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ABSTRACT: We present the synthesis and spectroscopic
characterization of [Fe(NO)(N3PyS)|BF, (3), the first
structural and electronic model of NO-bound cysteine
dioxygenase. The nearly isostructural all-N-donor analogue
[Fe(NO)(N4Py)](BF,), (4) was also prepared, and
comparisons of 3 and 4 provide insight regarding the
influence of S vs N ligation in {FeNO}” species. One key
difference occurs upon photoirradiation, which causes the
fully reversible release of NO from 3, but not from 4.

Mononudear non-heme iron oxygenases utilize dioxygen
to perform key oxidations in biology." Much effort has
gone into obtaining a mechanistic understanding of these
systems, including the trapping and characterization of metal—
oxygen intermediates in both the proteins and synthetic
models. The nitric oxide (NO®) molecule has been used as a
surrogate for O,, generating Fe-NO adducts that are analogues
for key Fe-O, intermediates and helping to determine the
general site(s) and requirements for O, binding.”

Cysteine dioxygenase (CDO) is a non-heme iron oxygenase
that is responsible for regulating cysteine levels in mammals by
oxidizing cysteine to cysteine sulfinic acid with O,. The
mechanism of CDO is still not well understood, although a
number of experimental, computational, and synthetic studies
have sought to address different features of the S-oxygenation
process.® Pierce and co-workers employed NO® as an O,
surrogate for CDO and reported that, in the presence of Cys
substrate, an iron-nitrosyl complex was formed (Fe(NO)(Cys)-
CDO).>* This {FeNO}’ (Enemark—Feltham notation)®
complex exhibited an unusual S = '/, ground state, as opposed
to all other non-heme {FeNO}’ enzymatic species, which
exhibit an S = */, ground state.”

A structural and functional model of CDO [Fe"(N3PyS)-
(CH,CN)]BE, (1), was previously described by some of us.*
Addition of O, to 1 resulted in biomimetic S-oxygenation to
give a sulfinate complex, but the mechanism of oxygenation,
including the binding site for O, to Fe, was not clarified. We
herein describe the synthesis of the first model of NO-bound
CDO, [Fe(NO)(N3PyS)]BF, (3) (Scheme 1), which is an
{FeNO}” complex that exhibits the same S = '/, ground state
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Scheme 1. Synthesis of {FeNO}’ Complexes
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as the enzyme. The all-N analogue [Fe(NO)(N4Py)](BE,),
(4) has also been prepared, allowing for the direct comparison
of these two essentially isostructural {FeNO}’ complexes and
providing insight into the effects of S vs N ligation. Thiolate-
ligated 3 releases NO*® upon photoirradiation with visible light,
and this process is highly reversible. In contrast, the all-N
analogue 4 exhibits no appreciable photolability. Complex 3 is a
rare example of a non-heme {FeNO}’ complex that undergoes
photoactivated release of nitric oxide.

Stirring of the low-spin Fe"" complex 1 under an atmosphere
of NO(,) in CH;CN gives the nitrosyl complex [Fe(NO)-
(N3PyS§]BF4 (3) as an analytically pure brown solid (74%)
(Scheme 1). Recrystallization from CH;OH/Et,0 led to
crystals of 3, whose X-ray structure is shown in Figure 1. The
structure reveals one molecule of NO® has displaced the
CH;CN ligand and confirms that 1 readily binds NO°®,
providing strong support for the proposed site for O, binding
in 1 during biomimetic sulfoxygenation.® Only one other non-
heme complex ([(SM**N,(tren))Fe(NO)]*)° besides 3 con-
tains the N,S ligand environment of the NO-bound form of
CDO.
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Figure 1. Displacement ellipsoid plots (50% probability level) of the
cation of 3 (left) and the dication of 4 (right). H atoms have been
omitted for clarity.

Different conditions were necessary to prepare the nitrosyl
complex of the all-N-ligated analogue [Fe"(N4Py)(CH,CN)]-
(BE,), (2). Complex 2 is unreactive toward O, in the absence
of co-reductants, unlike 1. Similarly, no reaction was seen for 2
with the O, surrogate NO(,) in CH;CN. However, when the
latter reaction was carried out in CH;OH, an immediate color
change from orange to pink was observed. Vapor diffusion of
Et,O into a methanolic solution afforded orange-red X-ray
quality crystals of 4 (49%). The crystal structure of 4 shows
that the NO ligand has replaced the solvent molecule as
expected (Figure 1).

The Fe—N(py) and Fe—N(amine) distances in 3 are
significantly elongated compared to the starting CH;CN-
bound complex 1, with an average increase in Fe—N bond
lengths of 0.0739 A. The Fe—N(amine) trans to the NO donor
is the most affected (Fe—N1 = 1.9860(13) A for 1 and
2.1300(16) A for 3), consistent with a strong trans influence for
NO®. The influence of the NO® ligand in 4 is much less
pronounced, with an average increase of only 0.0345 A in the
Fe—N bonds of 4 compared to 2. The Fe—N(O) and N—-O
bond lengths are almost identical for 3 and 4 (Fe—N(O) =
1.7327(18) A for 3 and 1.732(2) A for 4; N—O = 1.150(3) A
for 3 and 1.157(3) A for 4), and the bent Fe—N—O angles are
also in close agreement (147.2(2)° for 3 and 144.9(2)° for 4).
These data are similar to those for other {FeNO}’
complexes.””® To our knowledge, complexes 3 and 4 comprise
the only known pair of structurally characterized {FeNO}’
complexes that differ by the substitution of an N vs S donor in
the Fe coordination sphere. We expected that further
examination of 3 and 4 would provide fundamental insights
regarding the influence of S vs N coordination on {FeNO}’
complexes.

Mononuclear {FeNO}’ complexes exhibit N—O stretches in
the infrared between 1607 and 1812 cm™.® The ATR-IR
spectrum of polycrystalline 3 reveals two ©(N—O) candidate
bands at 1753 and 1660 cm™" of approximately equal intensity.
Both of these bands shift upon substitution with N'¥O to
1677 and 1587 cm™, respectively (see Supporting Informa-
tion). The solution IR spectrum of 3 in CD;CN also reveals
two peaks in the same range at 1733 and 1649 cm™, however
the band at 1733 cm™' is much less intense compared to the
lower energy vibration at 1649 cm™ (**N'*0: 1582 cm™). The
all-N analogue 4 exhibits a single peak at 1672 cm™" that can be
assigned to v(N—0). Although it is not known at this time why
3 exhibits two potential ¥(N—O) modes,” the lower energy
peak for 3 at 1660 cm ™" is closest to that found for 4, although
red-shifted by 12 cm™". The downshift in (N—O) is consistent
with a more electron-rich metal center for 3 arising from

thiolate ligation, although the difference in charge for 3 vs 4
may also contribute to the shift."’

Further insight regarding the influence of S vs N
coordination comes from electrochemical measurements on 3
and 4. In dry CH;CN, thiolate-ligated 3 shows two nicely
reversible waves at E;;, = 0.013 and —1.18 V vs Fc'/Fc,
corresponding to the {FeNO}*” and the {FeNO}"/® couples,
respectively (Figure SS). For complex 4, two processes are also
observed, and give E,,, = 0.504 and —0.685 V vs Fc'/Fc. The
substitution of a phenylthiolate for a pyridine N donor causes a
dramatic, negative shift in the redox potentials for both
processes by ~500 mV. These results can be compared to the
—800 mV shift for the E,/, values of 1 vs 2.3* The thiolate
donor causes a dramatic increase in the electron-rich nature of
the iron center, but this affect is apparently only weakly
translated to the NO ligand as seen in the vibrational data.
Previous studies of {FeNO}’ complexes have shown a similar,
yet stronger correlation between ©(N—O) and redox potentials
upon the inclusion of an anionic donor."

The EPR spectrum of 3 at 14 K is shown in Figure 2a. The
complex has an § = '/, ground state with intense EPR signals
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Figure 2. EPR spectra (14 K) of (a) 3 (2 mM) in toluene/CH;CN
and (b) 4 (0.49 mM) in MeOH. Simulations (red, dashed lines) for 3,
g = [2.047,2.007, 1.962]; A("*N) = 40, 59, 40 MHz; for 4, g = [2.034,
2.003, 1.950]; A(**N) = 42, 70, 35 MHz.

centered near g = 2. This spectrum is distinct from S = */,
{FeNO}” complexes with features at both g = 4 and g = 2. The
ground state for the Cys-ligated {FeNO}’ complex of CDO is
also S ="'/, as seen by EPR (g2.071, 2.022, 1.976; A(**N) = 27,
60, 28 MHz), whereas all other non-heme iron enzymes exhibit
S = 3/, upon reaction with NO.”> It was suggested that the
unusual coordination environment of Fe(NO)(Cys)-CDO,
which is proposed to contain a chelated Cys through S and
NH, donors, results in the unique S = '/, ground state.” For
synthetic {FeNO}’ complexes, S = '/, ground states are more
common, but the only other N,S-ligated example besides 3 is S
=3/,.> Thus complex 3, which has the same ground state as the
enzyme, is the first structural and electronic model of
Fe(NO)(Cys)-CDO.

Substitution of the S ligand for a py donor in 4 does not alter
the ground state, as seen by the S = '/, EPR spectrum for 4 in
Figure 2b. Both spectra for 3 and 4 were successfully simulated
by including a single "*N nucleus from NO® (red line, Figure
2). The overall shape of the spectrum and the slightly larger g
anisotropy seen for 3, as compared to 4, is a better match for
the data from CDO. The hyperfine splitting for 3 at g4, which
is the only experimentally well resolved A value, is also in better
agreement with the enzyme.

Significant efforts have gone into elucidating the electronic
distribution of {FeNO}’ complexes.w’11 For the {FeNO}’
CDO complex, density functional theory (DFT) calculations
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were used to suggest that the S = '/, species is composed of a
low-spin (Is) Fe' (S = 0) coupled to NO* (S ="'/,). Foran S =
'/, complex, there are three possible limiting electronic
structures (Scheme S1): (a) Is-Fe"=NO®%; (b) Is (S = '/,)
Fe'"-NO~ (S = 0); and (c) intermediate-spin (S = */,) Fe''—
NO™ (S = 1). Previously, an {FeNO}’ thiolate complex was
found to have structure (c), but this complex is five-coordinate
(5C), in contrast to the 6C structures for Fe(NO)(Cys)-CDO
and 3 and 4. The stronger 6C ligand field should influence the
redox distribution of the {FeNO} unit, potentially leading to
electronic structure (a).'®

We employed Mossbauer spectroscopy to analyze the
electronic structures of 3 and 4 together with their Is-Fe''
precursors 1 and 2 (Figure S7), as well as S K-edge X-ray
absorption spectroscopy (XAS) combined with computations
on 3. Well-resolved quadrupole doublets are observed in the
Méssbauer spectra of these complexes. Complexes 1 (§ = 0.41
mm/s, AE, = 0.26 mm/s) and 2 (6 = 0.40 mm/s, AEqG =027
mm/ s) give parameters consistent with Is-Fe'l. Conversion to
the NO-bound complexes 3 (6 =0.32 mm/s, AEQ: 0.44 mm/
s) and 4 (6 = 0.24 mm/s, AEq = 0.37 mm/s) leads to decreases
in the isomer shift by 0.09 and 0.16 mm/s, respectively, and
increases in the magnitude of the quadrupole splittings by 0.18
and 0.10 mm/s, respectively. The S K-edge XAS data of 3
(Figures S8 and S9) reveal two pre-edge features at 2470.3 and
2471.3 eV, assigned as transitions from S 1s — Fe d orbitals,
and two features in the edge at 2472.8 and 2473.6 eV assigned
as S 1s - C—S n*/o* transitions. DFT calculations (see
Supporting Information) were performed on 3, and the
optimized geometric structure matches the experimental crystal
structure (Table S1). Time-dependent DFT calculations
performed on the optimized structure reasonably reproduce
the energy splittings and relative intensity of the experimental S
K-edge XAS of 3 (Figure S8, inset). DFT-derived Mdssbauer
parameters using the B3LYP functional (6 = 0.36 mm/s, AE =
—0.42 mm/s) are also in good agreement with experiment.

The good agreement of DFT with experiment suggests that
the DFT-derived electronic structure is a reasonable description
of complex 3. As shown in Table S2, the spin density is mostly
localized on the NO (a spin density of NO = 0.7, Fe = 0.3).
The electronic structure is consistent with a ground state
composed mostly of Is-Fe (S = 0) coupled to NO* (S ='/,),
with some mixing of Is-Fe'" (S ='/,) coupled to NO™ (S = 0)
character. This electronic structure is similar to the DFT-
supported Is-Fe''-NO® assignment for CDO and prompts
turther spectroscopic characterization of the enzyme.

The controlled binding and release of NO with biologically
relevant iron centers is of interest because of the key role of NO
as a biological messenger and because of the intense interest in
designing metal complexes as agents for NO-sensing or
photodynamic therapy.'> Complexes 3 and 4 were therefore
evaluated for their ability to reversibly bind NO®. Qualitative
observations showed that complex 3 was quite stable to NO*®
release even when solutions of 3 in CH;CN were evaporated to
dryness under vacuum. On the contrary, simple dissolution of 4
in CH;CN leads to the irreversible displacement of the NO*
ligand to regenerate 2. Successful release of the nitrosyl ligand
from 3 was induced by photoirradiation with visible light (4 >
400 nm, 150 W halogen lamp) in CH;CN in a sealed cuvette.
Efficient release of NO® from 3 occurs with isosbestic
conversion to yield CH;CN-bound 1 (90%) (Figure 3).
Removal of the light source results in the quantitative
regeneration of nitrosyl-ligated 3 (90%) via re-binding of the
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Figure 3. Reversible dissociation of nitric oxide for 3 (left) and time-
resolved UV/vis spectra (0—4S min) showing the conversion of
[Fe(NO)(N3PyS)]* (0.1 mM) (blue) to [Fe(N3PyS)(CH,CN)]*
(red) upon continuous photoirradiation (4 > 400 nm) in CH;CN
(right).

released NO® (Figure S10). Multiple cycles of photoirradiation
with subsequent re-binding of NO*® occurred without apparent
decomposition of [Fe(N3PyS)]* (Figure S11). In contrast,
heating of 3 to 55 °C for 20 min causes no significant change in
the UV/vis spectrum, confirming that dissociation of NO*
cannot be thermally activated. Complex 4 does not release NO*
in CH3;0H to any appreciable extent under the same
photoirradiation conditions (Figure S12). Thus complex 3
exhibits completely reversible photorelease of NO® under mild
conditions, as opposed to 4, which undergoes only irreversible,
solvent-induced NO® substitution in CH;CN.

The photo or thermal release of NO* has been observed
previously for non-heme metal—nitrosyl complexes, but these
complexes are {M-NO}% (M = Fe, Ru, Mn) species, or in some
cases Fe-S clusters with multiple NO ligands."> To our
knowledge, complex 3 is the first example of a photolabile
non-heme {M-NO}’ complex. In addition, efficient photo-
release from 3 is induced under low-intensity visible light,
which is highly desirable for biological applications.'* Earlier
work on a set of pentadentate pyridyl/carboxamido {FeNO}*”
complexes showed that the {FeNO}° complex was photolabile,
while the isostructural {FeNO}’ analogue was not.">® The
former results, combined with the lack of photolability seen for
the all-N-ligated 4, suggest that the N3PyS ligand imparts
special features to the {FeNO}’ unit that allow for NO
photorelease, and implicates the inclusion of the unique thiolate
donor as a key to this process. Further detailed experimental
and computational studies are warranted to elucidate the
origins of the photolability seen for 3.

In summary, the first model complex of the nitrosyl adduct
for CDO was prepared. This complex exhibits the same unusual
S =/, ground state as seen for the enzyme, and spectroscopic
and computational work indicate that the electronic structure is
best described as Is-Fe"" (S = 0) coupled to NO® (S ='/,), with
some mixing of Is-Fe™ (S = '/,) coupled to NO~ (S = 0)
character. Further spectroscopic studies on NO-bound CDO
and analogous models would help clarify the electronic
structure of the enzyme. Complex 3 is the first example of a
photolabile non-heme {M-NO}’ species, implicating the
importance of thiolate donation for photorelease and providing
the foundation for the potential design of a new class of NO-
releasing/ sensing agents.
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