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ABSTRACT: The electronic structures and spectroscopic parameters for the o

electron transfer series of [Fe(NO)(L),]* (z = 1+, 0, 1—, 2—, 3—; L =
S,C,Ry; R = p-tolyl (1) and CN (2)) were calculated and compared to
experiment. Some compounds in the series were isolated and characterized

by spectroscopy. The calculations support the notion that all the monocation

(S; = 0), neutral (S, = 1/2), and monoanion (S, = 0) complexes contain NO* ’ . Fe ---------- A
(Sno = 0), in which the redox active fragment is either the bis-dithiolene (2 e \ S '

L) or the central iron. The calculated electronic structures give insight into s Redox gotive

how p-tolyl and CN substituents and the redox states of the 2 L ligand impact

the spin density on the iron in the monocation and neutral species. The

electronic structure of [1]° has some [Fe'(NO")(L,>")]° character in resonance with [Fe" (NO")(L,>)]° whereas [2]® has a smaller
amount of a [Fe'(NO™)(L,”)]° description in its ground state wavefunction. Similarly, the electronic structure of [1]'* also has some
[Fe'(NO*")(L,'")]"" character in resonance with [Fe"(NO")(L,>")]"" whereas [2]"" is best described as [Fe"(NO™)(L"),]"". For
the monoanion, the bis-dithiolene fragment is fully reduced and both [1] ™ and [2]  are best formulated as [Fe"(NO")(L,* )] . The
reduction of the monoanion to give dianions [1]* and[2]* resultsin {FeNO}’ species. The calculated "Fe isomer shift and hyperfine
couplings are in line with the experiment and support a description of the form [Fe (NO™)(L,*)]*7, in which Fe(IIl) Sg. = */, is
antiferromagnetically coupled to NO~ (Syo = 1). Finally, the calculated redox potential and ¥(NO) frequency for the {FeNO}®
trianionic species [2]*~ is in agreement with experiment and consistent with a triplet ground state [Fe"(NO™)(L,*)]*>", in which
Fe(II) (Sg. = 2) is involved in antiferromagnetic coupling with NO™ (Sxo = 1).

B INTRODUCTION

Metal(bis-dithiolene) complexes have been subject of intense
studies due to the noninnocent nature of the dithiolene ligand.1
Attention has been given to the electrochemically controlled
ligand binding and release of small molecules. Stiefel and co-
workers reported that Ni(S,C,(CF3),), could be used for the
olefin separation from a multicomponent sample.” Donahue and
co-workers reported that Fe(bis-dithiolene) can bind and release
triphenylphosphine reversibly upon reduction or oxidation.?
Understanding the electronic structures of the metal(bis-
dithiolene) complexes in the electron transfer series should assist
in understanding and further developing of these applications.

McCleverty and co-workers,* have reported an electron
transfer series Fe(NO)(mnt), (mnt*~ = maleonitriledithiolate).
However, the electronic structures of this series of compounds
have not been studied in detail. Recently, an analogous electron
transfer series based on Fe(NO)(bis-dithiolene) has been iso-
lated and spectroscopically characterized by Wieghardt and co-
workers.> However, this system is electronically highly complex.
Unlike homoleptic Fe(bis-dithiolene) with two redox-active
fragments, Fe(NO) (bis-dithiolene) has three redox-active sites:
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(1) the central iron, (2) the nitrosyl ligand, and (3) the dithiolene
ligands.® The question arises in which order redox events take
place. To answer this intriguing fundamental question in the
coordination chemistry of noninnocent ligands, it is crucial to
determine the oxidation state of the central iron,’ though this is
known to be a nontrivial exercise for iron-nitrosyl complexes.
According to the notation introduced by Feltham and Enemark,
the complexes are denoted as {FeNO}", in which  is the sum of
the number of electrons in the Fe d orbitals and the number of
electrons in the nitrosyl 7% orbitals.” From previous spectro-
scopic studies of the electron transfer series [Fe(NO)(L),]%,
where z =1+, 0, 1—,2—, and L = S,C,R, for R = p-tolyl (1), CN
(2), the monocationic (S, = 0), neutral (S, = '/,), and mono-
anionic (S, = 0) species were proposed to be {FeNO}6 com-
plexes, in which the dithiolene ligand is the redox active site,
while the dianion (S, = '/,) and trianion (electrochemically
observed for complex 2 though the spin ground state was not
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Figure 1. Complexes.

reported) are expected to be {FeNO}” and {FeNO}® species,
respectively.

In this study, broken symmetry density functional theory (BS-
DFT) is applied to elucidate the electronic structure of each
species in the electron transfer series of compounds 1 and 2 in
detail (Figure 1). In order to come to valid conclusions, we have
calculated various spectroscopic parameters and compared them
to both new and existing experimental data.

Bl COMPUTATIONAL DETAILS

The program package ORCA was used for all calculations.® Geometry
optimization and frequency calculations were carried out using the
B3LYP’/BS-I (and, as discussed below, BP86'" in some {FeNO}’
species). Basis set I (BS-I) consists of TZVP'" for Fe, S, N, and O
atoms and SV(P)"? for C and H. The zeroth-order regular approxima-
tion (ZORA) has been used in the geometry optimizations."> Auxiliary
basis sets for all complexes used to expand the electron density in the
calculations were chosen to match the orbital basis. The self-consistent
field (SCF) calculations were tightly converged (1 X 10 % E, in energy,
1 X 107 By, in the density change, and 1 x 10”7 in the maximum ele-
ment of the DIIS"* error vector). The geometry search for all complexes
was carried out in redundant internal coordinates without imposing
geometry constraints. Initial coordinates for [1]°° [1]7,° [2]," and
(27,7 [3]7," [3]*"," and [4]°,*° were obtained from their crystal
structures. For the other members of each series, [1]'* was optimized
starting from the crystal structure coordinates of [1]% [1]*~ from [1];
[2]"" and [2]° from [2]; and [2]*” from [2]*". The optimized coor-
dinates are posted in the Supporting Information. Optimized geometries
are used for all computed Mdssbauer parameters”"** at the B3LYP/
BS-1I level. BS-II consists of CP(PPP)*! for Fe and is otherwise identical
to BS-1. Mossbauer isomer shifts and quadrupole splittings are calculated
as described earlier.

The reduction potential (E°) vs ferrocene/ferrocenium (Fc/Fc")
couple was calculated for the electron transfer series of complex 2. The
details of this calculation are explained elsewhere.”® The solvation free
energy in CH,Cl, (& = 9.08) was calculated using B3LYP/BS-1II on the
gas phase optimized geometries of complex [2]° by using the COSMO
continuum solvation method.>* In BS-III, the CP(PPP) basis set was
used for Fe, and TZVP was used for all other atoms.

BS calculations make use of the notation BS(1m,n)*® using the method
of Noodleman and co-workers.”® We adopted the following notation:
the given system was divided into two fragments. The notation BS(m,n)
refers then to a broken symmetry state with m unpaired a-spin electrons
essentially on fragment 1 and n unpaired f-spin electrons localized on
fragment 2. In most cases, fragments 1 and 2 correspond to the metal and
the ligands, respectively. In this notation, the standard high-spin, open-
shell solution is written as BS(m + 1,0). The BS(m,n) notation refers to
the initial guess to the wave function. The variational process does,
however, have the freedom to converge to a solution of the form BS(m —
1,0), in which effectively the n -spin electrons pair up with n < m a-spin
electrons on the partner fragment. Such a solution is then a standard

Ms = (m — n)/2 spin-unrestricted Kohn—Sham solution. As explained
elsewhere,”’ the nature of the solution is investigated from the corre-
sponding orbital transformation (COT), which, from the corresponding
orbital overlaps, displays whether the system should be described as a
spin-coupled or a closed-shell solution. For the BS calculations, the MO
schemes are plotted for the spin-coupled and singly occupied orbitals
from the corresponding orbitals,”” whereas, for the doubly occupied and
unoccupied orbitals, they are represented by quasi-restricted orbitals
(QROs). Canonical orbitals are plotted for the standard spin-restricted
closed-shell calculation (they coincide with QROs). All orbitals were
plotted with an isodensity of 0.05 using Jimp2.>® Léwdin spin popula-
tions for the molecular fragments are shown on the spin density plots
with an isodensity of 0.003 using Molekel.”” As discussed many times
elsewhere,” spin densities obtained in BS calculations should be
recognized to be unrealistic. However, their virtue lies in providing an
effective means of visualizing the density of unpaired electrons in the
system in an easy way to grasp.

B RESULTS AND DISCUSSION

1. Geometric and Electronic Structures of 1 and 2. a.
[Fe(NO)(L,)]°. The BS solutions, BS(2,1) and BS(3,2), and the
non-BS spin-unrestricted solution (alternatively referred to as
BS(1,0)) were calculated for the neutral complex [11°. The opti-
mized geometric parameters in comparison to the X-ray crystal
structure® are shown in Table S1 of the Supporting Information.
The Fe—NO bond distances from BS(3,2) are overestimated by
0.1 A. The non-BS spin-unrestricted calculation gives the same
solution as the BS(2,1) solution. The BS(2,1) solution is not only
more stable than BS(3,2) but also has geometric parameters in
good agreement with the experimental structure determined by
X-ray crystallography (Table 1). Slightly overestimated bond dis-
tances (~0.05 A) are typical for the B3LYP functional.*' Although
there is no X-ray crystal structure available for [2]° the non-BS
calculation also gives the same solution as the BS(2,1) solution; it
is also more stable than BS(3,2), and we will discuss the BS(2,1)
solution of [2]° in comparison to [11°

From the MO scheme for [1]° (Figure 2, top), three doubly
occupied Fe d orbitals are the d,»_,» nonbonding and d,. and d,,
bonding with 77,* and 77,.* of NO. The singly occupied molecular
orbital (SOMO) is dithiolene-based with b; symmetry. One
spin-coupled pair is found between the Fe d,. orbital and the
dithiolene-based a; orbital, and the large spatial overlap integral
(S = 0.81) highlights the strength of this interaction. The cal-
culated spin population of [1]° (Figure 2, bottom) shows a
significant amount of spin population on Fe (—1.23) and bis-
dithiolene (1.60) as well as some spin also on the nitrosyl ligand
(0.63). The spin density calculated on the central Fe derives from
the d.. orbital involved in spin-coupling with the a; bis-dithiolene
orbital. Spin density on the NO fragments results from polariza-
tion of the Fe—NO 7* bonds, which are endowed with sig-
nificant NO character (~30%).

Complex [2]° also shows a spin-coupled pair between the Fe
d.. orbital and the bis-dithiolene a; orbital (Figure 3, top). An
even larger spatial overlap (S = 0.91) is calculated here, and the
spin down orbital has nearly the same amount of Fe (53.3%) and
2L (42.9%) content. The spin populations on the Fe (—0.67) and
the nitrosyl (0.29) fragments are also somewhat smaller in
corresponding to the smaller degree of spin polarization. This
implies that the better electron withdrawing capability of
the cyano-substituted ligand of 2 in comparison to the p-tolyl
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Table 1. Selected Bond Distances (A) and Angles (deg) for [1]* and [2]° (z = 1+, 0, 1—)

§:=0 Si="/s 5=0
(1" [2]" [1° [2]° (1]~ [2]”
caled caled exptl” caled caled exptl” caled exptl” caled
Fe—N 1.656 1.633 1.637 1.642 1.621 1.624 1.597 1.612 1.593
Fe—S,, 2240 2230 2208 2258 2252 2229 2258 2233 2263
N-O 1.148 1.131 1.165 1.159 1.143 1.176 1.163 1.149 1152
S—C,, 1.705 1.697 1.707 1.728 1.720 1.746 1.765 1.723 1.751
C—C, 1.434 1.423 1.387 1.401 1.398 1.368 1373 1.379 1.379
Fe—N—O 179.9 179.8 180.0 179.0 179.7 1762 179.9 180.0 179.9
“Reference 5. ” Reference 15.
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Figure 2. Top: Qualitative MO scheme for [1]° with contributions
from the Fe, NO, and 2L fragments shown for selected orbitals. Bottom:
Spin density plot with partial spin populations for Fe, NO, and 2L.

of 1 modulates the extent of delocalization from the bis-dithio-
lene onto the {FeNO} unit.

Two resonance forms are used to describe the electronic struc-
ture for [1]% and [2]% (a) Fe(Il) (Sge = 0), (L,*7) (SoL = '/2),
and NO* (Syo = 0), as proposed in the previous work,” and (b)
Fe(I) (Sg. = '/,) antiferromagnetically coupled with (L,*”) (S =
1),and NO™ (Syo = 0). Complex [1]° is best viewed as an Fe(I)
species whereas [2]° tends more to the low-spin Fe(II) description,

fr. = A.00
Pup= 0.29
Py =137

Figure 3. Top: Qualitative MO scheme for [2]° with contributions
from the Fe, NO, and 2L fragments shown for selected orbitals. Bottom:
Spin density plot with partial spin populations for Fe, NO, and 2L.

as denoted by the smaller spin population on Fe and large spatial
overlap of the spin-coupled pair.

b. [Fe(NO)(L,)]'*. While [2]" is not observed, [1]* is char-
acterized as a diamagnetic species.” Therefore, closed-shell and
BS(1,1) calculations were attempted. The BS solution for [1]'*
was found to be almost isoenergetic with the closed-shell solution
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Figure 4. Top: Qualitative MO scheme for [1]'* with contributions
from the Fe, NO, and 2L fragments shown for selected orbitals. Bottom:
Spin density plot with spin populations for Fe, NO, and 2L.

(Table S1 of the Supporting Information). The Fe—N and Fe—S$
bond distances are slightly longer in the BS(1,1) solution than
the closed-shell electronic structure. From the MO scheme of
]'* (Figure 4), it is seen that oxidation of [1]° results in re-
moval of one electron from the singly occupied b, orbltal Alarge
spatial overlap (S = 0.91) is found between Fe d.*-based orbital
and bis-dithiolene a; orbital, with nearly equal contributions from
both in the spin-down orbital. Therefore, [1]'* can also be descri-
bed by two resonance structures: (a) Fe(II) (Sg. = 0), (L,>7) (S
=0),and NO (Sxo = 0), from the closed-shell solutlon, and (b)
Fe(I) (Spe ="/ 2) antiferromagnetic coupled with (L,' ) (S, =
'/,), and NO* (Sxo = 0), from the BS(1,1) solution. The
decrease of spin density on the bis-dithiolene moiety by ~0.7
units (Figures 2 and 4) also clearly supports a dithiolene-centered
oxidation of [1]°
In contrast to [1]'*, a BS solution for [2]'" was not found,
since the calculations converged back to the closed-shell state.
Three metal-based MOs are doubly occupied although the Fe d,.,
and d,, orbitals are highly covalent with the NO and bis-
dithiolene orbitals (Figure S). The HOMO contains mainly
the bis-dithiolene a, orbital with some contribution from the
Fe d,. orbital. Therefore, the electronic structure of [2]* can
simply be described as Fe(I) (Sg. = 0), (L,”") (S, = 0), and
NO+ (SNO = O)
¢. [Fe(NO)(L;)]". Reduction of [1]° and [2]° sees one electron
deposited into the b, orbital, resulting in diamagnetic monoanionic

Fe 52.7% >0
NO 8.2% >
2L 301% & @ ©

Fe 3.7%
NO 6.0%
2L 90.3%

Fe 23.8%
NO 5.9%
2L 70.3%

Fe 74.2%
NO 1.1%
2L 247%

2L 50.8%

Fe 35.0% ,_&-,_
NO 14.2% %ﬁ.b.g;.

Fe 44.3%
NO 13.5%
2L 422%

Figure 5. Qualitative MO scheme for [2]" with contributions from the
Fe, NO, and 2L fragments shown.

complexes. The X-ray crystal structures are available for both
(1] and [2]~.>" The BS(1,1) and BS(2,2) solutions converge
to the closed-shell solution with an overlap integral close to unity
for both complexes, and the calculated geometric structures are in
good agreement with the experiment (Table 1). Canonical orbitals
from the spin- restrlcted closed shell calculation are shown for
(Figure 6) and [ (Figure S1 of the Supporting In-
formatlon) Three metal based MOs are doubly occupied, with
d,; and d,. orbitals lying lower than the d,._,. orbital. The
HOMO and HOMO-1 orbitals are dithiolene-based a; and b,
orbitals, and the previously spin-coupled d. orbital in [1]° is now
described as empty.
d. Monocation, Neutral, and Monoanion: {FeNO}° Complexes?
The calculated electronic structures and geometries in comparison
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Figure 6. Qualitative MO scheme for [1]~ with contributions from the
Fe, NO, and 2L fragments shown for selected orbitals.

to the X-ray crystal structure support the notion that the electron
count on the nitrosyl fragment remains unchanged in the first
two-electron transfers of the monocations [1]" and [2]", as pre-
viously proposed However, the description of the monocatron,
neutral, and monoanion of 1 and 2 as simple {FeNO} species
demands more justification.

While the monoanion of 1 is undoubtedly a {FeNO}° species,
the monocationic and neutral complexes are better described by
two resonance structures 1nvolv1ng Fe(II) and Fe(I), respectively
(Scheme 1)—as {FeNO}° and {FeNO}” species. On the other
hand, for 2, both the monocation and monoanion are {FeNO}°
species, whereas the neutral complex can be described by reso-
nance structures involving contributions from {FeNO}° and
{FeNO}’ moieties. The Fe(T) character in some of these species
is represented by the weak antiferromagnetic coupling between

Scheme 1
[Fe(NO" )L, )" ___:_,._ [Fe'(NO")(L, )] ‘_f_" [Fc‘(aggl,f'n"
{FeNO}7 {FeNO}" Ney’

! ! !

T

[Fe'(NO* ) (L))" “T—" [Fe"NO'YL ")) === [Fe'(NO")L;*)]"

{FeNO}® {FeNOD}® {FeNO}®
Scheme 2
0.0

1.0 t /,:;23#

204 ,,,,:’»’;&E
> a * P - 1 :/,
Q304 by —"" I

404 aq —H—’"

04 L) WLy H) L) HE)  HH

6.0 = " - 7

R = p-tolyl R=CN
L=SCR,

the dithiolene-based a; orbital and the Fe d.-based orbital, wherein
the spatial overlap integral defines the magnitude of the interac-
tion. The discrepancy in the electronic structure descriptions in
the reduced forms of 1 and 2 can be rationalized by the calculated
relative orbital energies of the dithiolene-based a; and b; MOs
(Scheme 2). The orbital energies of the cyano substituted dithio-
lene ligand are inherently more stable than their p-tolyl counter-
parts due to the better electron withdrawing ability of the former.
The d,.-based orbital energy is presumably similar to that of the
a; orbital in the (L* )(L ) and (L")(L") units with the p-tolyl
substituent and in the (L*)(L") fragment with the CN substi-
tuent, whereas the a, orbital of the (L*)(L") fragment with CN is
essentially too low. Therefore, the antiferromagnetic coupling
between the a; MO and the Fe d .-based orbital is only found in
(1", [1]0, and [2]0, but not in [2]'*. The assignment of the
monoanion as an Fe(1I) complex for both 1 and 2 is based on the
fact that the Fe d,>-based orbital is raised higher in energy than the
a; MO when the Fe center is moving down toward the equatorial
4S plane in the more reduced species (Figure 7a, vide infra).
Traversing these series from monocation to neutral to mono-
anion, the S—C bond distances and the C—C bond distances of
the dithiolene ligands are seen to significantly increase and
decrease (by about 0.02—0.03 A), respectively, while the N—O
bond only marginally lengthens by ~0.01 A. The Fe—N distance
also decreases upon reduction (Table 1). The change in the S—C
and C—C bond distances reflects the addition of electrons into
the a; and b, orbitals, which are antibonding with respect to the
S—C bonds and bonding with respect to the C—C bonds, similar
to what has been found upon reduction of square planar metal
bis-dithiolene compounds.® Interestingly, the addition of elec-
trons to a bis-dithiolene orbital not only changes the bond
distances within the dithiolene unit, but the Fe—N and N—O
bond distances are also mildly affected. Moreover, the Fe center
is drawn down toward the 4S equatorial plane, with concomitant
shortening of Fe—N. The correlation between the Fe—N bond
distance and the distance of Fe to the 4S plane (Fe--4S) for [1
and [2]° (z = 1+, 0, 1—) is shown in Figure 7a. Conversely, the
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Table 2. Selected Bond Distances (A) and Angles (deg) for
[1]*” and [2]* (Sc=0)

[ 21>
B3LYP BP86 exptl“ B3LYP BP86

Fe—N 1.826 1.680 1.721 1.805 1.684
Fe—S,, 2.318 2273 2.266 2.230 2.281
N-O 1.198 1.204 1.148 1.189 1.198
S—C, 1.776 1.777 1.739 1.759 1.765
C—-C,, 1.378 1.394 1.374 1.383 1.397
Fe—N—-O 146.4 149.4 150.9 149.6 149.0

“Reference 17.

Fe—N distance is inversely correlated with the N—O bond
distance across these series (Figure 7b).

For the more reduced species the electron delocalization from
the bis-dithiolene fragment toward the Fe—NO fragment leads
to a stronger Fe—N bond and a weaker N—O bond. In analogy to
the effect of porphyrin substituents on the reactivity of the NO in
FeNO—heme complexes,* here the change in NO bond stren-
gth upon reduction of the bis-dithiolene unit suggests that the
reactivity of axially coordinated NO ligands could be modulated
by controlled electrochemical reduction of the noninnocent equa-
torial ligands.

e. [Fe(NO)(L 2)]27. One-electron reduction of the monoanions
barely alters the S—C and C—C bond distances, whereas the
Fe—N and N—O bonds are substantially elongated (Tables 1
and 2). Note that the bond distances in the optimized geometry
of [2]*~ deviate from the crystal structure somewhat more than
the ones for the neutral and monoanionic species. In the case of the
monoanion, we also optimized the structure with the BP86 func-
tional. The qualitative MO scheme for [2]*~ is shown in Figure 8.

The major difference in the geometric structures of the mono-
anion and the dianion is the Fe—N—O angle, which changes from
essentially linear (175—180°) to bent (145—150°) (Tables 1 and 2).
Structures with linear Fe—N—O angles in [1]*~ and [2]* have
also been located but represent transition states, as indicated by
an imaginary frequency with the corresponding transition mode

&

>R

|

d. 4

Fe 859% !
NO 3.7% i
"ZA S=074 1:!
- X de o W
Fe 82.3% Fe 221%
NO 8.5% NO 73.7%
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Figure 8. Qualitative MO scheme for [2]*” from B3LYP DFT calcula-
tions. The partial contributions from the Fe, NO, and 2L fragments are
shown for selected orbitals.

describing NO bending. The bending of the NO unit is consis-
tent with a NO-centered reduction event, thus leading to a {FeNO}’
species.

The electronic structure of [2]*~ calculated with the B3LYP
functional (Figure 6) differs from the one predicted by BP86
(Figure S2 of the Supporting Information). The results can be
described as follows: (1) Fe(IIl) (Sg, = */,) antiferromagneti-
cally coupled with NO™ (Syo = 1) by BALYP and (2) Fe(I) (Sg.
="'/,) and NO* (Syo = 0) by BP86. The structure of [2]*~
calculated with other functionals (Table S2 of the Supporting
Information) shows some variation of the iron and nitrosyl spin
populations. Not surprisingly, pure functionals give results
similar to BP86, whereas hybrid functionals agree more closely
with B3LYP. It is known that, with the higher amount of exact
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Figure 9. Spin density plots of [2]* calculated at the (a) B3LYP, (b) BP86, and (c) B3LYP//BPS86 levels of DFT.
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Figure 10. Spin density population analyses for the {FeNO}’ com-
plexes: [1]°7, [2]*7, [3]*", and [4]°, from B3LYP DFT calculations.

exchange in the functional, high spin states and symmetry
breaking is favored.***> In our experience, hybrid functionals
are more reliable than pure functionals in most but not all
situations.”> Moreover, the calculated spectroscopic parameters
described in the next section all agree with the Fe(Ill) inter-
mediate spin description. The spin populations calculated with
B3LYP at the BP86 optimized structure also support a descrip-
tion of Fe(III) (Sg. = °/,) antiferromagnetically coupled to NO™
(Sxo = 1) (Figure 9). The same description holds for [1]*~
(Figure S3 of the Supporting Information).

Related {FeNO}’ s;)ecies with bis-dithiolene ligands ([Fe(NO)-
(bdt),]*, [3]*>" (bdt"™ =benzene-1,2-dithiolate)," and [Fe(NO)-
(pyS4)1% [4]° (pySs>~ = 2,6-bis(2-mercaptophenylthiomethyl)-
pyridine)*®) were calculated with the B3LYP functional in order
to compare them to [1]*” and [2]*". As shown in Figure 10, the
spin density plots for the five-coordinate complexes, [1]*~, [2]*7,
and [3]*7, show positive spin on the Fe and smaller negative spin
on the NO fragment. This can be interpreted as Fe(III) (Sg. = /)
antiferromagnetically coupled to NO ™~ (Syo = 1). Only the six-
coordinate complex, [4]°, shows positive spin on both the Fe and
the NO fragments with a larger amount on the latter, thus sug-
gesting an electronic structure consisting essentially of low spin
Fe(I) and NO" (Sno = '/2), as originally proposed.3’6 Itis known
that for iron-heme type compounds the presence of the sixth
ligand shifts the spin density from the iron to the NO ligand.”’

[2aF (§=1) s [2b]* (5=0)
// 1921 K/
2ae5\2310 247Vaam
s 0.00 ¢ s
[2c (§=0) [2d} (S,=0)

1211

j 1.5
s -~ AR s
~ (= L5
P iy ‘==} Py —
/
35.7 331
Figure 11. Calculated structures of [2]>” with energies (kcal mol ')

relative to [2a]®” denoted in blue. Bond distances are shown in
angstrom.

For the iron bis-dithiolene compounds studied here, the presence
of the sixth ligand also affects the electron delocalization between
Fe and NO.

f. [Fe(NO)(L,)]> . The trianion [2]>~ was accessed by electro-
chemical measurements in previous work,” and here we add its
infrared spectrum (Figure SS of the Supporting Information).
Several possible structures in singlet and triplet states are cal-
culated for [2]°~ (Figure 11). Two distinct singlet states from
spin-unrestricted and spin-restricted calculations were found:
(1) [2¢]*, a trigonal bipyramidal structure with a slightly bent
Fe—N—0 (171.3°),and (2) [2d]*",a square pyramidal structure
with a strongly canted Fe—N—O angle (126.8°). These diamagnetic
species are much less stable than [2a]*~ (33.1 and 35.7 kecal mol ,
respectively). The other singlet state, [2b]37 , was calculated with
the BS approach and has an electronic structure description of
Fe(1I) (Sg. = 1) antiferromagnetically coupled to NO™~ (Syo =
1). This trigonal bipyramidal dianion with a bent Fe—NO
(147.0°) unit is less stable than [2a]*~ by 22.3 kcal mol .

The [2a]>” S, = 1 species has the lowest energy. The corre-
sponding minimum energy structure resembles a trigonal bipyr-
amid with the NO at the equatorial position and a nearly linear
Fe—NO moeity (177.5°). Unlike most {FeNO}® complexes that
are diamagnetic,”® the calculations support a triplet ground state
for the trianionic species of 2. The MO scheme of [2a]*~ (Figure 12)
reveals its electronic structure as consisting of Fe(II) (Sg. = 2)
antiferromagnetically coupled to NO™ (Syo = 1). Thus, upon
reduction of [2]*”, an electron is added to the d,, orbital without
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Figure 12. Qualitative MO scheme for [2a]*" with contributions from
the Fe, NO, and 2L fragments noted for selected orbitals.

Table 3. Comparison of Expenmental and Calculated
Reduction Potentials (V)" for 2

exptl caled
R +e —[2]° 2.09
20°+e —[2] 0.65 0.63
2] +e —[2]* —0.38 —0.17
2> +e — [2a]*" —1.83 —1.73

Experlmental data shown in Figure S4 of the Supporting Information.
b Referenced to Fc* /Fc.

a change in the electronic occupation of the NO 7* orbitals which
is accompanied by a small structural distortion toward trigonal
bipyramidal.

2. Spectroscopic Parameter Calculations of 1 and 2. a.
Reduction Potentials. Electrochemical studies of [Fe(NO)-
(S3C5R,),]7 complexes showed that R = p-tolyl stabilizes more
oxidized species while R = CN stabilizes more reduced ones.*
The monocation, which is observed and studied extensively by
spectroscopy in series 1, is not accessible for 2.°> On the other
hand, the trianion, which is not found for 1, is detectable in series
2 by 5cyclic voltammetry, despite the lack of other spectroscopic
data.

DFT calculation of the reduction potentials of iron complexes
against the ferrocene/ferrocenium (Fc/Ech) couple have pre-
viously yielded reasonable results.*>** Here the reduction poten-
tials for the electron transfer series of 2 with solvent correction
(in CH,Cl,) are calculated to give more support to the assigned
electronic structure of [2]>~. The calculated reduction potentials
of the [2]°/[2] and [2] /[2]*" redox couples are (Table 3) in
good agreement with the experiment. The calculation for [2 ]2_/
[2a]® (—1.73 V) is also consistent with the experimental data
(— 1 83 V) and, hence, supports the [2a]*~ electronic structure
description as an Fe(II) (Sg. = 2) ion antiferromagnetically coup-
led with a triplet NO ™~ (Sno = 1). The other proposed electronic
structures, [2b]°7, [2c]*, and [2d]*~, with much higher total
energies will clearly yield reduction potentlals even more nega-
tive than those calculated for [2a]*~

b. Vibrational Frequencies. The calculated NO stretching
frequencies, ¥(NO), of the series [Fe(NO)(L,)]* are in good

Table 4. Calculated ¥(NO) Frequencies for 1 and 2

caled exptl ref

1) 1818 1833 5
[11° 1799 1800, 1783 5
[1- 1781 1758 5
[11*>~ 1581 1575 S
[2]* 1927
[2]° 1872 1869 this work
2]~ 1840 1814 5

1838 this work
2> 1615 1633 5

1644 this work
[2a]*~ 1586 1599 this work
[2b]>~ 1488
[2¢]* 1553
[2d]*” 1413

Table 5. Computed d (mms ') and AEq (mms™ ')
Mossbauer Parameters for 1—4 from B3LYP DFT
Calculations

caled exptl
o) AEq o) AEq ref
[1)** 0.10 2.00 0.07 1.40 5
[1° 0.11 1.71 0.06 1.70 5
1] 0.01 2.55 0.04 1.88 5
[ 0.37 1.30 0.20 1.16 5
0.20" 0.83*
[2]"* 0.05 218
[21° 0.06 1.99
2]~ 0.01 2.53 0.03 1.70 5
0.05 1.68 41
2] 0.38 1.02 0.33 0.79 5
0.22° 0.65° 021 0.97 41
0.28 1.01 this work
[2]3~ 0.82 2.62
3] —0.02 2.79 0.01 248 19
[3)> 0.39 127 0.27 112 19
0.22° 0.72°
[4)° 0.36 0.50 0.33 0.40 36
0.29° 0.37°

“BP86 optimized geometry.

agreement with the experimental values (Table 4). The scaling
factor of 0.961 is applied for the frequency calculation as sug-
gested by Merrick et al.*® The ¥(NO) values of the neutral and
the trianion species of the complex 2, which were not reported
carlier,” were also measured in this work (Figure S$ of the
Supporting Information). The ¥(NO) in 2 is higher than that for
the corresponding species in series 1. This is explained by less
7t-backbonding from Fe to the nitrosyl, thus resulting in a stronger
NO bond. Similar to the experimentally observed trends, the cal-
culated ¥(NO) slightly decreases (~20—30 cm™"') along the
series for both 1 and 2. This slight decrease is consistent with a
description in which the nitrosyl ligand essentially maintains a
NO" state (Syo = 0). On the other hand, the calculated v(NO)
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Table 6. *’Fe Hyperfine Coupling Parameters (MHz) for [2]*" and [4]°

caled exptl
A, A, AL Ao A, A, AL Ao ref
[2]* B3LYP//BP86 30.5 —11.3 —19.2 —174 25.4 7.8 —332 —15.5 this work
B3LYP 33.6 —13.0 —20.6 —20.8
[4]° B3LYP 0.5 —13.1 13.6 52 —5.0 137 —86 Y 36

decreases substantially from the monoanion to the dianion for
both [1]*~ and [2]*>™ (~200 cm ™), which is consistent with the
changei in the experimental ¥(NO) stretching frequency of ~180—
190 cm ™. This is caused by the change of the electronic structure
at the nitrosyl ligand to yield NO ™~ (Syo = 1), in which the NO
7* MOs are both occupied.

While the calculated v(NO) values of the trianions [2b]*~ and
[2d]*" are much too low compared to experiment, good agree-
ment with experiment is found for the calculated v(NO) of [2a]
This result further supports an electronic structure composed
of an Fe(II) (Sg. = 2) ion antiferromagnetically coupled with a
triplet NO™ (Syo = 1). Although the calculated ¥(NO) of
[2¢]*” could be consistent with experiment, the higher relative
energy of [2c]>” (35.7 keal mol ') excludes this possibility.
Since the calculated ¥(NO) of the trianion is only slightly smaller
than the one in the dianion, the same electron occupation in
the NO 7* orbitals (NO ™, Sxo = 1) as found for both [2]*~
and [2]*” is apparent.

¢. Mossbauer Parameters. The calculated isomer shifts () for
the monocation, neutral, and monoanion series of 1 and 2 are in
the range of 0.01 to 0.10 mm s~ '. The quadruple splitting (AEq)
is in the range of 1.7 t0 2.5 mms ' (Table 5). Both sets of values
are in agreement with experiment, %3641 Although the experi-
mental isomer shifts of [1]*, [1]°, and [1]™ seem to be insigni-
ficantly different (0.04—0.07 mm s '), the calculated isomer
shifts of [1]* and [1]° (~0.10 mm s~ ') are noticeably larger
than those for [1]~ (0.01 mm s~ '). This result could be inter-
preted as indicating some Fe(I) character in [1]* and [1]° but
not in the monoanion [1] . This supports an electronic structure
composed of {FeNO}° and {FeNO}” resonance forms for [1]*
and [1]% and only a {FeNO}° description for [1] ™. On the other
hand, the difference in the isomer shifts of [2]" and [2]° (0.05—
0.06 mm s_l) and [2]” (0.01 mm s~ ") is less pronounced.

For [1]*7, [2]*7, and [3]>7, the isomer shift significantly in-
creases relative to that of the monoanion (0.20—0.33 mm s ")
and the quadruple splitting drops to about 1.00—1.20 mm s~ '
While the Mossbauer calculations at both the BP86 and the B3LYP
geometries provide good agreement with the experimental data
for six-coordinate [4]°, the calculated isomer shlfts for the five-
coordinate {FeNO}” species ([1]*7, [2]*~,and [3]*") using the
B3LYP optimized structure are significantly overestlmated (Table 5).
However, the B3LYP derived Mossbauer parameters performed
on the BP86 optimized structures are in good agreement with the
experimental values. As mentioned earlier, the B3LYP optimized
geometry of [2]*~ deviates more from the solid state structure
than for the BP86 optimized geometry. Lastly, the considerably
large isomer shift of 0.82 mm s~ ' calculated for the {FeNO}*
complex [2]°" is typical of a high-spin Fe(II) ion.

The *"Fe hyperﬁne couplings (HFCs) were calculated for
[2]*” and [4]° and compared to the experimental values (Table 6).
The spin projection techn1que is employed for the calculation
of the HFCs of [2]*” in the BS state. Although the calculated
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anisotropic HFCs (A’) deviate somewhat from experiment, the
isotropic (Ay,) values are in good agreement for both [2]*~ and [4]°.
Since BP86 predicts a better geometry for [2] 2~ the calculated
HEFCs with B3LYP on the BP86 geometry show a better agree-
ment. Because A, is directly related to the spin density on the
nuclei, the calculated isotropic HFCs support the calculated
electronic structures for [4 [ 1°and [2]*": (1) a small value of A,
for the s1x-coord1nate [4]° complex corresponds to Fe(II) (S=0)
andNO* (S="/,),**and (2) a relatively large value of A, for the
five-coordinate [2]*~ complex corresponds to Fe(IIT) (Sg.=>/5)
antiferromagnetically coupled to NO~ (Sno = 1).

B CONCLUSIONS

The electronic structures of the electron transfer series of
[Fe(NO)(L,)]* (z = 1+, 0, 1—, 2—, 3—) for 1 and 2 were
investigated by a combination of spectroscopy and quantum
chemistry. The monocationic, neutral, and monoanionic species
were previously assigned as {FeNO}® complexes on the basis of
the experimental data alone. However, the present study
shows that the situation is more complicated. The spectro-
scopically calibrated calculations reveal that the monocationic
and neutral species of 1 are best described by two resonance
structures: {[Fe'(NO")(L, )]"* < [Fe"(NO")(L,>7)]""} and
{[Fe'(NO")(L,")]° < [F"(NO")(L,*7)]%), respectively,
whereas the monoanionic species is indeed best depicted as
[Fe"(NO™)(L,*7)]™ (Scheme 1). On the other hand, only the
neutral species of 2 relies on the resonance structure description,
while the monocationic and monoanionic species are interpreted
as [Fe"(NO*)(L,”7)]"* and [Fe"(NO")(L,* )], respectively.
Although the nitrosyl ligand remains in the NO™ oxidation state
throughout this redox series, the reduction that mainly changes
the bis-dithiolene and/or the iron redox states also weakens the
N—O bond through changes in backbonding.

The Fe(I) character seen in some redox species of 1 and 2 is
evidenced by an electron occupation of the d .-based orbital to-
gether with a weak interaction with the dithiolene-based a; orbital,
and it is observed when the two are at comparable energies. The
energy of the a; orbital is modulated by the electron withdrawing
properties of the substituents (p-tolyl/CN) and the oxidation
level of the bis-dithiolene ligands, whereas the energy of the Fe
d..-based orbital of the Fe—NO fragment is more difficult to
define because it appears to be influenced by the distance of the
Fe ion out of the equatorial 4S plane, which is also affected by the
redox level of the chelating dithiolene ligands.

A structure with a canted Fe—NO angle (145— 150°) has been
calculated for the dianionic {FeNO}” species (S, = '/,). Calcu-
lated *’Fe isomer shifts and isotropic hyperfine couplings are in a
good agreement with the experiment data and support the elec-
tronic structure descriptions for both [1]*~ and [2]>~ as Fe(III)
(Sge = */,) antiferromagnetically coupled to NO ™~ (Syo = 1). In
contrast to the five-coordinate complexes [1]*7, [2]*, and
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[3]>7, the six-coordinate {FeNO}’ bis-dithiolene, [4]°, is de-
scribed as Fe(I1) (Sg. = 0) and NO® (Syo = /).

The calculated NO stretching frequency and the reduction
potentials of the electron transfer series of 2 are in agreement
with experiment and support a triplet ground state for the {FeNO}*
species, [2]*". The calculations suggest that the reduction of the
dianion sees one electron added to the empty d,, orbital. Thus,
the electronic structure of [2]>~ is best viewed as Fe(II) (Sg. =2)
antiferromagnetically coupled to NO ™~ (Syo = 1). Unlike most
other {FeNO}® species that are diamagnetic with square pyr-
amidal geometries and strongly bent Fe—N—O angles,*® the
formation of [2]°~ is only accompanied by a small structural
rearrangement consisting of a distortion of the square pyramidal
geometry toward a trigonal bipyramid in which the NO ligand
occupies an equatorial position and the Fe—N—O angle ap-
proaches linearity.

B ASSOCIATED CONTENT

© Supporting Information.  Experimental details, cyclic volta-
mmogram, and IR spectra for 2; applied-field Mossbauer spectra
for [2]*; qualitative MO schemes for [2] 7, [2]*, and [1]*7;
and optimized metric parameters and population analyses for
computed complexes. This material is available free of charge via
the Internet at http://pubs.acs.org.
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