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Abstract

Although DFT calculations have provided a first-order electronic-structural description for
Roussin’s red and black salts, a detailed study of spin coupling in these species has yet to be
reported. Such an analysis is presented here for the first time, based on broken-symmetry density
functional theory (DFT, chiefly OLYP/STO-TZP) calculations. Both the Noodleman and
Yamaguchi formulas were used to evaluate the Heisenberg coupling constants (J). Three
nitrosylated binuclear clusters were studied: [Feo(NO),(Et-HPTB)(O,CPh)]¢* (1; Et-
HPTB=N,N,N’,N’ -tetrakis-(N-ethyl-2-benzimidazolylmethyl)-2-hydroxy-1,3-diaminopropane),
[Fe(NO),{Fe(NO)(NS3)}-S,5’] (2), and Roussin’s red salt anion [Fea(NO)4(11-S)2]%~ (3).
Although the Heisenberg J for 1 is small (v102 cm™1), 2 and 3 exhibit J values that are at least an
order of magnitude higher (~ 103 cm™1), where the J values refer to the following Heisenberg spin
Hamiltonian: 5#=JS , - S . For Roussin’s black salt anion, [Fe4(NO)7(u3-S)3]™ (4), the
Heisenberg spin Hamiltonian describing spin coupling between the {FeNO}’ unit (Sp=3/2) and
the three {Fe(NO),}° units (Sg=Sc=Sp=1/2) in [Fe4(NO)7(3-S)3]~ was assumed to have the
form: J#=J15 (S, - Sy+S, - Sc+S, - Sp)+I0n (S, - Sc+S, - Sp+S. - Sp) inwhich Jy, corresponds
to the interaction between the apical iron and a basal iron, and Jo, refers to that between any two
basal iron centers. Although the basal-basal coupling constant Jo, was found to be small (~ 102
cm™1), the apical-basal coupling constant J;5 is some forty times higher (~ 4000 cm™1). Thus, the
nitrosylated iron—sulfur clusters feature some exceptionally high J values relative to the non-
nitrosylated {2Fe2S} and {4Fe4S} clusters. An analysis of spin-dependent bonding energies shed
light on this curious feature. In essence, the energy difference between the high-spin (i.e.,
ferromagnetically coupled iron sites) and low-spin (i.e., maximum spin coupling) states of
Roussin’s salts are indeed rather similar to those of analogous non-nitrosylated iron— sulfur
clusters. However, the individual Fe(NO), (x=1, 2) site spins are lower in the nitrosylated systems,
resulting in a smaller denominator in both the Noodleman and Yamaguchi formulas for J, which
in turn translates into the very high J values.
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Introduction

Widely prevalent in inorganic chemistry, ligand-bridged transition-metal clusters are also of
great importance in biology and in areas such as molecular magnetism. Iron—sulfur clusters
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and oxo-bridged di-iron sites thus rank among the best-known nonheme biometal sites.
These sites are responsible for a variety of single- and multielectron redox processes,
including the reduction of dinitrogen to ammonia by the MoFe cluster of nitrogenase,[1]
electron-transfer processes involving Rieske {2Fe2S} centers,[2] and the reduction of
ribonucleotides to deoxyribonucleotides by a complex proton-coupled electron-transfer
(PCET) mechanism within the R2 subunit of Class 1 ribonucleotide reductase (RNR).[3,4]
Understanding the electronic structures of these clusters is clearly important for an
appreciation of their biological functions. A key step in developing such an understanding is
to analyze the spin couplings among the individual metal centers. Such analyses have been
carried out in considerable detail for iron—sulfur and oxo-bridged di-iron clusters.[5-9]

Against this context, the electronic structures of nitrosylated iron—sulfur clusters, notably the
iconic Roussin’s red and black salt anions, remain little explored.[10] Long known as stable,
thermodynamic sinks in Fe/S/NO chemistry,[11,12] Roussin’s salts have been studied in
recent years as light-activated, anticancer NO donor drugs.[13-15] Although the toxicity of
Roussin’s salts precludes their use as systemic drugs, intratumoral application might be
possible.[13] Broken-symmetry DFT calculations have resulted in first-order molecular
orbital pictures for the binuclear red and tetranuclear Roussin’s salt anions.[16-18] In
particular, DFT calculations from one of our laboratories have indicated substantial energy
gaps between the fully spin-coupled (diamagnetic) ground states and excited states in which
the iron atoms are all ferromagnetically aligned, emphasizing the need for detailed analyses
of the metal-metal spin couplings.[18,19] Such analyses are reported here for the first time
for Roussin’s red and black salt anions, along with similar analyses for two structurally
related synthetic iron—sulfur complexes. The computed Heisenberg J coupling constants are
evaluated in relation to other relevant iron—sulfur complexes.

Computational Details

All calculations are based on broken-symmetry (BS) DFT methods. The BS state captures
the essential physics of spin-coupled systems and provides a practical approach to
estimations of trends in experimental coupling constants.[6,20,21] There is some evidence
that hybrid functionals provide a more accurate description of antiferromagnetically (AF)
coupled states than pure functionals, owing to the more spin-polarized nature of the
unrestricted wavefunction with the former.[18] Hybrid functionals, however, generally yield
somewhat poorer geometries, including unduly long metal-metal and metal-ligand bonds,
relative to pure functionals (such as PW91[22]).[18,23] The latter, however, overestimate
metal-ligand covalencies, and exhibit an undue preference for lower spin states.[24] In this
context, pure functionals such as OLYP,[25,26] based on the OPTX exchange functional,
have emerged as a good compromise, providing reasonable descriptions of both geometric
and electronic structures for spin-coupled systems.[18,24,27-29]

These considerations led us to employ OLYP to analyze the molecular structures and spin
coupling of four polyiron nitrosyls (1-4, Table 1). Initial geometries obtained from
crystallographic coordinates were optimized in vacuum and in methanol (COSMO,[30]
dielectric constant 32.6) with Slater-type triple-¢ plus polarization basis sets (STO-TZP)
(Amsterdam Density Functional Theory program system (ADF) 2007).[31] For 2, additional
calculations were carried out with the PW91 functional, because OLYP seriously
overestimated the length of the Fe—N bond trans to the strong Fe—NO bond (such inaccurate
descriptions of trans effects have been observed for other complexes as well).[32] In
addition, for complex 3, the very strong coupling between the metal centers results in a
collapse of the OLYP wavefunction to a spin-restricted solution. To describe the
antiferromagnetic coupling in this complex, we carried out B3LYP[26,33] (Gaussian 03,[34]
6-311G(d,p), COSMO) calculations, which led to the expected BS wavefunction.
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To obtain broken-symmetry states for spin-zero complexes, an appropriate high-spin state
was optimized, followed by flipping of the spin on selected atoms to generate an
antiferromagnetically coupled state. The spin-flipped electronic structure was then used as a
starting guess for geometry optimization of the Mg=0 broken-symmetry states.

Heisenberg J coupling constants were computed for optimized broken-symmetry geometries
(ADF, OLYP). The Heisenberg spin Hamiltonian shown in Equation (1) was employed in
our analysis, in which S and Sg are spin operators for the interacting sites A and B.[35]

H=JS, S, (1)

The J constants were computed from the energy difference between a high-spin state (HS,
S=Sa+Sg) and the broken-symmetry state (BS, S=Sp—Sg). In the Noodleman formalism, J is
given by Equation (2).[5,36]

JZ(EHS-EBS)/zsASB (2)

Equation (2) is considered to be valid in the weak-coupling limit only, and an alternative
expression has been put forward by Yamaguchi and co-workers, shown in Equation (3), in
which <S> and <S%>gg are the expectation values of the HS and BS S? operators. Both
expressions for J have been employed here.[37]

J=2(Ey — Ey)/ (<Sz>HS - <SZ>BS) 3)

Unrestricted corresponding orbital (UCO) analyses[38] were performed with the ORCA[39]
program (vacuum, OLYP or B3LYP with the TZVP basis set[40]), using the OLYP (ADF)
optimized broken-symmetry geometries. A UCQO analysis involves unitary transformations
of the MOs to generate o and  orbitals with maximum overlap. An overlap value of one is
considered to be a covalent interaction, whereas orbital pairs with overlap values
significantly less than one are considered magnetic orbitals.[38] Overlap values of 0 are
obtained for singly occupied orbitals (SOMOs).

Results and Discussion

Broken-symmetry states, Heisenberg J coupling constants, and unrestricted corresponding
orbitals were calculated for four polynuclear nonheme iron nitrosyls. These include three
binuclear complexes, [Feo(NO),(Et-HPTB)(0,CPh)]2* (1]; Et-HPTB=N,N,N’,N’-tetrakis-
(N-ethyl-2-benzimidazolylmethyl)-2-hydroxy-1,3-diaminopropane), [Fe(NO),{Fe(NO)-
(NS3)}-5,5°] (2), and Roussin’s red salt anion [Feo(NO)4(p-S)»]%~ (3), and one tetranuclear
complex, Roussin’s black salt anion [Fe4(NO)7(us-S)3]™ (4, Table 1). Detailed results for
each species are discussed below. Complexes 1-3, the cores of which may be viewed as
partial models of that of 4, were essentially chosen as preludes to an analysis of the much
more electronically complicated 4, the ultimate objective of this study.

A bis-{FeNO}’ complex

The binuclear complex 1 (Figure 1 A) is a synthetic analogue of the NO-bound state of the
di-iron active site complex of ribonucleotide reductase (RNR) subunit R2.[4,41] The
reduced form of R2 (RNR¢q) reacts with nitric oxide to form an antiferromagnetically
coupled pair of {FeNO}’ centers.[41] Magnetic susceptibility studies of 1-(BF,), indicated
a site spin of S=3/2 for each {FeNO}’ unit.[41] We have optimized the
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antiferromagnetically coupled broken-symmetry state of [Feo(NO),(Et-HPTB)-(0,CPh)]2*
(OLYP, ADF) (Figure 1 B, Table 2). The computed iron-ligand distances are slightly
overestimated, and in particular the iron—iron distance is about 0.11 A longer than in the
experimental structure (Table 2). The spin density (Figure 1 B) shows oppositely aligned
spin populations on iron and NO, of 3.47 and —0.91, respectively (opposite signs for the
second iron center, Table 1). The cylindrical[42] NO spin density is in agreement with a
suggested Fe3*— o~ description of the {FeNO}’ units.[43]

The experimentally determined magnetic coupling between the iron centers is weak, with a
fitted Jag of =23 cm™ (with 7= — 2JS , S, SA=Sp=3/2).[41] The weak coupling is
probably due to the nature of the bridging groups, an alkoxide and a carboxylate anion
(Figure 1). Here, we have calculated Jag for the optimized broken-symmetry geometry
(Ms=0). The corresponding ferromagnetically coupled state (Mg=3) was calculated by
assuming parallel spins on both {FeNO}’ units. By treating the FeNO units as single sites
with site-spin 3/2, we evaluate only the strength of the interaction between the sites, whereas
the extremely strong antiferromagnetic coupling between iron and NO does not enter the
calculated Heisenberg constant. The Noodleman [Eq. (2), SA=Sg=3/2, #=JS ,S ] and
Yamaguchi approaches [Eq. (3), <S%>ps=3=13.21, <5%>\15=0=4.25, ADF, OLYP, COSMO]
give essentially identical results, with Jag=95 cm™1 for the vacuum optimized geometry,
and 184 cm™1 for the COSMO geometry (Table 2). Both values are overestimated relative to
the experimental coupling constant (46 cm~1 by employing #=Js .S - Errors of this
magnitude are understandable, given that the calculations are based on a small difference in
energy between the broken-symmetry Ms=0 and the Mg=3 states (AEyacuum=0.05 eV and
AEcosmo=0.1 eV, OLYP; the equivalent AE based on the experimental J value is 0.026
eV).

The J for this complex is similar to those for oxidized, diferric ribonucleotide reductase
(RNRox R2) and oxidized diferric methane monooxygenase (MMO,y) (see summary of
experimental data in Tables 3 and 5 of Han et al.[44]). Both contain high-spin Fe3*, with AF
coupling of the two Fe sites. The bridging ligands are different for oxidized RNRgy and
MMO,y. In addition to a carboxylate bridge, which is ineffective in mediating spin coupling,
MMO,y contains a hydrogen-bonded dihydroxyl (OH), bridge, whereas RNRy contains a
single oxo-bridge. The experimental J values (with the Heisenberg spin Hamiltonian above)
are Jexp=8-20 cm ™1 for MMOgy, and Jexp=180-216 cm™ for RNRoy. The calculated J
values (PW91) for model systems are in qualitative agreement with the experimental values:
78 cm™1 (MMO,y), and 480 cm~1 (RNR,y). Despite the difference in the functional used as
well as chemical differences, these values bracket that obtained here for 1.

It is also instructive to compare the calculated J for 1 to that in 2Fe ferredoxin-type systems.
For example, in a {2Fe2S} synthetic complex [FesS,(S;-0-xyl)»]2~ containing two Fe3*
sites, the previously calculated J values (OLYP, ORCA, vacuum) are J=618 and 602 cm™!
(##=JS S ) with the Noodleman and Yamaguchi formalisms, respectively,[20] whereas
Jexp=(296£16) cm~1.[45] Clearly, the experimental J for 1 is much smaller: J=95 cm™1
(OLYP, vacuum), and Jeyp=46 cm™t (s#=JS S ,).[41] The magnetic susceptibility
properties of the binuclear complexes are governed by the energetics of the low-lying spin
states, which are given by the Landé interval rule, E(S)-E(S-1)=JS [see also Eqg. (4)], and
the various spin state energy ladders resulting therefrom (and depicted in the various figures
to follow). The tetranuclear Roussin’s black salt spin state diagram is more complicated, as
expected (see below). The J values for the [Fe,S,(S;-0-xyl)»]2~ complex are good reference
values for comparisons with the binuclear nitrosyl complexes, as we will show later.
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The computed Jag for 1 was used to calculate the spin-projected energies of the pure spin
states on the Heisenberg ladder (Figure 2). The relative energy of each pure spin state is
given by Equation (4), and the spin-projected energy of the pure ground state Sy, by
Equation (5).

E(S)=(J,,/2)S (S+1) 4)

E (Smin) =F (Srnax) - (J,\B/Z) [Smux (Smax+1) - Smin (Smin+1)] (5)

Here the energy of the ferromagnetically coupled, Mg=3 state was equated to that of the
Smax State. The resulting Heisenberg spin ladder (based on Jog=184 cm™1 from OLYP with
COSMO energies) is shown in Figure 2.

The magnetic orbitals involved in the antiferromagnetic coupling in 1 were analyzed in
terms of unrestricted corresponding orbitals (UCOs, ORCA).[38] UCO analysis involves a
unitary transformation of the BS orbitals to sort them into pairs with maximum overlap, with
the goal of identifying orbital pairs that correspond to covalent and magnetic interactions.
[46] Broken-symmetry calculations (OLYP, ORCA, vacuum) on the optimized geometry
(OLYP, ADF) resulted in an electronic structure similar to that described above (Table 1),
with Fe spin populations of +3.55 and oppositely aligned NO spin densities of £0.92. The
computed J values are 116 and 117 cm™1 (OLYP, ORCA, vacuum) with the Noodleman and
Yamaguchi formalisms, respectively, in agreement with that mentioned above (95 cm™1,
OLYP, ADF, vacuum). The UCO analysis shows seven magnetic orbital pairs, with overlap
values of <0.001, 0.076, 0.092, 0.758, 0.825, 0.848, and 0.882. The first three pairs
correspond to the interaction between the two S=3/2 units and show very small overlap
values (<0.001 to 0.092), in agreement with the small coupling constant (Figure 3A-C). The
remaining four magnetic orbital pairs show high overlap values (0.758 to 0.882), and
correspond to the antiferromagnetic interaction between iron and NO (Figure 3D). This
interaction involves two SOMO d,; electrons on each iron and two * electrons on each NO,
leading to two strongly coupled orbital pairs on each {FeNO}’ unit. Although the four
UCOs obtained here are consistent with this picture, all four orbital pairs are delocalized
over both {FeNO} units (Figure 3D), as opposed to there being two pairs of magnetic
orbital pairs on each unit.[47,48]

A binuclear {FeNO}'—{Fe(NO),}° complex

The [Fe(NO),{Fe(NO)(N(CH,CH»S)3)}-S,S’] complex (2) has an asymmetric di-iron core,
involving one {FeNO}’ and one {Fe(NO),}° unit bridged by two thiolate sulfur atoms
(Figure 4).[49] This arrangement may be viewed as a substructure of the tetranuclear
Roussin’s black salt anion (see below). Complex 2 has a magnetic moment of zgs=2.81 (293
K), which indicates a triplet ground state.[49] B3LYP calculations at the experimental
structure support an S=1 ground state, arising from antiferromagnetic coupling between the
$=3/2 {FeNO}’ and S=1/2 {Fe(NO),}° units.[50] Attempts at geometry optimization of 2
(BLYP or B3LYP, 6-311G¥*) yielded poor agreement with the experimental structure, in
particular an overestimation of the metal-metal distance by 0.15 A (BLYP; this is due to
spin contamination effects, as discussed above).[50] Optimization with OLYP (STO-TZP,
COSMO) resulted in significant improvement in the Fe—Fe distance (calculated 2.78 A
versus X-ray crystallography values 2.77 A), but also an unduly long Fe;—N, bond (trans to
the strong Fe—-NO bond, Figure 4), which is overestimated by 0.18 A and 0.10 A in COSMO
and in vacuum, respectively (see the Supporting Information, Table S1). The best agreement
with the experimental structure was obtained by employing PW91 (STO-TZP, COSMO) for
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geometry optimization, which resulted in geometric errors of only 0.01-0.06 A (Table 3).
Given that the Heisenberg J is rather sensitive to geometry, we have evaluated it for 2 at
both the PW91 and the OLYP geometries (Table 3, and Table S1 in the Supporting
Information).

The Fe spin populations are 2.35 and —1.15 for the {FeNO}’ and {Fe(NO),}° units,
respectively (OLYP//PW91, Table 1, Figure 4). The nitrosyl spin populations are relatively
small, ranging from 0.19 to 0.34 (Table 1). For the OLYP geometry, slightly larger Fe spin
populations were obtained (2.61 and —1.31). Overall, the absolute values of the spin
populations of 2 are smaller than those for 1 discussed above, which may be explained by
the much stronger spin coupling in 2 (see below).

The vacuum OLYP//PW91 Heisenberg Jag for AF coupling between the Fe(NO)y (x=1, 2)
centers in 2 was found to be 3599 cm~1 with Equation (2) (Sa=3/2, Sg=1/2, H=JSASg), and
somewhat less, 2967 cm™1, with the Yamaguchi approach [Eq. (3)] (<S?>Hs=6.44,
<§2>55=2.80). For the COSMO geometry, both values are slightly higher: 3733 and 3055
cm™1, respectively (Table 3, OLYP//PW91). If the OLYP geometry is employed, the
corresponding values in solvent are 2911 and 2485 cm™! (see the Supporting Information,
Table S1, OLYP//OLYP), underlining the sensitivity of the computed J to the geometry.
Overall, we may conclude that the antiferromagnetic coupling in 2 is significantly stronger
(by about an order of magnitude) than in the carboxylate/alkoxide-bridged bis-{FeNO}’
complex 1. The thiolate bridges in 2 evidently contribute to the stronger coupling. Spin-
projected energies were computed by assuming that the ferromagnetically coupled Mg=2
state corresponds to the Sy State, and OLYP/COSMO energies (Jag=3733 cm™1) were
employed to generate the Heisenberg spin ladder, shown in Figure 5. To the best of our
knowledge, the J value for 2 has not been determined experimentally. Figure 5 shows that
the energy gap between the ground and excited states is fairly large, which makes it unlikely
that magnetic susceptibility studies can shed light on the magnitude of J, except for the fact
that it is large.

Single-point vacuum OLYP/TZVP calculations with ORCA on the optimized geometry
(ADF, OLYP/TZP, COSMO) yielded spin populations in close agreement with those
mentioned above (ADF electronic structure, Table 1). UCO analysis revealed one magnetic
orbital pair with relatively large overlap (0.748, OLYP), related to antiferromagnetic
coupling between the iron centers (Figure 6C). These magnetic orbitals describe a ¢
interaction along the Fe—Fe axis, but do not involve the NO x* systems. The two unpaired
electrons are expected to be located on the {FeNO}’ unit, consistent with the two SOMOs
(Figure 6A and B). In addition to these magnetic orbitals, six orbital pairs with small
deviations from unity are observed, corresponding to antiferromagnetic coupling within the
FeNO units (OLYP overlap 0.947, 0.975, 0.978, 0.984, 0.986, and 0.988, Figure 6D and E).
The large overlap values indicate an almost spin-restricted description for both Fe(NO)y
units. The strong spin coupling is responsible for the small Fe spin population for the
{Fe(NO),}° unit (—1.15). The {FeNO}’ unit, which harbors the two SOMO electrons,
exhibits a higher Fe spin population (2.35, Table 1).[51]

Roussin’s red salt anion, a bis-{Fe(NO),}° complex

Roussin’s red salt anion, [Feo(NO)4(p-S)»]2~ (3), is made up of two $=1/2 {Fe(NO),}° units
(Figure 7), which couple antiferromagnetically to give a diamagnetic ground state.[16,52]
The OLYP-optimized geometry of [Feo(NO)4(u-S),]2~ agrees well with the X-ray crystal
structure,[52] with only a slight overestimation of the Fe—Fe distance (Table 4). However,
due to the very strong coupling between the metal centers in 3, the OLYP wavefunction
collapses to a spin-restricted solution, as opposed to a broken-symmetry state (this is a
general characteristic of pure functionals; see the computational details section). The
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antiferromagnetic coupling in 3 was therefore analyzed with B3LYP. The Fe spin
populations of the B3LYP broken-symmetry state of 3 are £2.47 on the two iron centers; as
expected, the spin densities on the NO groups are aligned oppositely relative to the iron
atoms to which they are bound (Table 1).

Calculation of the Heisenberg coupling constant yields Jag=3476 cm™1 with Equation (3)
(<S2>15=5.02, <S2>p5=2.87), and a value of 7462 cm™1 with Equation (2) (Sa=Sg=1/2)
(B3LYP/6-311G(d,p)/Gaussian at vacuum OLYP/TZP/ADF geometry, Table 4). For the
COSMO geometries, the values are 4322 and 8773 cm™1, respectively (Table 4). Note that
the magnitude of the computed Jag Vvalues is fairly basis-set-dependent. At the same
geometry (OLYP/TZP, ADF, vacuum), the Jag values obtained for 3 with the Ahlrichs
TZVP basis set (B3LYP, Gaussian, vacuum) are 8459 cm™~1 with the Noodleman approach
[Eq. (2)], and 6837 cm™~1 with the Yamaguchi approach [Eq. (3)]. These values are
significantly higher than those obtained with the 6-311G(d,p) basis set (7462 cm™~1 with Eq.
(2) and 3476 cm™1 with Eq. (3), Table 4).[53] The large difference between the Noodleman
and the Yamaguchi approaches is mainly due to the fact that Equation (2) is valid only in the
weak coupling regime. Thus, the strong coupling in [Fea(NO)4(u-S),]2~ is not described
correctly by the Noodleman approach. Still, both <S2>p5 and <S2>g reflect considerable
spin mixing (spin contamination). However, the difference <S2>pg-<S$%>g5=2.15 is close to
that expected between the pure Sys=1 and Sgs=0 states, for which <S2>pg-<S%2>gs=2. The
spin-projected energies of 3 were computed by assuming that the ferromagnetically coupled
state (Ms=1) corresponds to the Spax State, and B3LYP COSMO energies (Jag=8773 cm™1)
were employed to generate the Heisenberg spin ladder, shown in Figure 8.

Evidently, the computed J values for both 2 and 3 are much higher than those found for
{2Fe2S} ferredoxin-type systems, as represented by the values quoted above for [FesS)(S,-
0-xyl),]27.[20,45] A valuable alternative comparison is provided by examining the spin-
dependent bonding energy (SDBE), which analyzes the contribution of spin coupling to the
overall bonding interaction between fragments. In this respect, non-nitrosylated ferredoxin-
type systems behave differently compared to ligand-bridged iron nitrosyl complexes. The
SDBE is defined as the energy stabilization of the spin ground state with respect to the
barycenter of all pure spin states E(SDBE)=E(BAR-J)-E(Spin), with E(BAR-J) given by
Equation (6), in which E(S) is defined as in Equation (4) and the degeneracy is D(S)=2S+1.

§=S max §=S max
E (BAR-J) = D(S)E(S)/ D(S)
$=S min $=S min (6)

This stabilization energy is positive according to the definition above, which was first
developed by Mouesca et al.[5] (see Table 4 in this reference), who called it the spin
barycenter energy difference. By using the same methods as these authors,[5] we find
E(SDBE) values of 3.75, 1.25, and 0.75 J for 1, 2, and 3, respectively. By employing the
respective computed vacuum J values (Noodleman formalism, Tables 2,3, and 4) for these
complexes, we obtain E(SDBE) values of 0.04 eV for 1, 0.56 eV for 2, and 0.69 eV for 3.
By comparison, for [Fe;So(S;-0-xyl)»]2~ and oxidized {2Fe2S} ferredoxins, the E(SDBE) is
8.75 J, which translates to 0.67 eV for J=618 cm™1 (OLYP, ORCA).[20] Thus, based on
typical J values and E(SDBE), the spin bonding energies for {2Fe2S} ferredoxins are more
or less comparable in strength to those for 2 and 3, whereas for 1 the spin bonding energy is
much smaller.[54]

Analysis of the unrestricted corresponding orbitals (B3LYP/TZVP, ORCA, at the OLYP/
TZP/COSMO ADF geometry) of 3 reveals nine orbital pairs, for which the overlap deviates
from unity. The magnetic orbital pair with the smallest overlap (0.555) describes
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antiferromagnetic coupling between the two S=1/2 {Fe(NO),}° centers (Figure 9A). The
other eight magnetic orbital pairs show high overlap values (0.782, 0.787, 0.810, 0.821,
0.827, 0.828, 0.848, and 0.864, Figure 9) and are topologically similar to those describing
the antiferromagnetic coupling in the {Fe(NO),}° unit of 2 (Figure 6). All eight orbital pairs
show significant delocalization over both {Fe(NO),}° units (three of these orbital pairs are
shown in Figure 9B-D).

Roussin’s black salt anion, [Fe4(NO)7(p3-S)3]~

Roussin’s black salt anion (4, Figure 10)[17,52,55,56] exhibits C3, symmetry, with one
apical {FeNO}’ unit and three basal {Fe(NO),}° units. Antiferromagnetic coupling between
the apical S=3/2 and the three basal S=1/2 units results in an overall diamagnetic ground
state. The spin-density plot of the optimized broken-symmetry geometry is shown in Figure
10 (ADF, OLYP, COSMOQ). The OLYP broken-symmetry geometry agrees very well with
the X-ray crystal structure,[55] with only a slight overestimation of the basal iron—iron
distances (Table 5). In contrast, B3LYP broken-symmetry geometries showed severe
deviations from the experimental structure.[17,18] The better OLYP geometries may be
related to less spin-polarized descriptions, reflecting less contamination by higher S excited
states. Thus, for OLYP/TZP, 4 shows Fe spin populations of only —1.18 for the apical iron
and 0.62 for each basal iron (Table 1).

The Heisenberg spin Hamiltonian describing the coupling between the {FeNO}’ unit
(Sa=3/2) and the three {Fe(NO),}° units (Sg=Sc=Sp=1/2) in [Fe4(NO)7(uiz-S)3] "~ is
assumed to have the form of Equation (7), in which J;, corresponds to the interaction
between the apical iron and a basal iron, and Jo, that between any two basal iron centers
(Scheme 1).

A =J1p(S, - Sy+S, - S+S,-S,)
+0n(Sy - Sc+Sy - Sp+Sc - Sy) (7)

Determination of J1, and Jo, involved SCF optimization of multiple broken-symmetry states
(Ms=0, Mg=1, Mg=2, Mg=3, Scheme 1) at the Mg=0 geometry. This required a lowering of
the symmetry from Cs, to Cg (the C5 geometry, however, is exceedingly close to Cg,).

The energies of the broken-symmetry states can be expressed by Equation (8) (Scheme 1).

EZZ]ij<Si ~Sj> (8)

Thus, for S;=3/2 and S;=1/2, Equation (8) yields +3/4 J;,, and for S;=Sj=1/2, Equation (8)
yields +1/4 J,,, for which the plus sign is for parallel spin alignment and the minus sign is
for antiparallel alignment. The values of J;, and Jy» can be determined from the energy
differences between different broken-symmetry states, as shown in the example in Equation
(9), which results in J1,=5027 cm™! based on the Noodleman formalism (Table 5).

E(M=3) — E(M,=0) =(2.25 J15+0.75 J5)
—(=2.25 J12+0.75 J»n)=4.5 J1» 9)

The energy difference between the two alternative broken-symmetry states, Mg=1 and
Ms=2, yields J;,=5050 cm~1. The magnitude of J,, can then be evaluated as 78-182 cm™1
(Table 5). For COSMO geometries, we obtained values of J1,=4668-4683 and J,,=147-214
cm~1 (Table 5). The coupling constant J; is somewhat larger than the J describing the
analogous interaction between the {FeNO}’ and {Fe(NO),}° units in 2 (3733 cm™1, ADF/
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COSMO, Table 3). In contrast, Jo, is small and antiferromagnetic, almost negligible
compared to Jq». This system thus exhibits only slight spin frustration due to the parallel
alignment of the basal irons. Similarly, the effect of Jy, on the predicted spin ladder (Figure
11) is very small.

Determination of both J12 and Jos is not possible within the Yamaguchi approach. However,
because Equation (9) shows that E(M¢=3)-E(Ms=0) results in a cancellation of J,5, these
two states can be employed to determine J1o within the Yamaguchi formalism. A Jq, value
of 3539 cm ™~ was obtained (<S2>\;s=¢=0.838, <S2>\4s=3=12.710, OLYP, COSMO, ADF).
Also Egws=2) — E(us=1) results in a cancellation of Jp,, resulting in a value of 3577 cm~1 for
J12 (<S2>p\s=1=3.025, <S2>)45=2=6.952, OLYP, COSMO, ADF). For the vacuum-optimized
geometry, the J;, values, as obtained by these two methods, are 3739 and 3804 cm™1. The
two energy differences thus give remarkably consistent values for J1o. Also, the Yamaguchi-
based method has a broader range of applicability than Equation (9), due to the fact that the
Mg=0 broken-symmetry state differs from Ms=3 only in the relative alignment of the apical
spin (Sa) to the basal spins (Sg, Sc, Sp). Similarly, the Ms=2 broken symmetry state differs
from Mg=1 only in the relative alignment of S to (Sg, Sc, Sp)-

Based on Equation (7), the expression for the spin-projected energy becomes that given in
Equation (10), in which Sk=Sg+Sc+Sp and Sy=Sap+Sk.

E(S.,S¢) =J12/2 [S'r (S'l+l) - Sy (SK+])]
+I20/2[ Sy (S¢+1)] (10)

The Heisenberg spin ladder was calculated by assuming that the energy of the Mg=3 state
corresponds to the pure S=3 state (Figure 11, J;,=4668, J,,=147 cm~1). The ladder contains
six unique pure spin states between S=0 and S=3. There are two S=1 and two S=2 states,
which differ in the magnitude of Sk (Figure 11).

It is constructive to contextualize the main Heisenberg spin coupling parameter (J15) in
relation to the J of {4Fe4S} ferredoxin protein active sites.[5] Evaluation of the comparative
spin bonding energies should be similarly illuminating. A simple but relevant computational
model for {4Fe4S} complexes is [Fe4S4(SR)4]%~, in which R=CHs. The Fe sites are
delocalized mixed-valence, and can be decomposed into two mixed-valence {Fe,S,}
rhombs (with the delocalized 2Fe pair, 2Fe25*, parallel spin within a rhomb), with opposite
spin alignment for the alternate {Fe,S,} rhombs (layers) of the cubane. Then the effective
spin Hamiltonian is 7=/, |, - § 3, With $1,=9/2, S34=9/2, which correspond to delocalized
pairs of spins S1,=S34=5/2+2. The delocalization energy within each rhomb is large enough
to force parallel spin alignment, so that this is a reasonable Hamiltonian and effective for
computation. Calculations on [Fe4S4(SR)4]%~ with a Vosko-Stoll exchange correlation
potential and a Becke perturbative correction (VS+B) (vacuum) gave J,=645 cm™1.[5]
Related experimental values from analysis of NMR paramagnetic shifts in synthetic
{4Fe4S} complexes are J;,=295-413 cm~1[57] and 261-397 cm~1[58] from magnetic
susceptibility studies. These experimental values are about 40-60 % of those calculated,
which is fairly typical. Clearly, Table 5 shows that the J1, for 4 greatly exceeds the
interlayer Jp, for {4Fe4S} complexes.

However, once again, the spin bonding energy tells a different story. For 4, the spin bonding
energy is E(SDBE)=3.75 (J12) (neglecting the much smaller Jo, terms), whereas for
[Fe4S4(SR)4]%~, E(SDBE)=24.75 (J;,). Numerically, these give comparable SDBEs.[59,60]
Thus, with J1,=3804 cm™1 (OLYP) for 4, we obtain an E(SDBE) of 1.77 eV, which is
comparable to the value of 1.98 eV calculated for [Fe4S4(SR)4]2". Although both of these
values are likely to be larger than the experimentally determined values, these spin bonding
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energies in the two cases should still be fairly high and comparable in magnitude. Further, in
the {4Fe4S} complexes, the total spin-dependent delocalization energy is also large:
E(SDDE)=10B for the two rhombs, for which B=645 cm™1 (VS+B, calculated) and 699-787
cm™1 (estimated from the position of absorption bands in the near infrared). These translate
to E(SDDE)=0.78 eV (VS+B) versus about 0.91 eV (experiment). Overall, the much higher
Jvalues in Roussin’s red and black salts are compensated by smaller site spins, resulting in
spin bonding energies similar to those in the non-nitrosylated {2Fe2S} and {4Fe4S}
ferredoxins (and related synthetic complexes), which feature smaller J values, but also
higher site spins and higher numbers of coupled magnetic orbitals.

The magnetic orbitals of 4 were analyzed through UCO analysis (OLYP/TZVP, ORCA,
vacuum). The UCO calculations yielded an electronic structure consistent with that
described above (Table 1). The apical S=3/2 {FeNO}’ unit formally has three unpaired
electrons, located in the d,2, dy2_y2, and dyy orbitals (where the dy, and dy, electrons are
involved in n-bonding interactions with NO). Coupling of these SOMO electrons to the d,2-
based SOMOs of the basal irons leads to three magnetic orbital pairs with overlap values of
0.909, 0.946, and 0.946 (Figure 12A-C). The antiferromagnetic coupling between iron and
nitrosyl in the four FeNO units is expected to involve 14 magnetic pairs (four electron pairs
for each {Fe(NO),}° unit and two pairs for the {FeNO} unit). The OLYP description gives
overlap values of 0.987 to 0.997 for these 14 orbital pairs. The deviations from unity are so
small that these orbital pairs can be considered to represent covalent interactions.[61]

Spin-density and magnetic orbital isovalue plots for complexes 1-4 show how the Fe-NO
bond interacts with the remaining spin density in the overall broken-symmetry picture. In
several cases, as a result of strong Fe(d,)-NO(n*) interactions, the magnetic orbitals (UCOs)
of a fragment trans to a given Fe—NO bond are oriented so they can engage in bridge-
mediated interactions with other fragment magnetic orbitals. Thus, the apical Fe-NO
interaction in 4 directs the fragment spin density toward the basal fragments, and the basal
Fe(NO), fragments direct their spin densities upward toward the Fe2-S-Fel, as well as
toward the trigonal axis (Figures 10 and 12), which explains the strong spin coupling in
Roussin’s black salt. Further support for this analysis comes from calculations probing the
effects of bending the apical FeNO angle in 4 from 180° to 120°. This change increases the
local spin density on the apical FeNO group, while weakening the trans-directing ability of
the apical NO, resulting in a substantial reduction in the apical/basal coupling strength. Thus
J12(180°)=3661 cm™1 and J;2(120°)=2972 cm™! (by using Eq. (3), vacuum, OLYP/TZP
(ADF), C1 symmetry). The strong Heisenberg spin coupling predicted for 2 (Figures 4 and
6) and 3 (Figures 7 and 9) may be rationalized in a similar manner. By contrast, the situation
in 1 is different. As can be seen in Figures 1 and 3, directing the Fe spin density trans to the
FeNO groups (for both Fe—-NO groups) leads to very weak Fe—Fe coupling, mediated by the
alkoxy bridging oxygen (O3). The bridging carboxylate group provides even weaker
mediation of spin coupling between the two iron centers, as shown in Figure 3.

Conclusion

Roussin’s red and black salts are iconic structures in iron— sulfur—NO chemistry, a field that
is currently undergoing a renaissance, thanks to its biological relevance. A detailed
understanding of the electronic structures and properties of these complexes may engender
significant biomedical advances, particularly in the form of light-activated NO donor drugs.
With their complex spin-coupled electronic structures, Roussin’s salts are also of
exceptional theoretical interest, as evidenced by multiple studies from the early days of
quantum chemistry, when the methods available were hardly equal to the task.[62] In recent
years, we and others have applied broken-symmetry DFT methods to these systems, and
such efforts have led to a first-order electronic-structural description of Roussin’s salts.
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[17,18,20] Somewhat surprisingly, in view of the importance of the problem, a detailed
analysis of spin coupling in these systems has not been reported until now. We have
provided such an analysis here, based on broken-symmetry DFT methods.

We have studied three nitrosylated binuclear clusters: [Feo(NO),(Et-HPTB)(0O,CPh)]2* (1),
[Fe(NO),{Fe(NO)-(NS3)}-S,5°] (2), and Roussin’s red salt anion [Fea(NO)4 (1-S)-]%~ (3).
Although the Heisenberg J for 1 is small (*102 cm™1), 2 and 3 exhibit J values that are at
least an order of magnitude higher (*103-104 cm™1), in which the J values refer to the
Heisenberg spin Hamiltonian H=JSaSg. Both the original Noodleman and the more general
Yamaguchi formalisms were used to calculate the J values. For Roussin’s black salt anion,
[Fe4(NO)7(u3-S)3]™ (4), the Heisenberg spin Hamiltonian describing the coupling between
the {FeNO} unit (Sp=3/2) and the three {Fe(NO),}° units (Sg=Sc=Sp=1/2) in
[Fe4(NO)7(usz-S)3]™ was assumed to have the form of Equation (11), in which J;,
corresponds to the interaction between the apical iron and a basal iron, and Jy, to that
between any two basal iron centers.

A =Ip(S, -S,+S, - S.+S,-S,)
+I0 (S, S +S, S +S.-S,) (11)

Although the basal-basal coupling constant Jo» was found to be small (102 cm™1), the
apical-basal coupling constant J; is some forty times higher (%4000 cm™1). In other words,
the nitrosylated iron—sulfur clusters feature some exceptionally high J values relative to non-
nitrosylated {2Fe2S} and {4Fe4S} clusters.

An analysis of spin-dependent bonding energies provided crucial insight into this
phenomenon. Shorn of technical details (which are described above), the energy difference
between the high-spin (i.e., ferromagnetically coupled iron sites) and low-spin (i.e.,
maximum spin coupling) states of Roussin’s salts are indeed rather similar to those of
analogous non-nitrosylated iron—sulfur clusters. However, the individual site spins are lower
in the nitrosylated systems, resulting in a smaller denominator in both the Noodleman and
Yamaguchi formulas [Egs. (2) and (3)], which translates into the high J values.

Finally, unrestricted corresponding orbital analysis provided an MO rationale for the strong
spin couplings in Roussin’s red and black salts. Not only are the bridging sulfide groups
more effective in mediating spin coupling than oxo, alkoxo, and carboxylate groups, the
trans-directing effects of the NOs on fragment spin densities also play a major role in
enhancing inter-site spin coupling in complexes 2—4.

Acknowledgments

This work was supported by the Research Council of Norway (A.G., K.H.H.) and grants GM043278 and
GMO039914(ARRA) from the US National Institutes of Health (L.N.). Dr. Wen-Ge Han is thanked for discussions
and technical assistance.

References

[1]. Seefeldt LC, Hoffman BM, Dean DR. Annu. Rev. Biochem. 2009; 78:701-22. [PubMed:
19489731]

[2]. Ferraro DJ, Gakhar L, Ramaswamy S. Biochem. Biophys. Res. Commun. 2005; 338:175-190.
[PubMed: 16168954]

[3]. Logan DT, Su XD, Aberg A, Regnstrém K, Hajdu J, Eklund H, Nordlund P. Structure. 1996;
4:1053-1064. [PubMed: 8805591]

Chemistry. Author manuscript; available in PMC 2011 September 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hopmann et al.

Page 12

[4]. Haskin CJ, Ravi N, Lynch JB, Miinck E, Que L Jr. Biochemistry. 1995; 34:11090-11098.
[PubMed: 7669766]

[5]. Mouesca J-M, Chen JL, Noodleman L, Bashford D, Case DA. J. Am. Chem. Soc. 1994;
116:11898-11914.

[6]. Noodleman L, Han W-G. J. Biol. Inorg. Chem. 2006; 11:674-694. [PubMed: 16830148]

[7]. Noodleman L, Lovell T, Liu T, Himo F, Torres RA. Curr. Opin. Chem. Biol. 2002; 6:259-273.
[PubMed: 12039013]

[8]. Hubner O, Fink K, Klopper W. Phys. Chem. Chem. Phys. 2007; 9:1911-1920. [PubMed:
17431519]

[9]. Fiedler AT, Brunold TC. Inorg. Chem. 2005; 44:9322-9334. [PubMed: 16323916]
[10]. Butler AR, Megson IL. Chem. Rev. 2002; 102:1155-1166. [PubMed: 11942790]

[11] a). For reviews and books on NO biology, see: Ignarro, L., editor. Nitric Oxide: Biology and
Pathobiology. Academic Press; San Diego: 2000. p. 3-19. b) Butler, A.; Nicholson, R. Life,
Death and Nitric Oxide. RSC; Cambridge: 2003. ¢) Ghosh, A., editor. The Smallest
Biomolecules: Diatomics and Their Interactions with Heme Proteins. Elsevier; Amsterdam:
2008. p. 1-603.

[12] a). For reviews on transition-metal nitrosyls, see: Wyllie GRA, Scheidt WR. Chem. Rev. 2002;
102:1067-1090. [PubMed: 11942787] b) McCleverty JA. Chem. Rev. 2004; 104:403-418.
[PubMed: 14871130]

[13]. Janczyk A, Wolnicka-Glubisz A, Chmura A, Elas M, Matuszak Z, Stochel G, Urbanskab K.
Nitric Oxide. 2004; 10:42-50. [PubMed: 15050534]

[14]. Bourassa J, DeGraff W, Kudo S, Wink DA, Mitchell JB, Ford PC. J. Am. Chem. Soc. 1997;
119:2853-2860.

[15]. Zheng Q, Bonoiu A, Ohulchanskyy TY, He GS, Prasad PN. Mol. Pharm. 2008; 5:389-398.
[PubMed: 18281943]

[16]. Jaworska M, Stasicka Z. New J. Chem. 2005; 29:604-612.
[17]. Jaworska M, Stasicka Z. J. Mol. Struct. 2006; 785:68-75.

[18]. Hopmann KH, Conradie J, Ghosh A. J. Phys. Chem. A. 2009; 113:10540-10547. [PubMed:
19736923]

[19] a). For reviews on DFT calculations on nitrosyls, see: Ghosh, A.; Hopmann, KH.; Conradie, J.
Computational Inorganic and Bioinorganic Chemistry. Solomon, El.; Scott, RA.; King, RB.,
editors. Wiley; New York: 2009. p. 389-410. b) Ghosh A. Acc. Chem. Res. 2005; 38:943-954.
[PubMed: 16359166]

[20]. Hopmann KH, Ghosh A, Noodleman L. Inorg. Chem. 2009; 48:9155-9165. [PubMed:
19780615]

[21]. Noodleman L, Case DA, Aizman A. J. Am. Chem. Soc. 1988; 110:1001-1005.

[22]. Perdew JP, Chevary JA, Vosko SH, Jackson KA, Pederson MR, Sing DJ, Fiolhais C. Phys. Rev.
B. 1992; 46:6671-6687.

[23]. Blasco S, Demachy I, Jean Y, Lledos A. J. Mol. Struct. 2003; 644-686:113-118.

[24]. Han W-G, Noodleman L. Inorg. Chim. Acta. 2008; 361:973-986.

[25]. Handy NC, Cohen AJ. Mol. Phys. 2001; 99:403-412.

[26]. Lee C, Yang W, Parr RG. Phys. Rev. B. 1988; 37:785-789.

[27]. Swart M. J. Chem. Theory Comput. 2008; 4:2057—2066.

[28]. Conradie J, Ghosh A. J. Chem. Theory Comput. 2007; 3:689-702.

[29]. Conradie J, Ghosh A. J. Phys. Chem. B. 2007; 111:12621-12624. [PubMed: 17935317]

[30] ). Klamt A, Schiidrmann G. J. Chem. Soc. Perkin Trans. 1993; 2:799-805. b) Klamt A. J. Phys.
Chem. 1995; 99:2224-2235. c) Klamt A, Jones V. J. Chem. Phys. 1996; 105:9972-9981.

[31] a). te Velde G, Bickelhaupt FM, van Gisbergen SJA, Guerra C. Fonseca, Baerends EJ, Snijders
JG, Ziegler T. J. Comput. Chem. 2001; 22:931-967. b) Guerra, C. Fonseca; Snijders, JG.; te
Velde, G.; Baerends, EJ. Theor. Chem. Acc. 1998; 99:391-403.c) Theoretical Chemistry. Vrije
Universiteit; Amsterdam: ADF2007.01, SCMhttp://www.scm.com

[32]. Conradie J, Ghosh A. Inorg. Chem. 2006; 45:4902-4909. [PubMed: 16780310]

Chemistry. Author manuscript; available in PMC 2011 September 10.


http://www.scm.com

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hopmann et al.

Page 13

[33] a). Becke AD. Phys. Rev. A. 1988; 38:3098-3100. [PubMed: 9900728] b) Becke AD. J. Chem.

[34].

[35].

[36].
[37].
[38].

[39].

[40].
[41].
[42].

[43]

[44].

[45].
[46]

[47].

Phys. 1993; 98:5648-5652. ¢) Stephens PJ, Devlin FJ, Chablowski CF, Frisch M. J. Phys. Chem.
1994; 98:11623-11627.

Frisch, MJ.; Trucks, GW.; Schlegel, HB.; Scuseria, GE.; Robb, MA.; Cheeseman, JR.;
Montgomery, JA., Jr.; Vreven, T.; Kudin, KN.; Burant, JC.; Millam, JM.; lyengar, SS.; Tomasi,
J.; Barone, V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, GA.; Nakatsuji, H.;
Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda,
Y.; Kitao, O.; Nakai, H.; Klene, M.; Li, X.; Knox, JE.; Hratchian, HP.; Cross, JB.; Bakken, V.;
Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, RE.; Yazyev, O.; Austin, AJ.; Cammi, R,;
Pomelli, C.; Ochterski, JW.; Ayala, PY.; Morokuma, K.; Voth, GA.; Salvador, P.; Dannenberg,
JJ.; Zakrzewski, VG.; Dapprich, S.; Daniels, AD.; Strain, MC.; Farkas, O.; Malick, DK.; Rabuck,
AD.; Raghavachari, K.; Foresman, JB.; Ortiz, JV.; Cui, Q.; Baboul, AG.; Clifford, S.;
Cioslowski, J.; Stefanov, BB.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Martin, RL.;
Fox, DJ.; Keith, T.; Al-Laham, MA.; Peng, CY.; Nanayakkara, A.; Challacombe, M.; Gill,
PMW.; Johnson, B.; Chen, W.; Wong, MW.; Gonzalez, C.; Pople, JA. Gaussian, Inc.;
Wallingford CT: 2004. Gaussian 03, Revision E.O1

Note that alternative expressions of the Heisenberg Hamiltonian are also employed, for example
H = - 2J'S, S, when comparing magnitude and sign of J parameters, the form of the

Hamiltonian should, therefore, be kept in mind.

Schmitt EA, Noodleman L, Baerends EJ, Hendrickson DN. J. Am. Chem. Soc. 1992; 114:6109-
6119.

Soda T, Kitagawa Y, Onishi T, Takano Y, Shigeta Y, Nagao H, Yoshioka Y, Yamaguchi K.
Chem. Phys. Lett. 2000; 319:223-230.

Neese F. J. Phys. Chem. Solids. 2004; 65:781-785.

Neese, F.; Becker, U.; Ganiouchine, D.; KofBmann, S.; Petrenko, T.; Riplinger, C.; Wennmohs, F.
ORCA program. Version 2.6, revision 35Developed bywith contributions fromsee:
http://www.thch.unibonn.de/tc/orca/

Schaefer A, Horn H, Ahlrichs R. J. Chem. Phys. 1992; 97:2571-2577.

Feig AL, Bautista MT, Lippard SJ. Inorg. Chem. 1996; 35:6892—6898. [PubMed: 11666858]
Conradie J, Quarless DA, Hsu H-F, Harrop TC, Lippard SJ, Koch SA, Ghosh A. J. Am. Chem.
Soc. 2007; 129:10446-10456. [PubMed: 17685516]

a). For key experimental and computational studies of nonheme {FeNO}7 units, see: Brown CA,
Pavlovsky MA, Westre TE, Zhang Y, Hedman B, Hodgson KO, Solomon EI. J. Am. Chem. Soc.
1995; 117:715-732. b) Li M, Bonnet D, Bill E, Neese F, Weyhermiller T, Blum N, Sellmann D,
Wieghardt K. Inorg. Chem. 2002; 41:3444-3456. [PubMed: 12079463] c) Serres, R. Garcia;
Grapperhaus, CA.; Bothe, E.; Bill, E.; Weyhermdiller, T.; Neese, F.; Wieghardt, K. J. Am. Chem.
Soc. 2004; 126:5138-5153. [PubMed: 15099097] d) Harrop TC, Song D, Lippard SJ. J. Am.
Chem. Soc. 2006; 128:3528-3529. [PubMed: 16536520] e) Conradie J, Hopmann KH, Ghosh A.
J. Phys.Chem. B. 2010; 114:8517-8524. [PubMed: 20536203]

Han W-G, Liu T, Lovell T, Noodleman L. J. Comput. Chem. 2006; 27:1292-1306. [PubMed:
16786546]

Gillum WO, Frankel RB, Foner S, Holm RH. Inorg. Chem. 1976; 15:1095-1100.

a). For applications of the UCO analysis scheme to other transition metal complexes, see:
Sinnecker S, Neese F, Lubitz W. J. Biol. Inorg Chem. 2005; 10:231-238. [PubMed: 15830216]
b) Alborés P, Slep LD, Weyhermiiller T, Rentschler E, Baraldo LM. Dalton Trans. 2006:948—
954. [PubMed: 16462955] c) Cowley RE, Bill E, Neese F, Brennessel WW, Holland PL. Inorg.
Chem. 2009; 48:4828-4836. [PubMed: 19397284] Holland PL. Inorg. Chem. 2009; 48:4828-
4836. [PubMed: 19397284]

Pure functionals such as OLYP generally lead to a lesser degree of spin polarization than hybrid
functionals.[18,41,48] To evaluate our choice of the functional, we also performed broken-
symmetry calculations with B3LYP (ORCA, TZVP, vacuum) on the OLYP-optimized geometry.
The B3LYP Mg=0 broken-symmetry state of 1 shows slightly larger separation of o and B spins
than OLYP, with spin populations of £3.83 on iron and £1.13 on NO. The computed J values are
similar: 116 cm™? for both the Noodleman and the Yamaguchi approaches (B3LYP/TZVP,
ORCA). UCO analysis of the B3LYP electronic state resulted in topologically similar magnetic

Chemistry. Author manuscript; available in PMC 2011 September 10.


http://www.thch.unibonn.de/tc/orca/

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hopmann et al.

(48]

[49].

[50].
[51].

[52].
[53].

[54].

[55].

[56].
[57].

[58].
[59].
[60].

[61].

[62].

Page 14

orbital pairs as above, but with slightly smaller overlap values of 0.004, 0.038, and 0.050, for the
pairs governing the interaction between iron centers, and 0.639, 0.735, 0.762, and 0.783 for the
pairs governing the iron—nitrosyl interactions.

a). For comparative studies of different exchange-correlation functionals, especially for
noninnocent saystems see: Ghosh A, Taylor PR. Curr. Opin. Chem. Biol. 2003; 7:113-124.
[PubMed: 12547436] c) Ghosh A. J. Biol. Inorg. Chem. 2006; 11:712-724. [PubMed: 16841211]
Davies SC, Evans DJ, Hughes DL, Konkol M, Richards RL, Sanders JR, Sobota P. J. Chem. Soc.
Dalton Trans. 2002:2473-2482.

Jaworska M. Polyhedron. 2007; 26:3247-3254.

B3LYP UCO calculations reveal a considerably more spin-polarized electronic structure, with
spin populations of 3.14 on the {FeNO} iron and —2.62 on the {Fe(NO)2}9 iron. The NO spin
populations are oppositely aligned relative to the Fe ones, being £0.71 to £0.97. The orbital
overlap values for B3LYP are smaller than for OLYP, being 0.411 for the smallest overlap
(corresponding to the antiferromagnetic interaction between iron centers) and 0.811 to 0.907 for
the remaining six magnetic orbital pairs (corresponding to antiferromagnetic coupling within the
iron—nitrosy! units).

Sanina NA, Chuev Il, Aldoshin SM, Ovanesyan NS, Strelets VV, Geleti Yu. V. Russ. Chem.
Bull. 2000; 49:444-451.

Calculations at the same geometry with ORCA, B3LYP/TZVP, vacuum yield even larger values
of Jaog=10705 cm ™2 for Equation (2) and 8026 cm ™1 for Equation (3).

Alternatively, we could compare the energy difference between the high- and low-spin states.
With OLYP (ADF, TZP, vacuum), Eqs—E| s=1.12 eV for [Fezsz(sz-o-xyl)g]z_ (at the broken-
symmetry geometry), which is comparable to that obtained for 3, Eys—E| s=1.01 eV (at the
closed-shell geometry). Thus, in light of similar values of (Egs—E| s), the very different J values
reflect the fact that, to a first approximation, [FeZSZ(Sz-o-xyl)z]z_ entails coupling of five
electron pairs, whereas 3 entails coupling of just one pair.

D’Addario S, Demartin F, Grossi L, lapalucci MC, Laschi F, Longoni G, Zanello P. Inorg. Chem.
1993; 32:1153-1160.

Sanina NA, Aldoshin SM. Russ. Chem. Bull. 2004; 53:2428-2448.

Crozet M, Chaussade M, Bardet M, Emsley L, Lamotte B, Mouesca J-M. J. Phys. Chem. A.
2000; 104:9990-10000.

Daku, L. M. Lawson; Pecaut, J.; Lenormand-Foucaut, A.; Vieux-Melchior, B.; Iveson, P;
Jordanov, J. Inorg. Chem. 2003; 42:6824-6850. [PubMed: 14552635]

For {2Fe2S} and {4Fe4S} complexes, we have corrected two small errors in E(SDBE) in Table 4
of Mouesca et al. 1994.[5]

Surprisingly, the same value for E(SDBE)=3.75 (J12) is found whether all Sx=1/2, 3/2 or only
Sk=3/2 is used in the spin degeneracy weighted average for the spin-barycenter; see Figure 11.
B3LYP/TZVP UCO (ORCA) calculations at the OLYP/TZP geometry results in considerably
greater separation of the o and B spin densities (spin populations of —2.96 on the apical and 2.59
on each basal iron). The B3LYP UCOs are toplogically similar to the OLYP UCOs, but exhibit
smaller overlap values (0.435, 0.531, and 0.531 for the orbital pairs describing antiferromagnetic
coupling between units, and 0.805 to 0.882 for the additional 14 magnetic orbital pairs). Most of
the latter orbital pairs involve Fe(d;)-NO(x*) interactions on the basal units, and some analogous
interactions on the apical unit.

Sung SS, Glidewell C, Butler AR, Hoffmann R. Inorg. Chem. 1985; 24:3856-3859.
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Jag
Sp=3/2 «—> Sg=3/2

Figure 1.

Selected OLYP/TZP/COSMO (ADF) results on 1. A) Structure, atom numbering, and
Heisenberg Jag between the two S=3/2 {FeNO}’ centers; B) broken-symmetry Ms=0 spin
density (contour value 0.03 eA~3).
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Heisenberg spin ladder for 1 showing the relative positions of the pure and broken-

symmetry spin states (Jag=184 cm™1).
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Figure 3.
Magnetic orbital pairs in 1 (OLYP, ORCA, four of seven magnetic pairs are shown, contour

value 0.035). Overlap values: A) <0.001 (orbital pair no. 263); B) 0.076 (no. 262); C) 0.092
(no. 261); D) 0.758 (no. 260).
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) & o | ?.

Figure 4.

The [Fe(NO),{Fe(NO)(N(CH,CH,S)3)}-S,S’] complex. A) Scheme showing atom
numbering and Jag coupling constant for interaction between {FeNO}’ (Sa=3/2) and
{Fe(NO),}° unit (Sg=1/2); B) Spin density for the Mg=1 state (ADF, OLYP//PW91, TZP,
COSMO, contour value 0.03 eA™3).
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Heisenberg spin ladder for 2, showing relative positions of pure and broken-symmetry spin

states (Jaog=3733 cm™1).
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Figure 6.
UCO analysis of 2 (OLYP/TZVP, ORCA, three of seven magnetic orbital pairs are shown,

contour value 0.035). A, B) SOMOs (orbital no. 99,100); C) magnetic orbital pair for
antiferromagnetic coupling between iron centers (no. 98, overlap 0.748); D) orbital pair on
{FeNO}’ unit (no. 97, overlap 0.947); E) orbital pair on {Fe(NO),}° unit (no. 92, overlap
0.988).
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Jas
Sp=1/2 «—> Sg=112

Figure 7.
Selected results on 3. A) Atom numbering and Jag coupling constant for the two S=1/2

{Fe(NO),}° units; B) spin density for the B3LYP broken-symmetry state (Mg=0, Gaussian
03, COSMO, contour value 0.03 eA™3).
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Heisenberg spin ladder for 3 showing the relative positions of pure and broken-symmetry

spin states (Jog=8773 cm™1).
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Figure 9.

Magnetic orbital pairs of 3 (B3LYP, ORCA, four of nine pairs are shown, contour value
0.035). Overlap values: A) 0.555 (orbital no. 72); B) 0.828 (no. 66); C) 0.848 (no. 65); D)
0.864 (no. 64).
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Figure 10.

Roussin’s black salt anion (4). A) Atom numbering and symmetry axis; B) spin density for
the broken-symmetry Mg=0 geometry (ADF, OLYP/TZP, COSMO, Cg,, contour value 0.02
eA3).

Chemistry. Author manuscript; available in PMC 2011 September 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hopmann et al.

3.5 1

3.0 1

25 1

2.0 1

E (eV)

1.5 1
1.0 1

05 4
Ji2

0.0 -

Heisenberg

Figure 11.

S =3(Sk =3/2)

S =2 (S¢=112)

S =2(8¢=32)
S =1(5¢=112)

S =1(S¢=312)

$ =0(S¢=312)

Ms=3

Mg=2

Ms=1

Ms=0

Broken Symmetry

Page 25

Heisenberg spin ladder for 4, showing relative positions of pure and broken-symmetry spin

states (J1,=4668, J,,=147 cm™1).
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Figure 12.
Magnetic orbital pairs in 4 (OLYP/TZVP, ORCA, contour value of 0.035). Overlap values:

A) 0.909 (orbital pair no. 128); B) 0.946 (no. 127); C) 0.946 (no. 126).
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Schematic representation of Heisenberg coupling constants in 4 and of the four broken-

symmetry states (Ms=0, 1, 2, 3).

Chemistry. Author manuscript; available in PMC 2011 September 10.



Page 28

Hopmann et al.

nun mﬁmﬁozvmu@ yoea ur sdnosb QN omi ay3 uo suorrejndod :_QmE

'Suo1Ie|nded Juesuod Burjdnod hiaquasiaH 1o pakojdwa AnswwAs SO

[?]

"N UM Pajesipul st 18180 JuajeAinba Ajeaiwayd 1o JaquinN

[p]

‘pakojdwa Jurensuod AnswwAs

[o]

‘uids e101=1g [a]

"(Answosb OINSOD/dZL/TEMd T8 81NoNIs 21U01IIBI8 OINSOD/dZL/dATO) Z pue (Answosh OINSOD/dZL/dATO 18 81nons 91uoi08[e OINSOD/(d'P)TTE-9/dATIED) € 104 1dBoxa o_\,_mou\n_Nt&r._oE

NIH-PA Author Manuscript

[J200-/200— [;]0V'0-/600— 290  {%(ON)ad}«E
€10 910 81 1- Aonodr [0 o v
[JEE0/CED [1]9€0/9€°0 Iy 2— s1¢(ON)a}
[]€€0-/2€0- []9€°0-/9€0—- v +{¢(ON)ad} o) 0 [
[;]ST°0/ST°0 [,]6T°0/6T°0 [ e s1¢(ON)a}
10— 80°0- ST ,{oNed} D1 4
o0 150 Lye- {ONa4}
0%'0- 15°0- Lye ,{oNed} D0 T
(0] N 9
uonejndod uids [pH3UD U0l [HIWWAS  [q1*S -%ﬁ_mv

T alqel

NIH-PA Author Manuscript

[e] Se1els AnswwAs-usxoiq paziwndo Jo sjreisq

NIH-PA Author Manuscript

Chemistry. Author manuscript; available in PMC 2011 September 10.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Hopmann et al.

Structural parameters and Heisenberg coupling constants of [Feo(NO),(Et-HPTB)(O,CPh)]2*.

Table 2

Bond length [Al/  Vacuum COSMO )
Angle [°](2] Bs-oLyPl]l ps.oLyplb] Experimentall’]
Fe—Fe 3.55 3.56 3.44

Fe-N; 1.77 1.78 1.75/1.75
N;-O, 117 1.18 1.15/1.16
Fe-N;-O, 159.8/160.0 157.6 166.6/168.2
Fe-O, 2.16 222 2.12/2.13
Fe-O3 2.08 2.05 2.02/2.01
Fe-N, 2.21 2.19 2.12/2.14
Fe—Nj3 2.18 2.18 2.12/2.12
Fe-Ny 2.40 2.33 2.29/2.28
Jldlem-1 Vacuum COSMO  Experimentallt]

Noodlemanl€]

Yamaguchilf]

95

95

184

46

184

[a]
[b]

[Clget. fa1].

(Vg ased on #7=TS Se

[e]
[f1

Equation (2).

Equation (3).

See Figure 1 A for atom numbering.

OLYP/TZP (ADF) broken-symmetry geometry. Only one value is given if values are identical for both FeNO units.
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Page 29



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Hopmann et al.

Structural parameters and Heisenberg coupling constants of [Fe(NO),{Fe(NO)(N(CH,CH>S)3)}-S,S’].

Table 3

Bond BS-OLYP- BS-OLYP
length A/ (vacuum)//PW91-  (COSMO)/IPWOL-  eyperimentallC]
Angle [l (vacuum)[®] (cosmoylbl

Fe,—Fe, 2.72 2.71 2.77

Fe-N; 172 172 174

N;-O; 1.18 1.20 1.154/1.17g
Fe-S; 2.29 2.27 2.31

Fe-S, 2.34 2.33 2.36

Fei-Ss 2.22 2.23 2.23

Fe;-N, 231 2.25 2.23

Fe,~N, 1.67 1.66 1.67

Fe,—Nj 1.65 1.65 1.66

N,-O, 1.18 1.19 1.134/1.235
N3—Os 1.19 1.19 1.16

Fe,~S; 2.28 2.28 2.30

Fe,-S, 2.27 2.27 2.29
Fe-Ni-O;  148.68 145.81 145.0,/151.7g
FerNyO,  162.92 162.18 161.64/170.05
Fe;N3-O3 17553 173.64 173.2

I fem1 Vacuum COSMO

Noodlemanle] 3599 3733

Yamaguchilfl 2967 3055

[a]
[b]

See Figure 4 A for atom numbering.

[c]

(Vg ased on #7=TS Se
[e]

[f1

Equation (2).

Equation (3).

Chemistry. Author manuscript; available in PMC 2011 September 10.

OLYP/TZP single-point calculations at PW91/TZP geometries.

Ref. [49]. The X-ray structure is disordered for two NO units. Two different conformations are given here, denoted A and B.
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Structural parameters and Heisenberg coupling constants for 3.

Table 4

E‘r’]gfh [Ay VacuumBS-B3LYP/ COSMO BS- _ [l
Angle [*](] oLyplb] B3LYpP//oLyplb]l  Experimental
FeFe 2.75 2.76 2.70

Fe-N; 1.65 1.64 1.66

Fe-N, 1.64 1.65 1.66

N-O; 1.21 1.20 1.16

N0, 121 1.21 1.16

Fe-S 2.25 225 2.24
Fer-N;-O;  160.0 160.8 165.9
FeNpy-O,  163.7 163.6 165.9
Jdfem1 Vacuum  COSMO

Noodlemanl€]

Yamaguchi[ﬂ

7462

3476

8773

4322

[a]
[b]
[c]

[Dgased on 7= S

[e]
[

Equation (2).

Equation (3).

See Figure 7 A for atom numbering.

Ref. [52]. Reported values are averages.
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Broken-symmetry electronic structure optimized with B3LYP (Gaussian/6-311G(d,p)) at OLYP geometry (ADF/TZP).
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Structural parameters and Heisenberg coupling constants of 4.

Table 5

Bond length [Al/  Vacuum COSMO )
Angle [°](] Bs-oLyplb] ps.oLyplb] Experimentallc]
Fe,—Fe, 2.70 2.70 2.70
Fe,—Fes 3.63 3.63 3.57-3.59
Fes-N; 1.64 1.65 1.66

Fe,-N, 1.65 1.65 1.67

Fes—Nj 1.65 1.65 1.67

N;-O; 1.19 1.19 1.16

N-O, 1.19 1.19 1.16-1.17
N3-O4 1.19 1.19 1.16

Fe;-S; 2.19 2.19 221

Fe,-S; 2.25 2.25 2.25-2.27
Fe;-N;-Oy 180.0 180.0 178.3
Fep-Ny-O, 162.4 163.1 163.6-168.1
Fep-N3-O4 164.4 164.5 166.9-167.3
I fem1 Vacuum COSMO

Jpo, Noodlemanl€] ~ 78-182 147-214

Ji2, Noodleman[®]  5027-5050  4668-4683

Jio, Yamaguchilfl  3730-3804  3539-3577

[a]
[b]

(et 55].

See Figure 10 A for atom labels.

[Vpased on #7=TS 1S i See also Scheme 1.

[e]
[f1

Equation (2).

Equation (3).
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Broken-symmetry state optimized with OLYP/TZP, ADF.
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