chemical behaviour. The broken-symmetry, spin unrestricted
methodology is used in analogy to that applied for iron-sulfur
proteins.” Calculations on the di- and tetranuclear nitrosyl iron-
sulfur complexes were done previously with the EHM method.!?

The class of dinuclear metal complexes with bridging
ligands, which are not well-described by the one determinant
restricted MO scheme, covers a very wide range of species.
Many of them exhibit antiferromagnetic coupling between the
metal centres,'**'* as shown by physical measurements. For
such systems the broken-symmetry version of the DFT method
is usually employed. This applies also to one class of metal—
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ligand antiferromagnetically coupled systems, with so-called
“non-innocent” ligands.!*14¢

2. Method of calculation

The Gaussian03 programme'® was used in the calculations,

which were performed using the DFT method with the B3LYP
functional.'® The electronic spectra were calculated by the TD-
DFT method.!” The basis set used comprised the LANL2DZ
basis with the effective core potential of Hay and Wadt'® on Fe
and S with an additional d function on iron (« = 0.1214) and
on sulfur (¢« = 0.7), DZV (P) basis on N, C and O and DZV on
H.' To account for the influence of the solvent, the PCM
model?® was used with water as solvent. The non-equilibrium
TD-PCM method?! was employed for the calculations of the
electronic spectra in water solution. This method takes into
account the solvent relaxation effects, which are important
especially in polar environment, to reproduce quantitatively
the observed solvent shifts. Calculations were done with the
RB3LYP and UB3LYP methods. The unrestricted, broken-
symmetry wave functions were obtained by the use of the
STABLE (RUHF) option in the Gaussian03 programme.

3. Results and discussion
3.1 [FeZSZ(NO)‘,]z* (dianion of Roussin’s red salt, RRS)

3.1.1 Geometry and electronic structure. The calculations
were performed for the singlet spin state, which is the experi-
mental state of RRS. The geometry of RRS optimized at the
RB3LYP and UB3LYP levels without any symmetry con-
straints gives the same result as with the D,, symmetry. The
molecule is presented in Fig. 1 and the optimized geometry
parameters are collected in Table 1, together with experimental
data for RRS.?*> The iron-iron distance in iron-nitrosyl com-
plexes varies from 2.64 A in cubane, [FesS4(NO)y4], to 2.72 A in
red diethyl ester and the iron-nitrogen distance varies from 1.63
to 1.67 A.23’260 In RRS the experimental distance amounts to
2.716 (2.718) A and the RB3LYP calculated value is in very
good agreement with this value. The UB3LYP bond distances
are too long (the Fe—Fe distance is 0.17 A longer than the
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Fig.1 Roussin’s red salt dianion (RRS), [Fe,S>(NO),J*~, and Roussin
red methyl ester (RRE), [Fe;(SR),(NO)4] (conformers I and II).
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experimental one). Because of this the RB3LYP geometry was
used for further calculations.

For the optimized geometry the UB3LYP wave function was
determined with the use of the PCM model with water as
solvent. As found previously for negatively charged mono-
nuclear nitrosylthiolatoferrate complexes,?’ the 4p iron orbitals
contribute significantly to the low energy transitions calculated
without any solvent. In the case of negatively charges species
the diffuse character of the electron density is responsible for
this effect. Because of this, the spectrum of RRS presented in
the next section was calculated with the PCM model.

In Fig. 2 several HOMO and LUMO UB3LYP spin-up ()
orbitals of RRS are presented. The UB3LYP spin-up (o) and
spin-down (P) orbitals are partially localized on the different
parts (left or right) of the molecule. Only o orbitals are
presented in Figs. 2, the B orbitals are mirror reflections with
regard to the plane crossing the sulfur atoms. The HOMOs are
mostly metal-nitrosyl bonding orbitals and the LUMOs are
metal-nitrosyl antibonding orbitals of the m type. The H47-
H49 orbitals have a high participation of the n*yg orbitals and
they are localized on the left side of the molecule. The H50 (&)
orbital is the iron-sulfur bond, which shows the mediation of
sulfur in the antiferromagnetic coupling.

The L54 orbital may be viewed as the antibonding o* metal-
metal bond. The LUMO « orbitals of mainly d character are
localized on the left side of the molecule (L55, L57, L59 and
L61); the orbitals of the n*no type are localized on the right
side (L56 and L60).

The total energies, atomic charges and spin densities are
gathered in Table 2 for the UB3LYP wave function. The iron
charge has a small positive value. The negative charge of the
[Fe,S,(NO)4*~ anion is spread out almost uniformly onto the
sulfur and NO ligands, thus the charges on the NO ligands are
in each case negative, with a non-homogeneous charge dis-
tribution within the ligand. The UB3LYP calculations show
large spin densities on the iron atoms of opposite signs. The
NO spin densities are about 1 and have opposing signs to the
spin density of the iron atom to which the NO group is bonded.
The spin densities from calculations with the solvent model
show a similar pattern. The electronic structure of RRS emer-
ging from the UB3LYP broken-symmetry wave function can
be described as two {Fe(NO),}’ units of § = 1/2 antiferromag-
netically coupled to each other through S*>~ bridges. In each
such unit the ferric ion with S = 5/2 is antiferromagnetically
coupled to two NO™ ions with S = 1. The obtained spin
structure of RRS is presented in Scheme 1. This result is similar
to that obtained by Noodleman et al.® for dimer iron-thiolate
complexes with sulfur bridges. The iron atoms in such com-
plexes are antiferromagnetically coupled, with an antiparallel
spin alignment, each iron atom having a spin quantum number
S = 5/2. In the RRS case studied here an additional antiferro-
magnetic spin coupling between the nitrosyl ligands and metal
atoms takes place. It may be noted that the spin densities on
the iron atoms are much smaller than 5 and on nitrosyls
smaller than 2. This is because the localized orbitals are
non-orthogonal, which implies that the valence structure in
Scheme 1 has a large participation in the total wave function,
but other valence structures like Fe"-NO° will also contribute.

A qualitative description of the geometry dependence of the
metal-NO fragment on the electronic configuration of the
{M(NO),}" (with x = 1, 2) group was given by Enemark and
Feltham?® and others.?**° Six-coordinated nitrosyl-iron mono-
nuclear complexes with the {Fe(NO)}’ core possess an S = 3/2
or 1/2 ground state. It has been shown by X-ray absorption,
resonance Raman, MCD, EPR, Md&ssbauer spectroscopy and
DFT calculations that the {Fe(NO)}” (S = 3/2) species are
high-spin ferric (S = 5/2) antiferromagnetically coupled to
NO~ (S = 1).3'3* The calculations on mononuclear nitro-
sylthiolatoferrate complexes, [Fe(SR)3(NO)] and [Fe(SR),
(NO),], showed that in such complexes the high-spin iron atom
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Table 1 RB3LYP (UB3LYP in parentheses) optimized geometry parameters (in A and °) for RRS, RRE(I) and RRE(II)

RRS RRE(D)" RRE(I)

Calcd Exptal® Calcd Calcd Exptal®
Fel-Fe2 2.718 (2.884) 2.716, 2.718 2.623 (2.959) 2.623 (2.959) 2.72
Fel N 1.618 (1.797) 1.635 (1.736) 1.631 (1.736) 1.67
N-O 1.208 (1.214) 1.175 (1.180) 1.175 (1.180) 1.17
Fe S 2.266 (2.338) 2.229, 2.249 2.251 (2.406) 2.251 (2.406) 2.27
sC - 1.834 (1.843) 1.834 (1.843) 1.84
S1-S2 3.626 (3.684) 3.562, 3.587 3.660 (3.773) 3.660 (3.773) 3.63
Fel-S1-Fe2 106.3 (103.8) 108.7 (103.4) 108.7 (103.4)
S1-Fel-S2 73.7 (76.1) 712 (75.9) 71.2 (75.9)
Fel-N1-O1 163.2 (157.8) 165.4, 166.2 168.4 (170.6) 169.9 (170.6) 167
NI Fel N2 112.7 (106.2) 118.4 (120.0) 118.4 (120.0) 117

@ Average values. ® Ref. 22. ¢ Ref. 23.

(S = 5/2) is also antiferromagnetically coupled to one or two
NO~ with § = 1.7

3.1.2 Electronic spectrum. The electronic spectrum of RRS
has three intense bands at 374 (¢ = 1.04 x 10%), 314 (0.85 x 10%
and 242 (2.8 x 10*) nm, and it tails to long wavelengths (above
500 nm).>>>7 Calculations of the electronic spectrum were
performed for the UB3LYP and RB3LYP wave functions with
the solvent model. Fig. 3 shows the calculated spectrum of
RRS obtained from the UB3LYP method with the PCM
model. Each calculated transition is drawn as a Gaussian
function with the height equal to its oscillator strength and
the width equal to 0.09. The experimental spectrum of RRS is
also presented in Fig. 3. The spectrum calculated with the
RB3LYP method is very similar but shows intense transitions
at wavelengths above 500 nm. The transitions with high
intensity at long wavelengths are the result of exaggerating
the electronic density on the metal-metal axis. There is no
band of high intensity in this range in the experimental
spectrum. The shape of the spectrum calculated with the
UB3LYP method better reproduces the experimental spec-

L59
Fig. 2 UB3LYP a (spin-up) HOMO and LUMO orbitals of RRS (PCM solvent model, water as solvent).
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trum, and in the following we describe only the transitions
found with the UB3LYP method. The calculated electronic
transitions with the solvent model in the UB3LYP formalism
are summarized in Table 3. Only transitions with fairly large
oscillator strengths are listed, except for the longest wavelength
transitions, where those with small oscillator strengths were
also presented.

There are several transitions at long wavelengths, at about
500, 600 and 700 nm with very small oscillator strengths. They
occur from the orbitals of predominantly S, character to the d
orbitals of iron and n* orbitals of nitrosyls. These transitions
have small or medium oscillator strengths and they may be
responsible for the long wavelength tail in the RRS spectrum.

The two transitions at 418.4 and 391.4 nm are S; — ©*vo,
m*Nno — d, d = m¥No in character, with a participation of the
sulfur orbitals. There is no discrete band around 400 nm in
RRS, but the band may be hidden in the tail of a stronger
neighbouring band.

The transition with large oscillator strength (f = 0.1179) at
340.6 nm is of m*Nyo — d character and may be ascribed to the
band at 374 nm in the experimental spectrum. The transition

L60 L61
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Table 2 Total energies, atomic charges and spin densities for RRS and RRE (W = water)
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RRS [UB3LYP(W)]

RRE(I) (UB3LYP)

RRE(II) (UB3LYP)

E/a.u. —787.32935 —866.888267 —866.888419
($?) 2.795 2.492 2.496
Charge Spin Charge Spin Charge Spin

Fel 0.074 2.259 0.092 2.146 0.091 2.146
S1 —0.429 0.000 0.161 0.000 0.162 0.000
Cl — — 0.071 0.000 0.071 0.000
N1 —0.091 —0.476 —0.050 —0.375 —0.050 —0.383
Ol —0.231 —0.398 —0.109 —0.388 —0.112 —0.391
N2 —0.091 —0.496 —0.049 —0.388 —0.050 —0.383
02 —0.231 —0.398 —0.115 —-0.392 —0.112 —0.391
Fe2 0.074 —2.259 0.092 —2.147 0.091 —2.146
S2 —-0.429 0.000 0.161 0.000 0.162 0.000
C2 — — 0.071 0.000 0.071 0.000
N3 —0.091 0.476 —0.050 0.389 —0.050 0.383
03 —0.231 0.398 —0.109 0.392 —0.112 0.391
N4 —0.091 0.496 —0.049 0.376 —0.050 0.383
04 —0.231 0.398 —0.115 0.388 —0.112 0.391

with the largest oscillator strength at 307.8 nm (f' = 0.1005) has
d — m*No character. It can be assigned to the experimental
band at 314 nm.

The transitions at 248.4 and 244.1 nm with very large
oscillator strengths can be responsible for the experimental
band at 242 nm. The transitions are due predominantly to a
d - m*\o excitation. These transitions have also a large
participation of sulfur orbitals.

The calculations in the UB3LYP formalism with the solvent
model reproduce the most important features of the experi-
mental spectrum of RRS. Some of the calculated bands are
somewhat shifted to shorter wavelengths, but in general the
agreement with experiment is good. The transitions are mainly
LMCT and MLCT in character, the former prevail at longer
wavelengths, the latter are important at the shorter wave-
lengths. In the entire calculated spectrum the participation of
sulfur orbitals in electronic transitions is noticeable.

3.1.3 Chemical reactivity. The [Fe,S,(NO),J>~ anion is
stable in alkaline medium; in other conditions (especially in
non-aqueous solvents) it aggregates easily to yield polynuclear
cluster structures: [Fe;S;(NO)/]~, [FesS4(NO)g]™ or [FesSq
(NO),o].1%123 The aggregation reactions are accompanied
by the formal release from the initial RRS of one S*~ and 1, 2
or 4 NO™ ligands for tetra-, penta- and heptanuclear species,
respectively. The protonated intermediates, [Fe,S(SH)(NO),]™
and [Fe,(SH)»(NO)4], were identified,*®-** which suggests that
the reaction is initiated by an electrophilic attack and the
decreased anion charge of the protonated species facilitates
interaction between the dinuclear species. RRS is also well-
known to react readily with halogenoalkanes and this reaction
has been extensively exploited for the synthesis of the RRE. %!

The electrophilic attack, which initiates the RRS reactivity,
takes place on the bridging sulfur atoms. This assumption is

ON(-D} I NO(-1)
s=1\{ S S=1
Fe(3{ ):e(3{\)
S=5/2 S S=5/2
o) N(-1)/¢ } NO(-1)
S=1 s=1

Scheme 1 Spin structure of RRS.

consistent with the character of the HOMO orbitals: three of
them (H51-H53) are mostly localized on the S atoms (Fig. 2).
Association of an electrophile is facilitated by the negative
charges of both the S atoms in RRS (Table 2).

The photochemical reactivity of [Fe,S»(NO)4*~, upon 355
nm excitation, leads in the presence of O, to [FesS3(NO);| ™.
Although the product is the same as in the thermal reaction,
the mechanism suggested from the flash experiments is quite
different.>>¥” The photochemical aggregation is initiated by
dissociation of the NO group and further reactivity of the
[Fe,S»(NO);]*~ intermediate. This can be interpreted by the
UB3LYP calculations, which show that the transitions as-
cribed to the band at 374 nm in the experimental spectrum
are mostly of n*No — d (LMCT) character (Table 3). Reactive
decay of the excited states should lead readily to Fe-NO bond
cleavage.

3.2 [Fey(SR),(NO)4] (Roussin’s red ester, RRE)

The calculations were performed for R = CHj. The two
conformers of RRE existing in solution*® are depicted in
Fig. 1. For the dimethyl derivative the abundance of the two

conformers is equal in solution.'*!*
050 — 310° 1
2510'
Experimental
210 spectrum
040 —
15104
110" 4
0.30 — 510 4
Y oy ——— u oy
240 320 400 480 580 840 720 800
020 —
0.10 —
000 ' A /\\ I I
200.0 300.0 400.0 5000 600.0 700.0
A (nm)

Fig. 3 Electronic spectrum of RRS calculated with the UB3LYP
method (PCM solvent model, water as solvent). The experimental
spectrum from ref. 35 is also shown.
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Table 3 Calculated transition energies, wavelengths, oscillator strengths and the most important configurations obtained with the UB3LYP
(water) method for RRS
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Configurations
EleV A/nm f HOMO LUMO HOMO LUMO
1.81 683.7 0.0001 530(S-NO) — 54a(NO-d) 53B(S-NO) — 54B(NO-d)
530(S-NO) — 550(d-NO) 53B(S-NO) — 55B(d-NO)
1.89 654.1 0.0010 530(S-NO) — 54a(NO-d) 53B(S-NO) — 54B(NO-d)
530(S-NO) — 550(d-NO) 53B(S-NO) — 55B(d-NO)
530(S-NO) — 57a(d-NO) 53B(S-NO) — 57B(d-NO)
2.13 581.4 0.0016 450(NO-d) — 59a(d-NO) 45B(NO-d) — 59B(d-NO)
51a(NO-S) — 56a(NO) 51B(NO-S) — 56B(NO)
520(S) — 58a(NO) 52B(S) — 58B(NO)
520(S) — 59a(d-NO) 52B(S) — 59B(d-NO)
2.32 534.1 0.0010 520(S) — 56a(NO) 52B(S) — 56B(NO)
2.50 494.8 0.0043 530(S-NO) — 54a(NO-d) 53B(S-NO) — 54B(NO-d)
530(S-NO) — 57a(d-NO) 53B(S-NO) — 57B(d-NO)
2.59 478.2 0.0100 51(NO-S) — 540(NO-d) 51B(NO-S) — 54B(NO-d)
2.96 418.4 0.0128 500u(d-S) — 540(NO-d) 50B(d-S) — 54B(NO-d)
520(S) — 59a(d-NO) 52B(S) — 59B(d-NO)
3.16 3914 0.0382 500u(d-S) — 550(d-NO) 50B(d-S) — 55B(d-NO)
530(S-NO) — 61a(NO) 53B(S-NO) — 61B(NO)
3.38 366.2 0.0145 50a(d-S) — 560(NO) 50B(d-S) — 56B(NO)
520(S) — 620(d-NO) 52B(S) — 62p(d-NO)
3.64 340.6 0.1179 47(NO) — 57a(d-NO) 47B(NO) — 57B(d-NO)
3.77 328.6 0.0457 47(NO) — 57a(d-NO) 47B(NO) — 57B(d-NO)
530(S-NO) — 61a(NO) 53B(S-NO) — 61B(NO)
3.89 318.0 0.0520 48(NO-S) — 56a(NO) 43B(NO-S) — 56B(NO)
4.01 308.4 0.0279 48a(NO-S) — 550(d-NO) 48B(NO-S) — 55B(d-NO)
4.02 307.8 0.1005 460(d-S) — 56a(NO) 46B(d-S) — 56B(NO)
4.08 303.3 0.0378 47(NO) — 62a(d-NO) 47B(NO) — 62B(d-NO)
441 281.0 0.0400 460(d-S) — 57a(d-NO) 46p(d-S) — 57B(d-NO)
48(NO-S) — 570(d-NO) 48B(NO-S) — 57B(d-NO)
4.47 276.9 0.0132 440(d-S) — 56a(NO) 44B(d-S) — 56B(NO)
4.50 275.3 0.0528 48a(NO-S) — 60a(NO) 48B(NO-S) — 60B(NO)
49(NO-d) - 61(NO) 49B(NO-d) — 61B(NO)
4.72 262.3 0.0122 430(d-NO) — 54a(NO-d) 43B(d-NO) — 54B(NO-d)
4.98 248.4 0.2984 460(d-S) — 56a(NO) 46B(d-S) — 56B(NO)
460(d-S) — 60a(NO) 46p(d-S) — 60B(NO)
5.07 244.1 0.3654 420(d) — 58(NO) 42B(d) — 58B(NO)
49a(NO-d) — 61a(NO) 49B(NO-d) — 61B(NO)
5.10 242.9 0.0853 440(d-S) — 60a(NO) 44B(d-S) — 60B(NO)

520(S) — 64a(4p)

52B(S) — 64B(4p)

3.2.1 Geometry and electronic structure. The geometry of
the two conformers of [Fe,(SCH3),(NO),], optimized at the
RB3LYP and UB3LYP levels, is characterized in Table 1,
together with the experimental structure.'*!**Similarly as for
RRS, the UB3LYP optimized bond lengths are much too long,
so the RB3LYP optimized geometry was used in the calcula-
tions. The RB3LYP optimized Fe-Fe bond is about 0.1 A
shorter and the Fe-NO bond is about 0.04 A shorter than the
experimental ones. The remaining geometrical parameters are
well-reproduced in this method.

Comparison of the geometrical parameters of RRS and
RRE leads to the conclusion that alkylation of the S ligand
affects noticeably the Fe-NO bonding: Fe—N distance becomes
longer, the N-O bond shorter and the Fe-N-O angle larger.
This is accompanied by a shift of the nitrosyl stretching bands
from 1665 and 1690 ecm™' to 17504 and 1776-8 cm ', *
denoting decreased back-donation of electron density from
the Fe,(p-S), core to the NO nn* orbitals.

The molecular orbitals of RRE(I) and RRE(II) are similar.
There is no meaningful participation of the iron 4p orbitals in
the lowest unoccupied orbitals. In Fig. 4 several HOMO and
LUMO spin-up UB3LYP orbitals of RRE(I) are depicted.
HOMO orbitals with a large participation of the iron d orbitals
are localized mainly on the left side of the molecule, while these
with a large contribution from the n*yo orbitals are on the
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right side. In the LUMOs the iron d orbitals are localized on
the right side and the NO orbitals on the left side of the
molecule. Orbital H59 is a metal-sulfur bond, which, similarly
as in RRS, shows the mediation of sulfur in the antiferromag-
netic coupling. Due to the neutral character of RRE the solvent
has no significant effect on the calculated spectrum; thus, the
calculations of electronic transitions were carried out without
the PCM model.

In Table 2 the energies, atomic charges and spin densities for
RRE(I) and RRE(II) calculated with the UB3LYP method are
collected. The energies of isomers I and II are practically equal,
which is in accord with experiment.** The charges on the iron
atoms have small positive values. Similar to RRS, the NO
groups bear negative charges, whereas in contrast to RRS the
charges on the sulfur atoms are positive. There are large spin
densities of opposite sign on the iron atoms in the UB3LYP
geometry and a spin density of ~0.8 on each NO group. The
NO spin density has the opposite sign to the spin density of the
iron atom to which the NO group is bound. The spin coupling
in RRE is similar to that in RRS—the {Fe(NO),}’ unit has
S = 1/2 arising from antiferromagnetic coupling of the ferric
ion (S = 5/2) and two NO™ ions (each with S = 1), and two
such units are antiferromagnetically coupled through SR™
bridges, yielding a total S = 0. The spin densities are lower
than in RRS, accounting for the smaller spin polarization.
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Fig. 4 UB3LYP a (spin-up) HOMO and LUMO orbitals of RRE(I).

3.2.2 Electronic spectrum. The experimental spectrum of
Roussin’s red esters shows bands at 312 (¢ = 9 x 10%) and 362
(8.5 x 10%) nm with a shoulder at 430 nm (4 x 10%) and a tail
into the green (~5 x 107 at 550 nm)** or with maxima at 305,
362, 440 and 755 nm;** it shows also a steep increase in
absorption at 4 < 250 nm. The spectrum is essentially inde-
pendent of the identity of the R group. Because the low-lying
LUMO orbitals do not show large admixtures of the 4p
orbitals, the calculations were carried out without any solvent
model. The calculated spectra of RRE(I) and RRE(II) are very
similar in character and only the spectrum of RRE(I) is
described in detail. The calculated spectrum with the UB3LYP
method is presented in Fig. 5 with the assumption that isomers
I and II are present in equal amounts. As in the case of RRS,
there are transitions with large oscillator strengths in the low-
energy region of the RB3LYP calculated spectrum. Because of
that we present, as for RRS, the results from the UB3LYP
calculations only.

The calculated transition energies, wavelengths, oscillator
strengths and the most important excitations are presented in
Table 4 for the UB3LYP wave function of RRE(I). Only
transitions with fairly large oscillator strengths are shown, except
for the longest wavelength transitions (over 400 nm), where all
calculated transitions are presented. The assigned character of
the molecular orbitals involved in the electronic transitions is
based on the two atomic orbitals with the largest participation.

The transitions obtained for RRE(I) at 617.0, 611.5 and
582.8 nm with very small oscillator strengths can be generally
described as t*yo — d LMCT charge transfer transitions and
can be attributed to the experimentally very weak band at
about 550-755 nm.

The transition calculated at 398.3 nm for RRE(I) can be
ascribed to the experimental band at about 430—440 nm. It is
composed of n*no — T*no and d — d excitations, with a
participation of the sulfur orbitals. The d-d transition is of
metel-metal character, mediated by the sulfur orbitals.

The calculated transitions with relatively large oscillator
strengths at 350.6 and 345.1 nm for RRE(I) may be compared
to the experimental band at 362 nm. These transitions are
mixed in character, with d — n*yo, ©*Nno — T*no and

2.0
0.14 — Experimental
4 16k spectrum
: 004
012 —
10k 0.3
0.02
0.01
000 700 800 900
[ -
560 Gl‘JD 700 800 900

2.(nm)

[ ' I ' |
500.0 600.0 7000
A(nm)

Fig. 5 Electronic spectrum of RRE calculated by the UB3LYP
method. The experimental spectrum from ref. 44 is also shown.
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Table 4 Calculated transition energies, wavelengths, oscillator strengths and the most important configurations obtained with the UB3LYP

method for RRE(I)

View Article Online

Configurations
EleV A/nm f HOMO LUMO HOMO LUMO
2.00 617.0 0.0004 600(NO) — 62a(d-S) 60B(NO) — 62B(d-S)
2.02 611.5 0.0002 60a(NO) — 62a(d-S) 60B(NO) — 62B(d-S)
2.12 582.8 0.0045 58(NO-d) — 62a(d-S) 58B(NO-d) — 62pB(d-S)
61a(NO-S) — 62a(d-S) 61B(NO-S) — 62p(d-S)
2.56 483.9 0.0092 61(NO-S) — 67a(NO) 61B(NO-S) — 65B(NO-d)
S8B(NO-d) — 65B(NO-d)
3.11 398.3 0.0166 590(d-S) — 620(d-S) 59B(d-S) — 62B(d-S)
61a(NO-S) — 630(NO) 61B(NO-S) — 63B(NO)
3.27 378.2 0.0039 59a(d-S) — 63(NO) 59B(d-S) — 63B(NO)
3.47 356.6 0.0040 59a(d-S) — 650(NO-d) 59B(d-S) — 65B(NO-d)
3.53 350.6 0.0303 590(d-S) — 640(NO-d) 59B(d-S) — 64B(NO-d)
61a(NO-S) — 630(NO) 61B(NO-S) — 63B(NO)
3.59 345.1 0.0405 57(NO-d) — 69a(d-NO) 57B(NO-d) — 69B(d-NO)
3.91 316.4 0.0190 58a(NO-d) — 630(NO) 58B(NO-d) — 63B(NO)
590a(d-S) — 69a(d-NO) 59B(d-S) — 69B(d-NO)
4.06 305.1 0.0284 59a(d-S) — 69a(d-NO) 59B(d-S) — 69B(d-NO)
4.20 294.7 0.0295 540(S-d) — 62a(d-S) 54B(S-d) — 62B(d-S)
4.21 293.9 0.0479 58a(NO-d) — 66a(d-NO) 58B(NO-d) — 66B(d-NO)
4.65 266.2 0.0240 530(d-S) — 64a(NO-d) 53B(d-S) — 64B(NO-d)
4.79 258.7 0.0212 550(d-NO) — 66a(d-NO) 55B(d-NO) — 66B(d-NO)
57a(NO-d) — 66a(d-NO) 57B(NO-d) — 66B(d-NO)
4.99 248.1 0.0107 560(d-NO) — 67a(NO) 56B(d-NO) — 67B(NO)
58(NO-d) — 67a(NO) 58B(NO-d) — 67B(NO)
5.09 243.3 0.0214 560(d-NO) — 67a(NO) 56B(d-NO) — 67B(NO)
5.12 242.0 0.0419 560(d-NO) — 67a(NO) 56B(d-NO) — 67B(NO)
5.20 238.1 0.0569 540/(S-d) — 660(d-NO) 54B(S-d) — 66B(d-NO)
5.25 235.9 0.1495 520(d) —» 67(NO) 52B(d) — 67B(NO)
540(S-d) — 67(NO) 54B(S-d) — 67B(NO)
5.29 234.1 0.0175 520(d) —» 67(NO) 52B(d) — 67B(NO)

540(S-d) — 67a(NO)

54B(S-d) — 67B(NO)

m*no — d excitations. The transition with larger oscillator
strength (at 345 nm, f'= 0.0405) is of t*No — d type.

The transitions with large oscillator strengths at 305.1, 294.7
and 293.9 nm for RRE(I) may be assigned to the experimental
band at about 305-312 nm. They can be described as charge
transfer transitions having both n*yo — d and d — w*yo
character with a large participation of the sulfur orbitals. The
d — d excitations contribute also to these transitions.

The calculated transitions at 242.0, 238.1 and 235.9 nm for
RRE(I) consist mainly of the d —» n*No excitations. They may
be responsible for the steeply increasing absorption at 2 < 250
nm in the experimental spectrum. The transition with the
largest oscillator strength occurs in RRE(I) at 2359 nm
(f = 0.1495).

The calculated transitions in UB3LYP become symmetrized,
similarly as in RRS: the spin-up and spin-down excitations
occur with the same (or approximately the same) coefficients;
hence the electronic transitions with non-zero oscillator
strengths are of the proper symmetry (g or u, in cases where
a centre of inversion is present).

3.2.3 Chemical reactivity. The [Fe,(SR),(NO),] esters are
known to undergo nucleophilic attack on the bridge S atoms,
which leads to ring-opening and formation of mononuclear
paramagnetic complexes. In the presence of thiolate anions,
the reaction results in formation of the monomeric
[Fe(SR)»(NO),]~ complexes.

[Fex(SR)2(NO)4] + 2RS™ < 2[Fe(SR)(NO)] (1)

Alternatively, ring opening can be followed by a rapid sub-
stitution of both RS™ ligands by other nucleophilic anions or
solvents, yielding a diversity of monomeric dinitrosylferrates
[FeX,(NO),]™ (where X = Br, I, SCN, N3, NCO, NO,, DMF,
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DMSO), with the sporadically detectable mono-substituted
[Fe(SR)X(NO),]~ intermediate. !>+’

Nucleophilic attack should engage the LUMO L62 orbital,
which is mostly localized on the Fe and S atoms (Fig. 4).
Association of a nucleophile is facilitated by the positive
charges of both the S atoms in RRE (Table 2). Splitting of
the S bridges, which follows the nucleophilic attack and leads
to formation of the monomeric [FeX,;(NO),]” complexes
[eqn. (1)], is substantiated by the antibonding Fe-S character
of the L62 orbital.

[Fex(SR)»(NO)y4] is known for the inactivity of its Fe-NO
bond in thermal reactions, and thus its role in promoting the
carcinogenic properties of other substances seemed difficult to
interpret at one time.'® However, now it is known that the
thiolates present in the human body readily transform the
dimer into [Fe(SR),(NO),]” monomers, which demonstrate a
reactive behaviour of their NO groups. Especially, they are
able to produce nitrosothiols:

[Fe(SR)»(NO),]” + R'SH — R’S-NO
+ decomposition products  (2)

(where SR = L-cysteine or GSH and R’S = albumin).'"?74¢
The two-stage generation of the NO donors, able to promote
the carcinogenic action of other species, seems to substantiate
the role of RRE in these processes.

A quite different reactivity is demonstrated when RRE
solutions are excited by 355 nm radiation.** Then RRE under-
goes photodissociation of the NO group, followed (in aerated
medium) by a complete decomposition. Such behaviour is
substantiated by the results of this paper: excitation by
radiation within the 362 nm band, assigned to the d — nw*no,
™*no — T*no and m¥no — d transitions, should result in
weakening and, in consequence, cleavage of the Fe-NO bond.
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4. Conclusions

The electronic structure of dimeric nitrosyl-iron complexes
emerging from the UB3LYP calculations may be described
as composed of two {Fe(NO),}’ units, in which ferric ion (S =
5/2) is antiferromagnetically coupled to two NO™ (each with
S = 1), giving § = 1/2; the units are antiferromagnetically
coupled to each other yielding the total S = 0. The S°~ bridges
(in RRS) or SR™ bridges (RRE) mediate the antiferromagnetic
coupling.

Generally the calculated spectra are very complicated and
many transitions, some of them with very small oscillator
strengths, are found. This is in accordance with the experi-
mental spectra, which are rather continuous, with broad bands
and tails into the long wavelengths. The calculated transitions
are mainly of charge transfer character. On the basis of the
UB3LYP calculations the transitions at long wavelengths may
be generally described as n*no — d (LMCT), the most intense
transitions at the short wavelengths (beyond 250 nm) as
d - n*no (MLCT). In the middle part of the spectra both
types of transitions are present, but n*No — d transitions still
prevail. There are also some d — d transitions, but their
intensities are relatively weak. A participation of sulfur in the
transitions throughout the whole spectrum is evident.

The unrestricted character of the wave functions of RRS and
RRE reflects their multiconfigurational nature. The metal-
metal bond is very weak or does not exist at all. The nitro-
syl-iron bonds are also relatively weak. This is the reason why
partially localized molecular orbitals better describe the phy-
sical properties of these systems. The attempt to calculate the
electronic spectrum on the restricted DFT framework led to
transitions with very large oscillator strengths in the long
wavelength range, in disagreement with experiment. This arises
from the overestimation of the electron density value on the
metal-metal axis.

The results of this paper show that the contrasting chemical
behaviour of these structurally similar species finds its explana-
tion in their charge distributions and the character of their
frontier orbitals. The most outstanding difference in the charge
distribution concerns the sulfur atoms, which are negative in
RRS and positive in RRE. This distinction is reflected in the
opposite susceptibility to undergo electrophilic/nucleophilic
attack. In accordance with this, the character of the frontier
orbitals favours electrophilic attack in the case of RRS,
whereas nucleophilic attack is favoured in the other case.
Contrary to the mononuclear [Fe(SR),(NO)4_ ]"~ complexes
(x =2 or 3), the dinuclear clusters do not reveal a tendency for
homolytic cleavage of the Fe—NO bond in thermal reactions.
This behaviour is substantiated by a higher charge on the N
atoms in the former case, enabling cleavage via a nucleophilic
attack.?’ They can, however, behave as NO-donors due to the
reactivity of the products of their thermal reactions, which
easily split the Fe—NO bonds: that is, RBS in the case of RRS
and the [(RS),Fe(NO),]” monomer for RRE.

The prevailing character of the n*no — d (LMCT) transi-
tions in both RRS and RRE justifies the similar primary
reaction of their excited species, consisting in photodissocia-
tion of the NO group.
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