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ABSTRACT: In addition to probing the formation of dinitrosyl
iron complexes (DNICs) by the characteristic Fe K-edge pre-edge
absorption energy ranging from 7113.4 to 7113.8 eV, the distinct S
K-edge pre-edge absorption energy and pattern can serve as an
efficient tool to unambiguously characterize and discriminate
mononuclear DNICs and dinuclear DNICs containing bridged-
thiolate and bridged-sulfide ligands. The higher Fe—S bond
covalency modulated by the stronger electron-donating thiolates
promotes the Fe — NO s-electron back-donation to strengthen
the Fe—NO bond and weaken the NO-release ability of the
mononuclear DNICs, which is supported by the Raman v-
(Fe—NO) stretching frequency. The Fe—S bond covalency of
DNICs further rationalizes the binding preference of the {Fe(NO),}
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motif toward thiolates following the trend of [SEt]™ > [SPh]™ > [SC;H,SN] . The relative d-manifold energy derived from S
K-edge XAS as well as the Fe K-edge pre-edge energy reveals that the electronic structure of the {Fe(NO),}° core of the
mononuclear DNICs [(NO),Fe(SR),] ~ is best described as {Fe (NO ™), }” compared to [{Fe" (NO ™), }*—{Fe(NO~),}°] for

the dinuclear DNICs [Fe,(u-SEt)(4-S)(NO),] ™ and [Fe,(u-S),(NO),]*".

B INTRODUCTION

Dinitrosyl iron complexes (DNICs) are one of the two possible
forms for storage and delivery of nitric oxide in biological
systems." NO can be stored in the form of protein-bound DNICs
and is probably released from cells in the form of low-molecular-
weight DNICs.” DNICs were found to execute the NO-releasing
function to result in degradation of the iron—sulfur clusters,
S-nitrosylation, vasodilation, activation of cationic channels, in-
hibition of enzymes, activation of sGC, double-stranded DNA
breakage, and triggering the apoptosis of Jurkat cells.” It is known
that DNICs can be identified by their distinct EPR signals at g =
2.03."” Actually, simultaneous formation of the mononuclear and
dinuclear DNICs was observed upon nitrosylation of the
[4Fe—4S]*" clusters of FNR according to EPR and UV—vis
spectra.®® Although formation of the dinuclear DNICs was
observed upon nitrosylation of [Fe—S] or other nonheme iron
proteins, unambiguous characterization of dinuclear DNICs in
biological systems is limited due to its EPR silence.*

In the previous study, we reported that the NO-releasing
ability of DNICs under photolysis is regulated by the thiolate-
coordinating ligands.5 In addition, DNIC [(NO),Fe(SEt),]
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serves as the thiolate carrier to reduce [Fe,(u-SEt),(NO),],
leading to formation of [Fe,(u-SEt),(NO),] ™, and to activate
HSCPh;/Me,Ss, producing [Fe,(u-SEt)(u-S)(NO),] 5P
Mononuclear DNIC [(NO),Fe(S'Bu),]” and dinuclear DNIC
[Fe,(1-S'Bu),(NO),] display the dynamic equilibrium in protic
solvent MeOH.” The interconversion between mononuclear and
dinuclear DNICs via protonation and bridged-thiolate cleavage
reactions triggered by incoming thiolate/imidazolate ligands,
respectively, was demonstrated.” We also reported that the
EPR spectrum (the pattern of hyperfine splitting) in combina-
tion with IR Avyo (the relative position of the vy stretching
frequencies) may serve as an efficient tool for discrimination of
the existence of the anionic/neutral mononuclear and dinuclear
DNICs. Moreover, the characteristic Fe K-edge pre-edge peak
energy (within the range of 7113.4—7113.8 eV) displayed by
{Fe(NO),}’ DNICs may be adopted to probe formation of
DNICs in biological systems.9 This characteristic Fe,; — Fesq
transition energy displayed by the anionic {Fe(NO),}’ DNICs,
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lying between complexes [Fe(SPh),]*>” and [Fe(SPh),] ™, also
suggested that the electronic structure of the mononuclear
{Fe(NO),}” DNICs is best described as a resonance hybrid of
{FeH(NO)(NO )}® and {Fe"'(NO™),}’, consistent with the
computational study."®

Sulfur K-edge X-ray absorption spectroscopy (XAS) is a direct
probe to investigate the chemical forms of sulfur (i.e., thiolate,
sulfenate, and sulfinate), bonding mode, and covalency of the
metal—sulfur bond which modulates the functlon and activity of
the abundant metal—sulfur active sites." ~'® In transition-metal
complexes containing one or more unoccupied d mainfold, the S
K-edge is featured by the intense low-energy pre-edge absorp-
tion."! This pre-edge feature corresponds to a Sy, — 1™ transition,
where 1" is the metal —sulfur antibonding orbital. The intensity
(Do) of the pre-edge transition is given by

2
Dy (Sis — @*) = const|(Sls|r|g0*>|2 = O;—nhk

where o represents the contribution of Ssp character in the
unoccupied or partially occupied orbitals, & is the number of
holes in the acceptor orbital, # is the number of sulfur atoms, and
I, is the electric-dipole-allowed S;; — S3P transition which
depends on the metal—sulfur distance.'"" This rationalization
implies the pre-edge intensity may provide a quantitative esti-
mate of the ligand contribution to the unoccupied or partially
occupied orbitals derived from M—S bonding. In conclusion, the
metal—sulfur covalency could be directly measured by the S
K-edge pre-edge absorption intensity."' In contrast to the
S-centered oxygenation/oxidation of Ni—thiolate complexes
toward oxygen, the Ni-centered redox reaction observed in
Ni—SOD was attributed to the decrease of S character mixin,
in the redox-active molecular orbital (RAMO) of the Ni center.'
In cytochrome P-450, the highly covalent F e S bond provides a
“push effect” to enhance the basicity of Fe'"'—hydroperoxo and
to trigger subsequent heterocleavage of the O—O bond."®
Furthermore, we noticed that the Fe—S bond covalency per-
turbed by the hydrogen-bonding interaction within protein
regulates the redox potential of [Fe—S] proteins.'®

The primary transition at S K-edge XAS is S;; — S, or S1;—
Sx_so*/n+ (X = C or O), which is sensitive to the Z.g of the sulfur
atom."' Tt is noticed that the distinct transition energies between
the S;;, — Sc_g o+ orbital and the S;; — So_g,+ orbital were
adopted to discriminate the thiolate/ sulfenate/sulfinate in the
Fe-containing nitrile hydratase."> The same concept was also
utilized to determine the thiolate bonding mode (terminal vs
bridging) of complex Ni,{MeN(CH,NH,S),},."* In this study,
S K-edge XAS serving as an eflicient tool to identify and
distinguish the mononuclear DNICs and dinuclear DNICs
containing bridged-thiolate/-sulfide ligands was demonstrated.
On the basis of S K-edge XAS, the electronic structures of the
{Fe(NO),}® core of the mononuclear DNICs and the
[{Fe(NO),}’—{Fe(NO),}’] core of the dinuclear DNICs were
assigned. In particular, the intensity of the S K-edge pre-edge
absorption peak of the dinuclear DNICs featuring the Fe—S
bond covalency and rationalizing the binding preference of the
{Fe(NO),} motif toward thiolates were also delineated.

B RESULTS AND DISCUSSION

Investigation of the Electronic Structures of Mononitrosyl
Iron Complexes (MNICs) and Dinitrosyl Iron Complexes
(DNICs) by S K-Edge XAS. The S K-edge X-ray absorption spectra
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Figure 1. S K-edge spectra of complexes 1-Ph, 2-Ph, 1-Et, and 2-Et.
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of complexes [(NO)Fe(SPh);] (1-Ph), [(NO)Fe(SEt);]  (1-
Et), [(NO),Fe(SPh),]~ (2-Ph), and [(NO),Fe(SEt),] (2-Et)
were depicted in Figure 1 (Scheme 1). Compared to the intense
S1s — Sc_go+ transition of free [SR]™ (24729 eV (R = Ph) and
24723 eV (R = Et)), the higher thiolate peak energies of complexes
1-Ph, 1-Et, 2-Ph, and 2-Et at 2473.5, 2472.9, 2473.5, and 2472.9 eV,
respectively, implicate that the 51gmﬁcant charge contribution from
terminal thiolates to the {Fe(NO)}’ core of MNIC and the
{Fe(NO),}’ core of DNIC occurs (Supporting Information Fig-
ures S1 and S2). This is consistent with the trend of Mulliken
average charge IE)Opulatlon on S atoms (—0.20, —0.21, —0.22, and
—0.31 for [Fe"(SPh),]~, 1-Ph, 2-Ph, and 2-Et, respectively). In
the S K-edge pre-edge region, complexes 1-Ph, 1-Et, 2-Ph, and 2-Et
exhibit intense pre-edge features (2470.2—2471.3 V) derived from
the S;; — Fesq transition. Since the thiolate peak energy (S;, —
Sc_s o transition (C—S 0* orbitals are degenerate for the same
thiolate ligand)) has been known to reflect the relative energy of the
Sy, orbital of [M—S] complexes (M = Fe and Ni),"'* the pre-edge
energy (S;; — Fesy transition) may be adopted to establish the
relative energy of the Fe34 manifold orbitals and to estimate the Z 4
of the Fe center of MNICs and DNICs."” On the basis of the
intensity-weighted average pre-edge energy (S;; — Fesq transition,
2470.2 eV for complex [Fe(SPh),] ™ and 2470.8 eV for complex 1-
Ph) and thiolate peak energy (S;; — Sc_s o~ transition, 2473.2 eV
for complex [Fe(SPh),]” and 2473.5 €V, for complex 1-Ph)
(Table 1), the Fesy manifold orbital energy of {Fe(NO)}’
1-Ph is calculated to be 0.3 eV higher than that of complex

[Fe™(SPh),] . The relative Fesq manifold orbital energies of
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Table 1. Pre-Edge Energy, Thiolate Peak Energy, and Calculated Relative d-Manifold Energy Shift Derived from S K-Edge XAS

complexes pre-edge energy (eV)* averaged thiolate pre-edge energy (eV)’  thiolate peak energy (eV)"  relative d-manifold energy shift (eV)*
[Fe''(SPh),]> 24714 2471.4 2473.3 1.1
[Fe(SPh),]* 24702 2470.2 24732 0
1-Ph 2470.5 2471.3 2470.8 2473.5 0.3
2-Ph 2470.5 24713 2471.0 2473.5 0.5

“The pre-edge and thiolate peak energies are determined by the minimum of the second derivative. " The intensity-weighted average energy is
given here. © Calculated from the difference of the thiolate peak energy and the intensity-weighted pre-edge peak energy. ¢ From ref 17.

Table 2. Pre-Edge Energy, Thiolate Peak Energy, and Calculated Relative d-Manifold Energy Shift Derived from S K-Edge XAS

complexes pre-edge energy (eV)*

[Fe"(SEt),]

[(EtS),Fe(u-8)],> ¢ 2470.6
1-Et 2470.3 2470.9
2-Et 24702 2470.9
3 2470.9 2472.0
4 2470.9 2471.7
5 2469.1 2470.1
2471.1 24722
6 2469.3 2470.2
[(—SC,H,SN),Fe(NO),]~ 2470.6 2471.4

averaged thiolate thiolate peak relative d-manifold
pre-edge energy (eV)” energy (eV)” energy shift (eV)*
0
2470.6 24727 0.5
2470.6 24729 0.3
2470.6 2472.9 0.3
24714 2474.2 —0.2
2471.4 2473.6 0.4
2471.6 2474.0 0.2
2470.9 2472.6
2473.7

“The pre-edge and thiolate peak energies are determined by the minimum of the second derivative. * The intensity-weighted average energy is
given here. “ Calculated from the difference of the thiolate peak energy and the intensity-weighted pre-edge peak energy. ? The relative d-manifold energy
of complex [Fe"™(SEt),] ™ is 0.5 eV lower than that of complex [(EtS),Fe(u-S)],> on the basis of the theoretical calculation.'” ¢ From ref 18.

complexes [Fe(SPh),]>”, 1-Ph, and 2-Ph (vs [Fe(SPh),] ) were
then calculated and collected in Table 1. As shown in Table 1, the
derived relative Fe;4 manifold energies implicate that the Fe Z g of
the {Fe(NO)}” MNIC 1-Ph and the {Fe(NO),}’ DNIC 2-Ph lie
between those of [FeH(SPh)4] “and [Fem( SPh),] ™. On the basis
of the linear relationship between the oxidation state and the
effective nuclear charge Z.4 and following the method reported by
Sun et al.,'”® the oxidation state of Fe is estimated to be 2.75 for 1-Ph
and 2.59 for 2-Ph when the oxidation states of [Fe"(SPh),]~ and
[Fe(SPh),]>” are defined as 3.0 and 2.0, respectively (see
Supporting Information). The relative d-manifold energy derived
from S K-edge XAS as well as the Fe K-edge pre-edge energy reveal
that the electronic structure of the {Fe(NO),}’ core of the mono-
nuclear DNICs is best described as {Fe™(NO ™), }’. We cannot rule
out the possibility of formation of a resonance electronic structure of
{Fe"(NO™),}” and {Fe"("NO)(NO)}’ since replacement of
two [SPh]™ bytwo NO™ in DNICs may change the shielding effect.

According to the theoretical study on the difference (0.512 eV)
of the Fesy manifold orbital energies between [Fe,(u-S),-
(SMe),]*” and [Fe(SMe),] ," the Fesq manifold energy of
complex [Fe(SEt),] was estimated to be 0.5 eV lower than that
of complex [Fe,(1-S),(SEt) 4] Adopting the approach described
above to derive the relative Fe;4 manifold energies of complexes 1-
Ph and 2-Ph (vs complex [Fe(SPh),] ), the Fe;q manifold orbital
energies of complexes 1-Et and 2-Et are then calculated to be higher
than that of [Fe(SEt),]” by 0.3 eV (Table 2).

Correlation of the Quantitative Analysis of Fe—S Bond
Covalency of DNICs to Their Physical Property and Chemical
Reactivity. As presented above, the S K-edge pre-edge and
thiolate peak energies of 2-Ph/2-Et were demonstrated to
provide a superior level of insight on elucidating the electronic
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Figure 2. S K-edge spectra of complexes [(—SC,H,SN),Fe(NO),]”,
2-Ph, and 2-Et.

structure of the {Fe(NO),}° core of DNICs. It is noticed that the
intensity of the pre-edge is known to serve as a probe of the ligand
character of the unoccupied or 1partia.lly occupied orbitals and a
probe of Fe—S bond covalency."" As shown in Figure 2, two pre-
edge absorption peaks at 2470.2 and 2470.9 eV for complex 2-Et
(2470.5, 2471.3 eV for complex 2-Ph and 2470.6, 2471.4 eV for
complex [(—SC,;H,SN),Fe(NO),], respectively) were ob-
served. In order to resolve the pre-edge feature of complexes 2-
Et, 2-Ph, and [ (—SC,H,SN),Fe(NO),] ", TD-DFT calculations
were conducted. The MO diagrams of the unoccupied orbitals of
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Figure 4. Unoccupied MO diagram of complex 2-Et. Numbers shown are the percentage of Fe 3d, NO 2p, and S 3p orbitals in each MO.

mononuclear iron nitrosyl complexes 1-Ph, 2-Et, and 2-Ph are
displayed in Figures 3, 4, and S3, Supporting Information,
respectively, and the composition of these orbitals is also listed.
As shown in Figure 3, the two unoccupied o orbitals 108—109 are
NO 7 orbitals and the five unoccupied 5 orbitals 105—109 all
have dominant d character of Fe. That is, the Fe 3d orbitals have
five o electrons while the NO 77* orbitals have two /3 electrons.

The Mulliken spin densities are 3.34 and —1.03 on Fe and NO,
respectively. Therefore, complex 1-Ph may be described as high-
spin Fe'" (S = 5/2) antiferromagnetically coupled to one triplet
NO™ (S =1) to yield Sioa = 3/2 in such {Fe(NO)}” system. A
detailed discussion on this system has been reported by Conradie
et al% and other groups.éd_f In complex 2-Et, there are four
unoccupied O orbitals 62—65 derived from NO 77* orbitals and
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five unoccupied f3 orbitals 61—65 dominant from the d character
of Fe. This implies that the Fe 3d orbitals have five o electrons and
the NO 7* orbitals have four 3 electrons. The Mulliken spin
density is 2.75 on Fe and —1.03 on each NO. The electronic
structure of the {Fe(NO),} core of complex 2-Et is then
described as high-spin Fe (S = 5/2) antiferromagnetically
coupled to two triplet NO™ (S = 1) to yield Sgoey = 1/2 in the
{Fe(NO),}® system.” We also noticed that the delocalization
between Fe 3d and NO 7 in the 3 unoccupied orbitals reflects
the electron donation from the occupied NO ™ 7* to the Fe 3d
orbitals, and the delocalization between NO 77* and Fe 3d in the o
unoccupied orbitals reflects the backbonding of the occupied Fe
3d character into the NO z7* orbitals.'” The amount of electron
donation from the NO s7* orbitals to Fe 3d is ~64%, ~129%, and
~127% for 1-Ph, 2-Ph, and 2-Et, respectively, while the electron
back-donation from Fe 3d to NO 7% is ~20%, ~57%, and ~59%
for 1-Ph, 2-Ph, and 2-Et, respectively. The larger amount of
electron donation from NO 77* to Fe 3d for 2-Ph compared to 1-
Ph somewhat decreases the Z. of the Fe'™ center. This rationa-
lizes that the oxidation state of Fe, estimated from S K-edge data,
is 2.75 for 1-Ph and 2.59 for 2-Ph.

On the basis of ligand field theory, the d manifold will be split
into e and t, states with an energy difference 10Dq when a
pseudotetrahedral environment around the Fe center of
[Fe™(SPh)]~, 1-Ph, and 2-Ph is assumed. The S K-edge pre-
edge energy is the contribution with transitions S 1s—eand S 1s
— t,. The energy difference between eand t, is ~0.4 and ~0.8 eV
in complexes [Fe"(SPh),]~ and 1-Ph, respectively. This result
indicates that NO~ will induce stronger ligand field splitting
compared to that of [SPh]  ligand. However, this splitting
energy is almost the same as that of 2-Ph (Table 1). This may
be attributed to the improper assum};tion of a T, environment in
2-Ph. As Shadle et al. pointed out,”’? the distortion from T} to
D, has a non-negligible effect on the metal d-derived energies in
that the ¢, set will be split into e 4 b,. The higher pseudo-
symmetry C,, point group may be the proper symmetry in
describing DNICs, although the real molecule should be classi-
fied as a C; point group. If we take the multiplets into such
pseudo-T,; systems, d® of Fe™ has ground state A, and two
excited parent states °E and °T,, which are associated to
transitions to the e and t, states, respectively. Qualitatively, we
observed two transition peaks from the pre-edge region. How-
ever, it will be quite complicated on going to lower symmetry. It
is noticed that the paper published by Sun et al. presented a more
detailed discussion about the effects of the ligand field and
multiplets on the S K-edge spectra.'’% In the following discus-
sion about TD-DFT results, all molecules are calculated in C;
symmetry except that C; is used in complex 3.

The experimental and calculated S K-edge pre-edge absorption
spectra of mononuclear iron nitrosyl complexes 1-Ph, 2-Et, 2-Ph,
and [(—SC,H,SN),Fe(NO),]  are depicted in Figures S, 6, S4,
Supporting Information, and S5, Supporting Information, respec-
tively. On the basis of the TD-DFT calculations, the two pre-edge
absorption peaks observed in the S K-edge spectrum of complex
1-Ph are attributed to the S, to 105(3, 1063, 107/3, 108a./1090,
and 108/3/109f transitions. The transitions from S, to 105/ and
1063 are related to the Fe—S 7* antibonding characters, and the
transitions from S to 108 and 109 correspond to S;;— Fe—S o*
antibonding orbitals. In complex 2-Et, the two pre-edge absorp-
tion peaks are ascribed to transitions from Sy, to 613, 630, and
63f. The transition from S, to 610 is related to the Fe—S x*
antibonding orbitals, and the transitions from S, to 630t and 633
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Figure S. Experimental (O) and TD-DFT-calculated (red solid line)
pre-edge absorption of complex 1-Ph. The theoretically calculated
transition peaks are displayed in the vertical lines. All transitions have
been convolved with a pseudo-Voigt function with 1:1 ratio of Lor-
entzian to Gaussian and of 0.45 eV half-width to account for experi-
mental and core—hole broadening. The transition energy is shift by
40.4 eV to get better agreement between the experimental and the
calculated profile.
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Figure 6. Experimental (O) and TD-DFT-calculated (red solid line)
pre-edge absorption of complex 2-Et. The theoretically calculated
transition peaks are displayed in the vertical lines. All transitions have
been convolved with a pseudo-Voigt function with a 1:1 ratio of
Lorentzian to Gaussian and of 0.6 eV half-width to account for
experimental and core-hole broadening. The transition energy is shift
by 40.5 eV to get better agreement between the experimental and the
calculated profile.

correspond to S;; — Fe—S 0* antibonding orbitals. Similarly, the
combination of the S;; — 858, S, — 860a, and S, — 873
transitions results in the pre-edge feature of complex 2-Ph (Figure
S4, Supporting Information), whereas the pre-edge feature
of complex [(—SC,H,SN),Fe(NO),]™ exhibits the combined
Sis— 1135, S;s— 1140, and S, — 1150 transitions (Figure SS,
Supporting Information). Accordingly, the S K-edge spectra
of complexes 2-Et, 2-Ph, and [(—SC,H,SN),Fe(NO),]” were
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Table 3. S Character in the SOMO, Total Covalency, Vibrational Frequencies (cm '), and Selected Bond Distances (A) of DNICs

Z'Et, Z'Ph, and [(_SC7H4SN)2FC(NO)2]_

v,(NO)

7,(NO) ,s(N—Fe—N) v,(N—Fe—N) 0y(N—Fe—N)

% S3p total

SOMO covalency Fe—S Fe—N “NO
2Et 262 82418 2273 1.676 1715
2-Ph 15+1 575 2.280° 1.679° 1737

[(—SC,H,SN),Fe(NO),] ¢ S+1 20+£2 2294 1684 1766

% S, was determined using the reference complex [Fe(SPh),].''°?

ISNO

1682
1694

“No “NO WO “NOo MNO “NO NO NO
1674 1640 625 620 568 563 482 469
1693 1661 598¢ 5944 5257 5197 4407 429¢
1716 1682 $3S 530 472 466 436 422

From ref 19. From ref 20. ¢ From ref 21. ¢ From ref 5.

fitted to determine the contribution (percentage) of S5, in the un-
occupied orbitals of complexes 2-Et, 2-Ph, and [(—SC,H,SN),-
Fe(NO),]  and to estimate the Fe—S bond covalency. The
renormalized intensities of the pre-edge features of complex 2-Et
are calculated to be 0.21 and 0.4S units (referring to the intensity
of the pre-edge feature of complex [Fe(SPh),]  defined as 1.03
unit, 128% total covalency),11 deducing 26% S, character and
82% total covalency in complex 2-Et. The Fe—S bond covalency
following the trend of 2-Et (82%) > 2-Ph (57%) > [(—SC,H,-
SN),Fe(NO),] ™ (20%) illustrates that complex 2-Et exhibits the
shortest Fe—S bond distance among these complexes (Table 3).
Also, the higher Fe—S bond covalency of complex 2-Et, relative to
those of complexes 2-Ph and [(—SC,;H,SN),Fe(NO),] ", may
explain why the binding preference of the electron-deficient
{Fe(NO),} motif toward thiolates follows the order of the
ligand-displacement reaction of DNICs ([SEt]” > [SPh]™ >
[SC,H,SN] ™). This is also consistent with the trend of Mulliken
average charge population on S atoms with —0.31, —0.22, and
—0.10 in 2-Et, 2-Ph, and [(—SC;H,SN),Fe(NO),] ", respec-
tively. That is, the stronger electron-donating thiolate [RS],
compared to the coordinated thiolates of DNIC [(RS),Fe-
(NO),]™, promotes ligand exchange to yield the stable DNIC
[(RS),Fe(NO),] " in the reaction of complexes [ (R'S),Fe(NO),]
and [RS].° In spite of the inherent differences of the reducing
ability between [SEt] ™ and [SPh] ™, the higher sulfur character
observed by S K-edge XAS of complex 2-Et may rationalize that
mononuclear DNIC 2-Et acts as a thiolate carrier to reduce
dinuclear DNIC [Fe, (u-SEt),(NO),] (3) to yield [Fe,(«-SEt),-
(NO),]™ (4) when DNIC 2-Et was dissolved in protic solvent
MeOH.* This explanation further elucidates that mononuclear
DNIC 2-Et serves as thiolate carrier to activate HSCPhs,
producing complex [Fe,(u-SEt)(1-S)(NO),]™ (5) in the reac-
tion of complex 2-Et and HSCPh; observed in the previous
study.®®

The very close transition intensity of Fe;; — Fe;q4 observed in
Fe K-edge XAS of complexes 2-Et and 2-Ph suggests a similar
contribution of Fez4 in complexes 2-Et and 2-Ph.” The larger S5,
contribution of complex 2-Et compared to that of complex 2-Ph
may suggest a lower contribution of the NO ligand to the
unoccupied orbitals of complex 2-Et compared to that of complex
2-Ph. This result may rationalize the EPR spectrum of complex 2-
Ph displaying a well-resolved five-line hyperfine splitting with
Ano = 2.7 G, in contrast to the isotropic EPR signal observed in
complex 2-Et.>" In our previous report we demonstrated that
{Fe(NO),}” DNICs containing the less electron-donating thio-
late ligands displayed a higher NO-release ability (NO-releasing
rate [ (—SC,H,SN),Fe(NO),]~ > 2-Ph).’ Obviously, the Fe—S
bond covalency of DNICs regulated by the distinct electron-
donating thiolates may modulate the Fe—NO bonding interaction

Raman Inensity

¥ ¥ T T T ¥ T ¥ X
350 400 450 500 550 600 650 700
Raman Shift (cm'1)

Figure 7. Raman spectra of (a) complex 2-Et, (b) '*NO-enriched
complex 2-Et, (c) complex [(—SC,;H,SN),Fe(NO),]~, and (d) com-
plex [(—SC,;H,SN),Fe(**’NO),]". An excitation wavelength of
632.8 nm and a power of 15 mW were used.

and the NO-release ability. The influence of Fe—S bond cova-
lency on the Fe—NO bonding interaction was further elucidated
by Raman spectroscopic study on the Fe—NO stretching fre-
quencies of complexes [(—SC,H,SN),Fe(NO),], 2-Ph, and
2-Et.

Elucidation of the Fe—NO Bonding Interaction in DNICs
2-Et and [(—SC;H4SN),Fe(NO),]~ by Raman Spectroscopy.
Correlation between ¥(Fe-NO) and ¥(N—O) stretching fre-
quencies in the {Fe(NO),}” DNICs investigated by Raman
spectroscopy was established to delineate the bonding interaction
between Fe and NO. As shown in Figure 7, three "N isotope-
sensitive bands at 620, 563, and 469 cm ™' observed in the *NO-
enriched 2-Et (530, 466, and 422 cm ! observed in complex
[(—SC,H,SN),Fe('*NO),] ) are assigned as an asymmetric
v(Fe—NO) stretching mode, a symmetric ¥(Fe—NO) stretchin%
mode, and a 6 (N—Fe—N) bending mode, respectively (Table 3).”
The v(Fe—NO) stretching frequencies followin% the trend of 2-
Et (625, 568 cm™') > 2-Ph (598, 525 cm™)*' > [(—SC,H,-
SN),Fe(NO),]~ (535, 472 cm ') support that complex 2-Et
displays the shortest Fe—N bond distance (1.676 A) among
these DNICs (Table 3). As shown in Figure 8, the negative
correlation between symmetric v(Fe—NO) and v(N—O)
stretching frequencies demonstrated that the ﬂ-back-bonding
interaction between Fe and NO dominated in the {Fe(NO),}
DNICs. Also, the positive correlation between Fe—S bond
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Figure 8. Experimental correlations of v,(Fe—NO)/¥(N—O) and
v,(Fe—NO)/Fe—S bond covalency among complexes [ (—SC,H,SN),Fe-
(NO),] ™, 2-Ph, and 2-Et.
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Figure 9. Fe K-edge spectra of complexes 3, 4, 5, and 6.

Table 4. Pre-Edge Energy of Fe Complexes Derived from Fe
K-Edge XAS

complexes pre-edge energy (eV)
[Fe"(SPh),]> ¢ 7112.5
[Fe'(SPh),] ™ 7113.8
2-Ph* 7113.5
2-Et° 7113.5
3 7113.8
4" 71134
S 7113.6
6 7113.6

“From ref 9. ® From ref 6a.

covalency and symmetric ¥(Fe—NO) stretching frequencies
implicates that the higher Fe—S bond covalency modulated by
the stronger electron-donating ethylthiolate ligand stabilizes the
{Fe(NO),} core of {Fe(NO),}* DNICs and promotes Fe —
NO m-electron back-donation to strengthen the Fe—NO bonds
of DNIC 2-Et.

—— complex 3
——— complex 4

Normalized XAS Intensity
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Figure 10. S K-edge spectra of complexes 3 and 4.

Discrimination of Dinuclear DNICs [Fe,(#-SEt),(NO),4] (3),
[Fey(u-SEt),(NO)41™ (4), [Fey(u-SEt)(u-S)(NO),]~ (5) and
[Fezw-S)z(NO)4]2_ (6). The Fe K-edge spectra of complexes
[Fe(u-SEt)y(NO),4] (3), [Fex(14-SEt),(NO),4] ™ (4), [Fe(u-SEt)-
(u-S)(NO),] ™ (5), and [Fe,(u-),(NO),]*" (6) are shown in
Figure 9 (Scheme 1). The pre-edge energy (Fe, — Fesq transition)
0f 7113.6 eV for complexes S and 6 lies between those of complex 3
(7113.8 eV) and complex 4 (71134 V) (Table 4). Obviously, the
Fe K-edge pre-edge energy might be adopted to serve as a tool
to probe the existence of dinuclear {Fe(NO),}’—{Fe(NO),} and
{Fe(NO),}°—{Fe(NO),}'* DNICs. Compared to the previous
report of mononuclear DNICs containing a variety of ligation modes
exhibiting the characteristic pre-edge energy falling in the range of
71134—7113.8 eV, the pre-edge energy derived from the Fe;; —
Fe3q transition in a distorted T, environment of the Fe center falling
within the range of 7113.4—7113.8 eV for dinuclear DNICs can be
also concluded.

The S K-edge spectra of complexes 3 and 4 are depicted in
Figure 10. Due to the increasing effective nuclear charge of sulfur
from a terminal thiolate to a bridging thiolate,'” the shift of the
Sis — Sc_so+ transition energy from 2472.9 (complex 2-Et) to
2474.2 €V (complex 3) was observed (Figures 2 and 9). In
contrast to the S K-edge pre-edge absorption peak (2470.9 eV)
with a shoulder (2470.2 eV) observed in complex 2-Et, the
S K-edge spectrum of complex 3 showed two well-resolved
pre-edge absorption peaks at 2470.9 and 2472.0 eV. These
results implied that the unique S K-edge pre-edge pattern/energy
and the distinct S;3 — Sc_go+ transition energy for mononu-
clear and dinuclear DNICs, respectively, provide the oppor-
tunity to distinguish mononuclear DNICs from dinuclear
DNICs.

In exploring the electronic structure of the [{Fe(NO),}’—
{Fe(NO),}°] core of dinuclear DNIC 3, the S;; — Fesq (pre-
edge peak) and S;;, — Sc_s,+ (thiolate peak) transition energies
of complex 3 and complex 2-Et were taken into comparison. The
average pre-edge absorption energy and thiolate peak energy of
complex 3 (2471.4 and 2474.2 eV, respectively) and complex 2-
Et (2470.6 and 2472.9 €V, respectively) explain the lower Fesq
manifold energy of complex 3 by 0.5 eV (Table 2). This difference of
the Fesyq manifold energy may implicate that the effective nuclear
charge of Fe in complex 3 is higher than that of complex 2-Et. That is,
the electronic structure of the {Fe(NO),}’—{Fe(NO),}’ core of
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Figure 11. Unoccupied MO diagram of complex 3. Numbers shown are the percentage of Fe d, NO 2p, and S 3p orbitals in each MO.

complex 3 is best described as [ {Fe™(NO™),}°—{Fe"(NO),}’]
(8=0).

As shown in Figure 10, the S;; — Fesq and Si; — Sc_go+
transition energies of complex 4 (2471.4 and 2473.6 eV) and
complex 3 (2471.4 and 2474.2 eV) indicated the simultaneous
increase of the S;; and Fes4 manifold orbital energies by 0.6 eV,
respectively (Table 2). The MO diagram of unoccupied orbitals
of complex 3 is displayed in Figure 11, and the corresponding
contributions of Fezq, S, and NO are also indicated. The experi-
mental and calculated S K-edge pre-edge absorption spectra of
complex 3 are depicted in Figure 12. On the basis of the TD-DFT
calculation, the two observed pre-edge absorption peaks are
attributed to the Sy, to 45a, (LUMO), 46a,, and 49a, transitions.
Although the transition to the 46a, orbital is parity forbidden (or
Larporte forbidden), the Ss, orbitals bring out the allowed
intensity. Moreover, the major contribution of LUMO is ob-
viously from both Fe atoms and its bound S ligands. Thus, the pre-
edge absorption peaks of 2470.9 and 2472.0 eV for complex 3 are
attributed to the transition from the S; to the Fe—S antibonding
orbital and to the antibonding orbital mainly contributed from §,
NO, and Fesq orbitals.** The lower intensity of the first pre-edge
absorption peak (2470.9 eV) of complex 4, compared to that of
complex 3, indicates the introduced one electron occupied the
LUMO of complex 3 (i.e., the SOMO in complex 4), as reported
by Lu et al.** Since the LUMO is mainly the antibonding character
between the Fe—S bond and Fe- - - Fe, the distances of Fe—S
bonds increases from 2.2585(5) (complex 3) to 2.2965(6) A
(complex 4). Meanwhile, the Fe- - - Fe distance increases from
2.7080(5) to 2.8413(6) A in comparison with the X-ray crystal-
lographic data of complexes 3 and 4. Elongation of the Fe—S
bond will simultaneously increase the S, and Fe;4 orbital energies
upon reduction of complex 3 and uncover the reaction of complex
3 and [SEt]  leading to formation of DNIC [(NO),Fe(SEt),]
via the bridged-thiolate cleavage reaction.”®
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Figure 12. Experimental (O) and TD-DFT-calculated (red solid line)
pre-edge absorption of complex 3. The theoretically calculated transi-
tion peaks are displayed in the vertical lines. All transitions have been
convolved with a pseudo-Voigt function with a 1:1 ratio of Lorentzian to
Gaussian and of 0.5 eV half-width to account for experimental and
core—hole broadening. The transition energy is shifted by 40.35 eV to
get better agreement between the experimental and the calculated
profile.

As shown in Figure 13, compared to two well-resolved pre-
edge features (2470.9 and 2472.0 eV) assigned to the transition
of Sy, of the thiolate ligand to the LUMO of complex 3, the S
K-edge spectrum of complex 6 exhibits two well-resolved pre-
edge peaks (2469.3 and 2470.2 eV) assigned to the transition
of Sy, of the sulfide ligand to the LUMO of complex 6.'”'*
In combination with the S K-edge energy of complexes 3 and
6, the dinuclear {Fe(NO),}’—{Fe(NO),}’ DNIC featuring
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Figure 13. S K-edge spectra of complexes 3, 5, and 6.

the pre-edge energy and pattern (2469.1, 2470.1, 2471.1, and
2472.2 V), the superposition of thiolate and sulfide contribu-
tions in S K-edge pre-edge region'’* may be also adopted to
characterize the mixed- thlolate sulfide-bridged Roussin’s red
ester (RRE) S (Figure 13).° Obviously, the S K-edge pre-edge
pattern/energy may be utilized as a criteria to discriminate the
diamagnetic dinuclear DNICs containing bridging sulfide/
thiolate ligands, ie, RRE 3, mixed-thiolate—sulfide-bridged
RRE § and Roussin’s red salt (RRS) 6.

Also, it is noticed that the Fe;4 manifold energy of complex 5
was calculated to be 0.4 eV higher than that of complex 3 upon
changing one bridging thiolate ligand into the stronger electron-
donating sulfide ligand. On the basis of the Fe K-edge pre-edge
energy (complex 3 (7113.8 eV) > complex § (7113.6 eV) ~
complex 6 (7113.6 eV), displayed in Table 4) and the relative
d-manifold energy (complex § (0.2 €V) > complex 3 (—0.2 eV)
vs [Fe(SEt),] , displayed in Table 2) of complexes 3, S, and
6, we concluded that the electronic structure of the
[{Fe(NO),}°—{Fe(NO),}’] core of complexes § and 6 is best
described as [{Fe"™(NO™),}”—{Fe"(NO™),}’], compared to
the [{Fe™(NO7),}°—{Fe"™(NO™),}’] core electronic struc-
ture of complex 3. In addition, both Fe K-edge XAS and the Fe;q4
manifold energy derived from the S K-edge XAS indicated that
the effective nuclear charge of Fe in this series of DNICs follows
the trend of complex 3 > complex 2-Et > complex § > complex
4 (Tables 2 and 4), albeit the energy differences of Fe K-edge
XAS of these DNICs are smaller than the resolution of Fe
K-edge XAS.

Bl CONCLUSION AND COMMENTS

A study of S K-edge and Fe K-edge XAS of mononuclear
MNICs 1-Ph/1-Et, DNICs 2-Ph/2-Et, and dinuclear DNICs 3,
4, 5, and 6 led to the following results.

(1) In contrast to the S K-edge pre-edge absorption peak
(2470.9 eV) with a shoulder (2470.2 eV) observed in
mononuclear DNIC 2-Et, dinuclear DNICs 3 and 6
display two well-resolved pre-edge features assigned to
the transition of S, of the thiolate ligand (2470.9 and
2472.0 €V) and S;, of the sulfide ligand (2469.3 and
2470.2 eV) to the LUMO, respectively. Expectedly, the S
K-edge spectrum of dinuclear DNIC $§ exhibits four well-
resolved pre-edge absorption peaks (2469.1, 2470.1,

2471.1, and 24722 eV). In conclusion, the S K-edge
pre-edge pattern/energy can serve as an efficient method
to characterize the mononuclear DNICs and the dinuc-
lear DNICs containing bridged-thiolate and bridged-
sulfide ligands.

(2) The Fe—S bond covalency of mononucelar DNICs 2-Et
(82%), 2-Ph (57%), and [(—SC,H,SN),Fe(NO),]~
(20%) derived from the intensity of the S K-edge pre-
edge absorption rationalizes the Fe—S bond distances
following the trend of [(—SC,;H,SN),Fe(NO),] > 2-
Ph > 2-Et and the binding preference of the {Fe(NO),}”
core toward thiolates following the trend of [SEt] >
[SPh]™ > [SC,H,SN] . Also, the higher Fe—S bond
covalency modulated by the stronger electron-donating
thiolate ligand stabilizes the {Fe(NO),} core of
{Fe(NO),}” DNICs and promotes Fe — NO zr-electron
back-donation to strengthen Fe—NO bonds and to
weaken the NO-release ability, which is supported by
the Raman v(Fe—NO) stretching frequency.

(3) On the basis of the lower intensity of the first S K-edge
pre-edge absorption peak of complex 4 compared to that
of complex 3, the antibonding character of the LUMO
mainly contributed from the Fe—S bond in complex 3
rationalizes the elongation of the Fe—S bond and the
simultaneous increase of the S, and Fes,4 orbital energies
upon reduction of complex 3 and also uncovers the
reaction of RREs and nucleophile leading to formation
of mononuclear DNIC:s via the bridged-thiolate cleavage
reaction.

(4) Combination of S K-edge pre-edge and thiolate peak
energies establishes the relative energy of the Fe3d mani-
fold orbitals and uncovers the {Fe (NO™),}” electronic
structures for complexes 2-Ph/2-Et. In addition, based on
the Fe K-edge pre-edge energy of complexes 5 and 6
(7113.6 eV for both complexes) lying between 7113.4
(complex 4) and 7113.8 eV (complex 3), the relative
d-manifold energy derived from S K-edge XAS also
concluded that the electronic structure of the [ {Fe(NO),}°—
{Fe(NO),}°] core of comﬁ)lexes S and 6 is best described
as [{Fe"™(NO ™), —{Fe(NO~ )2} ] compared to the

{FeIH(NO )2}’ —{Fe™(NO™),}”] core electronic struc-
ture of complex 3.

Serving as the product of the NO-signaling pathway, DNICs
were first identified 45 years ago via its distinct EPR signal at g =
2.03."* Recently, nuclear resonance vibrational spectroscopy
(NRVS) was also employed to identify formation of the varieties
of DNICs based on their characteristic vibrational frequencies.**
In addition to probing formation of DNICs by the characteristic
Fe K-edge pre- edge absorption energy ranging from 7113.4 to
7113.8 eV,” the distinct S K-edge pre-edge absorption energy and
pattern can serve as an efficient tool to unambiguously char-
acterize and discriminate mononuclear DNICs and dinuclear
DNICs containing bridged-thiolate and bridged-sulfide ligands.
Also, this study may signify that the Fe—S bond covalency of
protein-bound DNICs is the key factor in regulating/determin-
ing DNICs to release the {Fe(NO),} motif or nitric oxide in
biology.

B EXPERIMENTAL SECTION

Manipulations, reactions, and transfers were conducted under nitro-
gen according to Schlenk techniques or in a glovebox (N, gas). Solvents
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were distilled under nitrogen from appropriate drying agents (diethyl
ether from CaH,; acetonitrile from CaH,—P,0Os; methylene chloride
from CaH,; methanol from Mg/I,; hexane and tetrahydrofuran (THF)
from sodium benzophenone) and stored in dried, N,-filled flasks over 4
A molecular sieves. Nitrogen was purged through these solvents before
use. Solvent was transferred to the reaction vessel via stainless cannula under
a positive pressure of N,. Complexes [PPN][(NO)Fe(SPh);] ' [PPN]
[(NO)Fe(SEt)5],"” [PPN][(NO),Fe(SPh),],* [PPN][(NO),Fe(SEt),],"
[PPN][(NO),Fe(u-SEt),Fe(NO),],** [PPN][(NO),Fe(u-SEt) (u-S)Fe-
(NO),],* [(NO),Fe(u-SEt),Fe(NO),], and [PPN],[(NO),Fe(ut-S),Fe-
(NO),] were synthesized based on the literature reported.®

X-ray Absorption Measurements. All X-ray absorption experi-
ments were carried out at the National Synchrotron Radiation Research
Center (NSRRC), Hsinchu, Taiwan. Both Fe and S K-edge spectra were
recorded at room temperature. The spectra were reduced and normal-
ized based on the procedures reported by Solomon and co-workers."'”
Data were averaged, and a smooth background was removed from all
spectra by fitting a straight line to the pre-edge region and subtracting
this straight line from the entire spectrum. Normalization of the data was
accomplished by fitting a flat polynomial to the postregion and normal-
izing the edge jump to 1.0 at 7400 eV for the Fe K-edge and 2550 eV for
the S K-edge spectra. For Fe K-edge measurements, experiments were
performed in transmission mode at the BL17C wiggler beamline with a
double-crystal Si(111) monochromator. The energy resolution AE/E
was estimated to be about 2 x 10~*. High harmonics were rejected by
Rh-coated mirrors. The spectra were scanned from 6.912 to 8.006 keV. A
reference Fe foil is always measured simultaneously, in which the first
inflection point at 7112.0 eV of the Fe foil spectrum is used for energy
calibration. Ion chambers used to measure the incident (I,) and
transmitted (I) beam intensities were filled with a mixture of N, and
He gases and a mixture of N, and Ar gases, respectively.

The S K-edge data were collected in fluorescence mode at BL 16A
with a Si(111) monochromator. The energy resolution AE/E is 1.4 X
10~* The energy is scanned from 2.42 to 2.77 keV. A Lytle detector was
employed for fluorescence measurements in which the sample chamber
is filled with high-purity He gas to avoid air absorption. Samples were
ground to powder from single crystals and secured in the bag made of
3.6-um Mylar film. The absorption of the S K-edge region of the empty
bag made of 3.6-um Mylar film was verified to be negligible. The photon
energy was calibrated to the maximum of the first pre-edge feature of
Na,$,03.5H,0 at 2472.02 eV."" The pre-edge features at the S K-edge
were fitted using the software package ORIGIN and modeled by
Lorentzian functions over the range of 2465—2475 eV. The % S, in
the half-occupied or unoccupied orbital of complexes 2-Et, 2-Ph, and
[(—SC,H,SN),Fe(NO),]~ was determined using reference spectra
and pre-edge fits of complex [Fe(SPh),]."" The intensity of the pre-
edge feature of complex [Fe(SPh),]” was defined as 1.03 unit, which
corresponds to 128% total covalency.'' Since the intensity is normalized
based on [Fe(SPh),]”, the intensity of complexes 2-Et, 2-Ph, and
[(—SC,H4SN),Fe(NO),]~ was multiplied by a factor of 0.5. Also, the
difference of the bond length among complexes [Fe(SPh),] ™, 2-Et, 2-
Ph, and [(—SC,;H,SN),Fe(NO),]™ was taken into consideration by
multiplying a fator of 2.30 A/Rg,. s A of DNICs.?

It has been reported that there are several possible sources of
systematic error in the analysis of these spectra.''® The normalization
procedure can produce a 1—3% difference in the pre-edge peak heights,
as determined by varying the parameters used to normalize a set of S
K-edge spectra. The errors derived from the normalization (by taking
the maximum 3%) and fitting procedure were combined and are
reported in Table 3. The uncertainty in the pre-edge and edge energies
is limited by the reproducibility of the edge spectra (~0.35 eV for Fe
K-edge and ~0.1 eV for S K-edge). Thus, the relative energies of the
features are reported with an error of £0.35 eV for the Fe K-edge and
£ 0.1 eV for the S K-edge.

TD-DFT Calculation. All TD-DFT calculations for S K-edge
regions were carried out with the ORCA electronic structure package
version 2.8.0.>* The S K-edge calculation was conducted based on the
procedure reported by Neese and co-worker.”* The B3LYP exchange
functional and def2-TZVP(-f) basis set on the Fe, S, N, O, C, and H
atoms were used for electronic structure calculation. How the different
exchange functionals influence the TD-DFT on S K-edge pre-edge
regions are tested, and the better one is to mix ~17—18% HFx
(Hartree—Fock exchange). As this mixing value is close to 20% HFx
in B3LYP and B3LYP also provides a similar profile to reproduce the
XAS data and the same scientific meaning, we apply the B3LYP
functional on all electronic calculations. All unrestricted calculations
were done at C; symmetry, except for complex 3 (C; symmetry was used
in the calculation). Each structure has been checked without an
imaginary frequency in the ORCA package. The LOwdin population
analysis was used to obtain the contributions of Fe, S, and NO on each
MO. The coordinates used for geometry optimization of complex
[(—SC,;H,SN),Fe(NO),]  were based on the experimental structures
taken from the X-ray diffraction experiments.> Geometry optimizations
were done in redundant internal coordinates. The BP86 functional
together with the def2-TZVP(-f) basis set were used in the geometry
optimization. The coordinates used for the TD-DFT calculation of
complexes 2-Et and 2-Ph were based on the geometry-optimized
structure reported in the previous study,” in which the BP86 functional
together with the aug-cc-pVTZP basis set on the Fe, S, N, and O atoms
and the SV(P) basis set on the C and H atoms were applied. The
geometry of complexes 1-Ph and 3 was taken from X-ray diffraction
experimentséa‘b and then optimized in the Gaussian 09 package™ with
the same basis set, def2-TZVP(-f), and BP86 exchange functional.
Isosurface plots of the MOs were generated using the GaussView 5.0
program with an isovalue surface at 0.04 au.

Raman Measurements. Raman spectra were recorded in a back-
scattering geometry to improve the signal-to-noise ratio. The spectra
resolution, 3 cm ™!, was limited by the Spex 1877C monochromator
(length 0.6 m, grating with 600 grooves/mm). A He—Ne laser
(wavelength 632.8 nm) served as the excitation source; the laser power
at the sample was set below 15 mW. The sample was sealed in a glass cell
and kept under nitrogen. The scattered signals passing through a notch
filter were recorded with a thermoelectrically cooled Roper 7430 CCD
detector. All spectra were recorded under room temperature. Samples
were mixed with KBr to avoid self-absorption.
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