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ABSTRACT

The binding and reactivity of the hydrosulfide ion (HS ) to iron(Il) porphyrinates has been
examined for several synthetic meso-tetraphenylporphine (TPP) derivatives. In all cases, HS
coordinates to the iron centers in a 1:1 stoichiometry with formation constants (Ky) that reflect
the electronic characteristics of the porphyrinate ligands. In the case of the FsTPP ligand (FsTPP
= dianion of 5,10,15,20-tetrakis(2,6-difluorophenyl)porphine), an intermediate complex
proposed as the hydrosulfide bridged dimer, (BusN)[Fe,(u-SH)(FsTPP),], was identified by
NMR spectroscopy en route to formation of (BuyN)[Fe(SH)(FsTPP)]. A robust procedure is
reported for the synthesis and isolation of the parent hydrosulfide adduct, (BusN)[Fe(SH)(TPP)],
which has permitted a detailed examination of its spectroscopy and chemical reactivity.
Electrochemical measurements demonstrate that [Fe(SH)(TPP)] is oxidized reversibly at a
potential of —0.832 V (vs ferrocene/ferrocenium) consistent with other iron porphyrinates
containing sulfur-based ligands. Despite this fact, chemical oxidation of (BusN)[Fe(SH)(TPP)]
with ferrocenium tetrafluoroborate produced only [Fe(TPP)] indicating that the putative iron(III)
hydrosulfide adduct, [Fe(SH)(TPP)], decomposes rapidly. Treatment of (BusN)[Fe(SH)(TPP)]
with other biologically relevant molecules such as NO and 1,2-dimethylimidazole resulted in
simple displacement of the HS ' ligand as governed by the relative K¢ values of the added ligands.
The solid-state structure of one hydrosulfide adduct, (BusN)[Fe(SH)(FsTPP)], was determined by
X-ray crystallography and found to display the expected five-coordinate geometry about iron
with an Fe-S distance of 2.323(1) A. The relevance of the hydrosulfide chemistry with synthetic
iron porphyrinates is discussed in terms of the possible reactivity for H,S and its derivatives at

heme sites in biology.

KEYWORDS: hydrogen sulfide, hydrosulfide, iron(Il), heme models, porphyrins, signaling

molecules



Introduction

Hydrogen sulfide continues to gain prominence as an endogenous signaling molecule in
mammalian biology.[1-3] This growing interest has resulted in H,S now being considered
alongside CO and NO as a significant gaseotransmitter.[4-7] Biological processes attributed to
the action of hydrogen sulfide include vasodilation,[8, 9] numerous cardiovascular effects,[10,
11] neuromodulation,[12] and cytoprotection.[13-18] Unlike CO and NO, however, the
coordination chemistry of H,S and its analogs is severely underdeveloped, especially with metal
centers and ligand environments relevant to biological cofactors. Such coordination chemistry is
of utmost interest since the mechanisms of action of H,S can be envisioned to involve

interactions with transition metals.

Among the multitude of sites where H,S is believed to play a role, heme centers represent
perhaps the most logical targets of metal-based reactivity.[19] Indeed, hydrogen sulfide has
already been shown to interact with cytochrome oxidases,[20-22] myeloperoxidase,[23]
hemoglobin and myoglobin,[24, 25] as well as other heme-containing proteins found in
invertebrates.[26] Classically, the interaction of excess H,S with both hemoglobin and
myoglobin under aerobic conditions is known to involve formation of sulthemes.[27] The
sulthemes feature a modified protoporphyrin ring that contains a dihydrothiophene unit that
results from insertion of sulfur into the backbone substituents of the pyrrole group.[28-31]
Binding of hydrogen sulfide to the iron center of heme proteins without modification of the
porphyrin ring has also been observed in several organisms. Coordination of H,S to the iron
center of cyctochrome ¢ oxidase has been proposed as a means of inducing a hybernative state in
mice,[32, 33] and binding of H,S to Hemoglobin I of the bivalve mollusk Lucina pectinata is the

primary means through which the clam transports the molecule for metabolism by its symbiotic



bacteria.[34-37] In all cases, model studies with synthetic iron porphyrinates would help clarify

the intricacies of hydrogen sulfide coordination chemistry at heme centers.[38§]

Hydrogen sulfide exists in a 3:1 ratio of HS :H,S at a physiological pH of 7.4 allowing for
the possibility of both species to act as potential ligands.[39] Even when considering both
species, however, reports of well-characterized transition metal complexes containing H,S (n = 1
or 2) are rare.[40-45] Even more scarce are examples involving metalloporphyrinates. Scheidt
reported an early example of a hydrosulfide complex of an iron(IIl) porphyrinate,[46] although
later work has questioned the identity of the iron(Ill) species.[47] Holm has also reported
observing a 5-coordinate iron(Ill) hydrosulfide, [Fe(SH)(OEP)] (OEP = dianion of
octaethylporphine), as an unstable intermediate during the reaction of [Fey(OEP),(«-O)] with
H;,S (g).[48] In similar fashion, our group identified the related species, [Fe(SH)(TMP)] (TMP =
dianion of tetramesitylporphine), upon the treatment of [Fe(OH)(TMP)]-H,O with H,S (g).[49]
Beyond these examples from iron chemistry, we have also recently described the first example of
a gallium hydrosulfide complex, [Ga(SH)(TPP)], which serves as a structural model for the
putative iron(Ill) species.[50] A Mn(Ill) example containing a related tetraazaporphyrinate
ligand, [Mn(SH)(OESPZ)] (OESPZ = dianion of octakis(ethylsulfanyl)tetraazaporphine), has
also been reported.[51]

More recently, several groups have investigated the chemistry of synthetic iron(Il)
porphyrinates with the hydrosulfide ion. Scheidt’s initial report in 2010 provided the first
structural information and formation constants (K, for adducts of HS with iron(Il)
porphyrinates.[52] The work also proposed the existence of a bis-hydrosulfide adduct to account
for changes observed in the electronic absorbance spectra during titration experiments with HS .

Subsequent work by the groups of Coleman, Nasri, and Pluth with picket fence porphyrinates



also identified and quantified the binding of the hydrosulfide ion to iron(II).[53-55] Notably,
Pluth and coworkers established that only 1:1 binding occurs with iron(II) porphyrinates and that
the presence of coordinating solvents such as DMF or additional ligands such as N-
methylimidazole does not alter the binding of the hydrosulfide ion. Furthermore, their results
demonstrated that only HS and not H,S nor Sg is capable of binding to iron(Il) porphyrinates.
Work with a water-soluble model complex has generated similar results,[56] suggesting a

proclivity for heme iron(II) centers to form five-coordinate adducts with the hydrosulfide ion.

Despite the growing body of literature concerning the interaction of H,S and its derivatives
with heme iron, no robust procedure for the synthesis of hydrosulfide adducts of iron(Il) or
iron(Ill) has been put forward. The ability to isolate such adducts is highly desirable, as it
permits additional reactivity studies to be performed with other biologically relevant small
molecules that may demonstrate important interplay with H,S. With this motivation in mind, we
have investigated the binding of HS with three synthetic iron(Il) porphyrinates utilizing the
TPP, TMP and FgTPP ligands (Chart 1). Importantly, we have demonstrated that hydrosulfide
adducts of these simple meso-tetraarylporphyrinates can be prepared in solution and even

isolated in reproducible fashion for the parent ligand, TPP.

Chart 1. meso-Tetraarylporphyrinates used in this study.
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Ry =R, =Me, TMP
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Results and Discussion

Solution binding studies

Although the binding of the hydrosulfide ion to iron(Il) porphyrins has been examined
previously, no general trends have been put forward relating the formation constants to the
substitution pattern about the porphyrin macrocycle. We therefore set out to repeat the binding
studies of HS with a series of iron(Il) porphyrinates containing structurally related, but
electronically distinct porphyrin ligands (Chart 1). In addition, we chose to utilize the soluble,
well-defined tetrabutylammonium hydrosulfide (BusNSH) as the source of the HS ion.[57]
Solutions of [Fe(TPP)] were titrated with BuyNSH in THF under the rigorous exclusion of
oxygen and monitored by UV-vis spectroscopy. In contrast to previous studies, we chose to
focus on spectral changes occurring in the Q-band region of the absorption spectrum. The Q-
bands were selected for monitoring in this study because they appeared more sensitive to
changes in hydrosulfide ligation than the Soret transition. Upon introduction of BusNSH to
[Fe(TPP)], diminution of the Q-band absorbance at 540 nm was accompanied by the growth of
two new absorbances at 582 and 625 nm. This transformation is consistent with an A — B

process complete with well-anchored isosbestic points (Figure 1).
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Figure 1. Electronic absorption spectrum of [Fe(TPP)] in THF (blue) showing the changes observed in the Q-band
region of the spectrum upon successive addition of BuyNSH (gray lines represent 0.4 equivalent increments). The
final spectrum (red) is that of (BuyN)[Fe(SH)(TPP)].

The spectroscopic changes displayed in Figure 1 are assigned to the formation of the five-
coordinate adduct, (BusN)[Fe(SH)(TPP)] (equation 1). Additional equivalents of BusNSH did
not lead to any further changes in the absorbance spectrum. The observation of new bands at 582
and 625 nm is consistent with related studies employing synthetic porphyrinates,[52, 54] and
demonstrates that the hydrosulfide ion binds to [Fe(TPP)] in a 1:1 stoichiometry. The titration
data was fit to a strong binding model (see Supporting Information), yielding a logKy value of

5.3(2) for an average of three experiments. This value indicates relatively strong binding of the



HS ion, and is comparable to the value of 4.8(2) obtained by Pluth for the N-methylimidazole
(N-Melm) ligated analog, [Fe(N-Melm),(TPP)].[54] The higher value obtained in this work most

likely reflects the absence of competitive binding by N-Melm (vida infra).

The iron(II) complex containing tetramesitylporphyrin, [Fe(TMP)], was next examined to
probe the effects of incorporating electron-donating groups into the meso substituents. Our initial
hypothesis was that the more electron-rich ligand would result in weaker binding of the
hydrosulfide ion as compared to [Fe(TPP)]. Titration of [Fe(TMP)] with BuyNSH again
produced changes to the electronic absorption spectrum consistent with an A — B process
accompanied by spectral features resembling those observed with [Fe(TPP)]. As predicted, a
larger concentration of BuyNSH was required to observe complete formation of [Fe(SH)(TMP] .
Fitting the data to a strong binding model afforded a logK, value of 2.6(2), substantially less than
that found for [Fe(TPP)]. Therefore, we conclude that the more electron-rich nature of

[Fe(TMP)] results in weaker binding of HS .

To complement the binding studies with [Fe(TPP)] and [Fe(TMP)], we also investigated the
binding of hydrosulfide to the iron(II) complex containing the electron-withdrawing FsTPP
ligand. We expected to observe higher affinity for hydrosulfide in line with the enhanced Lewis
acidity of the iron center in [Fe(FsTPP)] as has been observed with imidazole binding to the
nitrosyl analog.[58] In contrast to the previous titration experiments, however, the binding of
HS to [Fe(FsTPP)] was not found to follow an A — B process. Absorbance changes in THF did
not resemble those observed with [Fe(TPP)] and [Fe(TMP)] until more than one equivalent of
BwNSH was added to [Fe(FsTPP)]. This behavior precluded determination of an accurate K
value for [Fe(SH)(FsTPP)] , and suggested that an intermediate species was forming prior to the

five-coordinate adduct. NMR data for this intermediate species (vida infra) are consistent with a



bimetallic bridged-hydrosulfide species (equation 2). The formation of such a species
conceivably results from the pronounced affinity of the iron(Il) center in [Fe(FsTPP)] for axial
ligands. Capture of free [Fe(FsTPP)] by sub-stoichiometric quantities of [Fe(SH)(FsTPP)]
formed during the initial phase of the titration results in formation of the bimetallic complex.
Only after addition of excess hydrosulfide does the bimetallic complex then evolve to the

expected five-coordinate adduct.

ArF,
ArF Bu,4NSH

2 ~

ArF THF

2)

ArF AI’F = 2,6'F2C6H3

In order to provide further evidence for the equilibrium in equation 2, the reaction between
[Fe(FsTPP)] and Buy;NSH was followed by 'H NMR spectroscopy. Figure 2 displays the spectral
changes that accompany addition of increasing equivalents of BusNSH to a solution of
[Fe(FsTPP)] in a mixture of benzene-ds and dichloromethane-d,. As is clear from the spectra, a
new species with a pyrrolic resonance at 37 ppm appears immediately upon addition of 0.5
equivalents of BusNSH. This species continues to gain intensity until it maximizes at 2
equivalents of added BusNSH. At this point, resonances for [Fe(FgTPP)] are no longer apparent.
Upon addition of further equivalents of BusNSH, a new pyrrolic resonance at 54 ppm appears.
The downfield resonance at 54 ppm is consistent with the five-coordinate adduct,
[Fe(SH)(FsTPP)] , and its sequential formation supports the proposal that the species at 37 ppm

corresponds to an intermediate. The remaining spectral features of the intermediate species are



consistent with a five-coordinate complex (vide infra) leading us to favor its formulation as

[Fex(u-SH)(FsTPP),] .

[Fez(P)z(F'SH)]_

: [Fe(P)(SH)I-
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Figure 2. 500 MHz 'H NMR spectra resulting from the successive addition of BuyNSH to [Fe(FsTPP)]-THF in a
mixture of benzene-dy(s) and dichloromethane-d,(s). Inset displays an expanded view of the region between 3 and
15 ppm. Crosses denote resonances due to THF.
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Results from binding studies with the three iron(II) porphyrinate species demonstrate that
electronic effects from the porphyrin ligand can influence the thermodynamics of hydrosulfide
coordination. Electron-withdrawing porphyrin ligands appear to increase the affinity for HS as
evidenced by the observation of the putative bimetallic species [Fe(u-SH)(FsTPP),] (Equation
2). Formation constants for [Fe(SH)(TPP)] and [Fe(SH)(TMP)] determined in the present study
are displayed in Table 1 along with results from previous studies. Also included in Table 1 are
logK; values for other small molecule ligands relevant to the biological chemistry of heme
centers. These data demonstrate that the hydrosulfide 1on binds to iron(II) centers with an affinity

comparable to that of carbon monoxide and imidazole.

Table 1. Formation constants (in logK, form) for hydrosulfide and other adducts of iron(II) porphyrinates.

Complex logK; Reference
[Fe(SH)(TPP)] 5.3(2) This work
[Fe(SH)(TPP)] 4.3(2)" 54
[Fe(SH)(TMP)]| 2.6(2) This work
[Fe(SH)(TMP)| 4.6(7) 52
[Fe(SH)(TAP)] 4.7(4) 52
[Fe(SH)(OEP)] 5.0(2) 52

HbI-SH from L. pectinata 4.7 37
HS-hemeCD3 4.9 56
[Fe(NO)(TPP)] >9° [59]
[Fe(CO)(TPP)] 4.83(2) [60]

[Fe(1,2-Me,Im)(TPP)] 4.43(5) [61]

“Prepared from [Fe(N-Melm),(TPP)]. "Value estimated from the rate constant for the forward
reaction of [Fe(TPP)] with NO(g).

Preparation, isolation, and characterization of hydrosulfide adducts
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Having quantified the binding of HS to several iron(II) porphyrinates, we next sought to
isolate and fully characterize the hydrosulfide adducts. Scheidt has reported the isolation and
solid state structure of several [Fe(SH)(P)] species, however, these compounds required
extended crystallization times to afford solid material, and were paired with the somewhat
inconvenient cation, [Na(222)]" (222 = Kryptofix-222).[52] We were therefore motivated to
develop a straightforward, robust preparative procedure for complexes of the type
(BusN)[Fe(SH)(P)]. Gratifyingly, we found that treatment of [Fe(TPP)] with an excess of
BusNSH (~4 equivalents) afforded the desired hydrosulfide complex in yields of up to 90% after
crystallization from a mixture of benzene and pentane. 'H NMR spectra of isolated
(BusN)[Fe(SH)(TPP)] in benzene-ds display a resonance for the pyrrolic hydrogen atoms near 59
ppm, consistent with a five-coordinate high-spin iron(II) porphyrinate (see Supporting
Information).[54] Resonances for the hydrogen atoms of the BusN" cation are located at negative
chemical shift values, indicating tight ion pairing with the paramagnetic iron complex in
benzene. Spectra recorded in acetonitrile-d; display similar chemical shift values for the
[Fe(SH)(TPP)]™ anion, however the hydrogen atoms of the BusN" cation now appear closer to
their range in diamagnetic salts demonstrating that weaker ion pairing occurs in more polar
solvents. The resonance for the hydrogen atom of the coordinated HS ligand cannot be observed
by 'H NMR nor can a fundamental for the S-H stretch be identified by infrared spectroscopy.
Attempts to subject crystals of (BusN)[Fe(SH)(TPP)] to X-ray diffraction experiments produced
data that was too poor for high quality refinement. Nonetheless, the connectivity of the atoms
within crystals of (BusN)[Fe(SH)(TPP)]-2C¢Hs could be established unambiguously and

confirmed the molecular structure (see Supporting Information).
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Preparation of the hydrosulfide adducts containing the TMP and FsTPP ligands proved more
challenging than that of TPP. Formation of BusN[Fe(SH)(TMP)] was verified by 'H NMR
spectroscopy in acetonitrile from the reaction of [Fe(TMP)] with 2.5 equivalents of BusNSH (see
Supporting Information). Isolation of pure (BusN)[Fe(SH)(TMP)], however, was unsuccessful
most likely as a consequence of the weaker binding affinity of hydrosulfide to [Fe(TMP)] (Table

1). Attempts to crystalize the material resulted in recovery of BuyNSH and [Fe(TMP)].

In the case of [Fe(FsTPP)], we first targeted the putative bimetallic species, (BusN)[Fex(u-
SH)(FsTPP),]. Addition of BusNSH to [Fe(FsTPP)] in several organic solvents demonstrated that
dichloromethane gave the highest yields of the bimetallic species (Figure 2). Reactions
conducted in THF or acetonitrile lead primarily to formation of the monometallic adduct,
(BusN)[Fe(SH)(FsTPP)], perhaps as a consequence of weaker ion pairing. Accordingly, we were
able to isolate (BusN)[Fe,(u-SH)(FsTPP);] from reactions in dichloromethane employing 1.5
equivalents of BuyNSH. Material obtained from these conditions displayed relatively clean 'H
and '’F NMR spectra consistent with a five-coordinate species (see Supporting Information). For
example, inequivalent resonances for the mefa-hydrogen atoms of the meso-difluorophenyl rings
were apparent, as were two distinct resonances for the ortho-fluorine atoms. The monometallic
complex, BusN[Fe(SH)(FsTPP)], could be obtained using 2 or more equivalents of BusNSH in
THF or acetonitrile. The NMR and UV-vis features of the complex were very similar to those of

[Fe(SH)(TPP)] and [Fe(SH)(TMP)] (see Supporting Information).

Attempts to grow crystals of (BusN)[Fe(«-SH)(FsTPP),] from mixtures of dichloromethane
and pentane suitable for X-ray diffraction resulted in crystals of the monometallic adduct,
(BusN)[Fe(SH)(FsTPP)]-3CH,Cl,. The structure of (BusN)[Fe(SH)(FsTPP)] is displayed in

Figure 3. The Fe(1)-S(1) distance of 2.3229(10) A is comparable to the value of 2.3887(13) A

13



reported by Scheidt for [Na(222)][Fe(SH)(TAP)].[52] The slightly contracted Fe-S bond length
is consistent with the more electron-withdrawing nature of FsTPP ligand. The closest contacts
between the BuyN" cation and the iron complex occur between S(1) and the hydrogen atoms
connected to C(49) (2.630 A) and C(53) (2.754 A). There is also a short contact of 2.557 A
between the hydrogen atom of a co-crystallized dichloromethane molecule and S(1), suggesting
the presence of hydrogen bonding in the crystal (see Supporting Information). The remaining
metric parameters of note (see caption to Figure 3) are in line with those of other five-coordinate

iron(Il) porphyrinates.[62]
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Figure 3. Thermal ellipsoid (50%) rendering of the solid-state structure of (BuyN)[Fe(SH)(FsTPP)]. Hydrogen
atoms and co-crystallized molecules of CH,Cl, omitted for clarity. Selected bond distances (A) and angles (deg):
Fe(1)-S(1) = 2.3229(10), Fe(1)-Naye = 2.114(3), AN, = 0.525(4), (N-Fe-N),y, = 86.46(11).

Electrochemistry of (Bu,N)[Fe(SH)(TPP)]

Successful isolation of (BusN)[Fe(SH)(TPP)] afforded the opportunity to examine its
electrochemistry. Of particular interest is the position of the iron(II)/iron(III) couple, which gives
information about the reductive stability of the corresponding iron(Ill) hydrosulfide. The cyclic
voltammogram of (BusN)[Fe(SH)(TPP)] in dichloromethane is displayed in Figure 4. The

/11

complex shows a reversible Fe™ couple centered at —0.832 V versus ferrocene/ferrocenium.

This value is surprisingly high (more positive) given the relatively low pK, of H,S. For

i couple for [Fe(SSi'Pr;)(TPP)], which bears the more electron-donating

comparison, the Fe
silanethiolate ligand, is found at —1.15 V.[49] The relatively high potential for the Fe""™" couple
of (BusN)[Fe(SH)(TPP)] indicates that the corresponding iron(IIl) hydrosulfide complex,
[Fe(SH)(TPP)], is more thermodynamically unstable with respect to reduction than iron(III)
porphyrinates containing thiolate ligands. This fact, coupled with the likely kinetic instability of
[Fe(SH)(TPP)] attributable to the small size of the HS ligand, explains why prior attempts to
prepare the iron(Ill) hydrosulfide complex by ourselves and others have resulted in reduction to

iron(Il). Despite this apparent instability, evidence with heme proteins suggests that the Fe(III)

oxidation state may play an important role in the binding of the hydrosulfide ion in vivo.[38]
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Figure 4. Region of the cyclic voltammogram of (BuyN)[Fe(SH)(TPP)] displaying the reversible iron(II)/iron(I1I)
couple. Experiment was performed at a Pt disk electrode in dichloromethane at 50 mV/s scan rate with 0.1 M
Bu,NPF; as supporting electrolyte.

Reaction chemistry

As a final component to our investigations of hydrosulfide adducts of iron(II) porphyrinates
we surveyed the reaction chemistry of (BusN)[Fe(SH)(TPP)] with a series of biologically-
relevant small molecules. We first examined the one-electron oxidation of (BuyN)[Fe(SH)(TPP)]
using [CpsFe](BF4) (equation 3). The reaction was carried out at low concentrations to deter the
potential for bimolecular decomposition of a putative iron(Ill) hydrosulfide species. At
concentrations of 8 or 80 uM, addition of [Cp,Fe](BF4) to (BusN)[Fe(SH)(TPP)] in acetonitrile
resulted in immediate formation of the iron(Il) complex, [Fe(NCCHj3),(TPP)] as judged by UV-
vis spectroscopy. This result is consistent with prior attempts to isolate a hydrosulfide complex
of an iron(IIl) porphyrinate and confirms the instability of putative [Fe(SH)(TPP)].[48, 49] The
fate of the hydrosulfide ligand is not known at this time, but disulfide or persulfide species such

as HSSH are likely involved in the iron(III) reduction process.[63]
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In an effort to create a model for a heme site containing both hydrosulfide and histidine
coordination, we next examined the reaction of (BusN)[Fe(SH)(TPP)] with 1,2-
dimethylimidazole (1,2-Me,Im). 1,2-Me,Im was selected for its inability to form a six-coordinate
bis-imidazole adduct as can be observed with N-methylimidazole.[64] Upon addition of 1,2-
Me,Im to solutions of (BusN)[Fe(SH)(TPP)] in tetrahydrofuran or acetonitrile, no evidence was
found for formation of a six-coordinate complex of the form (BuyN)[Fe(SH)(1,2-Me,Im)(TPP)]
by either NMR or UV-vis spectroscopy (see Supporting Information). Instead, 1,2-Me,Im was
found to partially displace the hydrosulfide ligand. This behavior is consistent with establishment
of an equilibrium between two five-coordinate adducts as shown in equation 4. The position of
this equilibrium is determined by the relative binding affinities of the HS and 1,2-Me,Im
ligands (Table 1). Consistent with this proposal, addition of a large excess of 1,2-Me,Im to

(BusN)[Fe(SH)(TPP)] resulted in complete formation of [Fe(1,2-Me,Im)(TPP)].

Bu,NSH
THF or CH5;CN

17



The interplay of H,S and nitric oxide has been proposed to result in formation of other
biologically important small molecules such as HSNO.[65] In order to assay the potential for
such reactivity with (BuyN)[Fe(SH)(TPP)], we turned our attention to nitric oxide. Introduction
of 1 atm of NO(g) to a solution of (BusN)[Fe(SH)(TPP)] in benzene-ds was found to lead to
complete consumption of the hydrosulfide complex and formation of the ferrous nitrosyl,
[Fe(NO)(TPP)], as judged by 'H NMR spectroscopy. This finding is not surprising given the
affinities of hydrosulfide versus nitric oxide (Table 1). Examining the reverse reaction, addition
of large excesses of BuuNSH (>20 equivalents) to [Fe(NO)(TPP)] in THF was found to result in
UV-vis signatures consistent with (BusN)[Fe(SH)(TPP)]. Therefore, the chemistry between NO

and [Fe(SH)(TPP)] is best regarded as an equilibrium that lies almost entirely toward the

nitrosyl (equation 5).

NOg)

Bu,NSH
THF

Conclusions

In this contribution, we have described the synthesis, reactivity, and binding behavior of
several hydrosulfide adducts of the type [Fe(SH)(P)] (P = meso-tetraarylporphyrinate). The
structural and spectroscopic features of each complex are consistent with five-coordinate high-
spin iron(Il) centers. The binding affinities of HS to the different iron(II) porphyrinates reflect
the electronic properties of the ligand and demonstrate that substituents on the meso-aryl rings of

the porphyrin can play an important role in shaping the thermodynamics of hydrosulfide
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coordination. This fact was most apparent for the electron-withdrawing FsTPP ligand, where an
intermediate  species assigned as [Fey(u-SH)(FsTPP),] was detected en route to
[Fe(SH)(FsTPP)] . Thus, we expect that subtle effects such as heme pocket polarity and
peripheral interactions with surrounding amino acid residues may be important components of

the interaction between hydrosulfide and heme proteins in biological systems.
Experimental

General Comments. Unless otherwise noted, all manipulations were performed under an
atmosphere of nitrogen gas using standard Schlenk techniques or in a Vacuum Atmospheres
glovebox. Tetrahydrofuran, diethyl ether, pentane, dichloromethane, and toluene were purified
by sparging with argon and passage through two columns packed with 4 A molecular sieves.
Benzene-ds was dried over sodium ketyl and vacuum-distilled prior to use. Dichloromethane-d,
and acetonitrile-d; were sparged with nitrogen and stored over 4 A molecular sieves prior to use.
'H NMR spectra were recorded on Varian spectrometer operating at 500 MHz ('H) and
referenced to the residual protium resonance of the solvent. °F NMR spectra were obtained on
the same spectrometer at 470 MHz and referenced externally to 1,2-difluorotetrachloroethane (6
= —67.80 ppm vs CFCl;). UV-vis spectra were recorded on a Cary-60 spectrophotometer in air-
tight Teflon-capped quartz cells. Cyclic voltammetry was performed at 23 °C on a CH
Instruments 620D electrochemical workstation. A 3-electrode set-up was employed comprising a
I mm platinum disk working electrode, a platinum wire auxiliary electrode, and a Ag/AgCl
quasi-reference electrode. Triply recrystallized BusNPF¢ was used as the supporting electrolyte.
All electrochemical data were referenced internally to the ferrocene/ferrocenium couple at 0.00
V. Elemental analyses were performed by the CENTC Elemental Analysis Facility at the

University of Rochester.
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Materials. Metalloporphyrins [Fe"(TPP)], [Fe'(TMP)], and [Fe'"(FsTPP)] were prepared by
literature procedures or slight modifications thereof.[66, 67] In most cases, the iron(Il)
porphyrinates contained residual THF, which was quantified by '"H NMR spectroscopy and
accounted for in subsequent spectroscopic experiments. BusNSH was prepared as published.[57]
NO gas was purified by bubbling through 10 M NaOH (agq) then collected from the headspace of
the solution. Ferrocenium tetrafluoroborate and 1,2-dimethylimidazole were purchased from

commercial suppliers and used as received.

X-ray Crystallography. Crystals suitable for X-ray diffraction were mounted in Paratone oil
onto a glass fiber and frozen under a nitrogen cold stream. The data were collected at 98(2) K
using a Rigaku AFC12/Saturn 724 CCD fitted with Mo Ka radiation (A = 0.71073 A). Data
collection and unit cell refinement were performed using Crystal Clear software.[68] Data
processing and absorption correction, giving minimum and maximum transmission factors, were
accomplished with Crystal Clear and ABSCOR,[69] respectively. All structures were solved by
direct methods and refined on F* using full-matrix, least-squares techniques with SHELXL-
97.[70] All carbon bound hydrogen atom positions were determined by geometry and refined by
a riding model. The position of the sulfur-bound hydrogen atom in (BusN)[Fe(SH)(FsTPP)]
could not be identified from the electron density map and was not included in the structure

refinement.

(BusN)[Fe(SH)(TPP)]. To 5 mL of THF was added 25.9 mg (38.7 umol) of [Fe"(TPP)] and 46
mg (170 umol, 4.3 equivalents) of BuuNSH. The solution was stirred for 12 hrs at 23 °C during
which time the dark red solution acquired a green tint. The THF was evacuated under reduced
pressure and the remaining residue was extracted into 5 mL of toluene and filtered to remove

excess BusNSH. The toluene solution was then concentrated to dryness and the crude compound
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crystallized from a 2:1 mixture of benzene and pentane at ambient temperature to afford the
desired compound as 32.9 mg (90%) of dark red-green needles. Note that failure to crystallize
the crude product results in a tar like substance that is difficult to work with. 'H NMR(C¢Dg): 0
59.1 (8 pyr-H), 11.3 (4 o-ArH), 9.0 (4 m-ArH), 8.0 (4 o-ArH), 7.8 (4 m-ArH), 7.7 (4 p-ArH),
—0.75 (12 BuyN-CH3), —1.5 (8 BuN-CH,), —4.2 (8 BuN-CH,), —7.2 (8 BuyN-CH,). UV—vis
Amaxs DM (g, M~ em™'): 415 (122,000), 451 (49,000), 537 (6700), 582 (8100), 625 (6800). Anal.

Calc. for CqoHgsFeNsS-H,O: C, 74.90; H, 7.02; N, 7.28. Found: C, 74.52; H, 7.24; N, 7.07.

(BuyN)[Fe(SH)(TMP)]. To 3 mL of THF was added 26.1 mg (31.2 umol) of [FeH(TMP)] and
19.9 mg (72.2 umol, 2.3 equivalents) of BusNSH. The solution was stirred for 12 hrs at 23 °C
after which time the THF was evacuated to dryness affording the crude compound in essentially
quantitative recovery as a red solid containing excess BusNSH. '"H NMR(CD;CN): & 54.15 (8
pyr-H), 9.23 (4 m-ArH), 8.36 (4 m-ArH), 4.40 (12 0-CHs»), 3.23 (12 p-CHj3), 3.08 (BuyN-CH,),
1.83 (8 0-CH3), 1.60 (BusN-CH,), 1.35 (BusN-CH,), 0.97 (BusN-CHz). UV—Vis Amay, nm (g, M

em'): 416 (114,000), 455 (40,600), 538 (6800), 583 (7300), 627 (5400).

(BusN)[Fe(SH)(FsTPP)]. To 5 mL of THF was added 25.3 mg (31.1 umol) of [Fe'(FsTPP)]
and 17.6 mg (63.9 umol, 2.1 equivalents) of BU4NSH. The solution was stirred for 12 hrs at 23
°C. Pentane was added to the THF solution to precipitate the desired compound in essentially
quantitative recovery as a crude solid containing excess BusNSH. Crystals suitable for X-ray
diffraction were grown by vapor diffusion of pentane into a saturated CH,Cl, solution of the
complex. 'H NMR(CD;CN): & 56.91 (8 pyr-H), 9.36 (4 m-ArH), 8.57 (4 m-ArH), 8.31 (4 p-
ArH), 2.81 (BU4N-CH,), 1.38 (BU4N-CH,), 1.20 (BU4N-CH,), 0.89 (BU4N-CH;). UV—vis

Amax, T (g, M~ em ™) 412 (111,000), 450 (35,300), 537 (8900), 572 (8600), 614 (3700).
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(BuyN)[(Fex(u-SH)(FsTPP);]. To 5 mL of CH,Cl, was added 24.9 mg (30.6 umol) of
[Fe(FsTPP)] and 12.4 mg (45.0 umol, 1.5 equivalents) of BusNSH. The solution was stirred for
12 hrs at 23 °C, after which time the CH,Cl, was evacuated to dryness to afford the crude
product in essentially quantitative recovery as a red solid. "H NMR(CD,CL): & 36.8 (pyr-H), 8.8
(m-ArH), 8.5 (m-ArH), 7.9 (p-ArH), 0.13 (BuuN-CH3), —0.50 (BusN-CH>), —1.3 (BuyN-CH>),

~1.7 (BusN-CH). "°F NMR(CD:CL,): —98.0, —101.7.

Binding Studies. All binding studies were performed in anhydrous, deoxygenated THF. In the
case of [Fe(TMP)] toluene was used to prepare initial stock solutions of the metal complex due
to solubility issues with THF. Subsequent dilutions were performed with THF to ensure that the
presence of small amounts of toluene was negligible. The presence of even trace amounts of
oxygen was found to lead to irreproducible results due to competitive oxidation of iron(Il). This
precaution was most important for experiments with [Fe(TMP)], which is highly susceptible to
oxidation. Solutions of iron(Il) porphyrinates were prepared at concentrations around 85 uM to
give appropriate absorbances for peaks in the O-band region. Stock solutions of BuyNSH in THF
were prepared such that 1.0 mL portions corresponded to 0.40 equivalents or 1.0 equivalents per
iron center. Solutions of the iron porphyrinate and BusNSH were combined in a 10.0 mL
volumetric flasks and brought to volume with THF to ensure that all titration points contained
the same concentration of iron. The mixture of iron porphyrinate and BusNSH was allowed to
stand for 5 minutes in the glovebox prior to sampling to ensure that equilibrium had been
established. The sample was then transferred to an air-tight cuvette and sealed with a Teflon cap
before bringing outside the glovebox for analysis by UV-vis spectroscopy. Formation constants
were determined form a strong binding model by fitting the titration data using KaleidaGraph

(see Supporting Information).
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TABLE OF ABBREVIATIONS

TPP - meso-tetraphenylporphyrinate

TMP - meso-tetramesitylporphyrinate

FsTPP - meso-tetrakis-(2,6-difluorophenyl)porphyrinate
TAP - meso-tetrakis-(4-anisyl)porphyrinate

OEP - octaethylporphyrinate

1,2-Me,Im - 1,2-dimethylimidazole.

Supporting Information. Additional spectra, figures, and crystallographic information

including crystallographic information files (in .cif format).
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The binding and reactivity of hydrosulfide complexes of iron(Il) porphyrinates is described.
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Synthesis, Characterization, and Binding Affinity of
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Highlights

¢ Binding constants of HS to several iron(II) porphyrinates are quantified.
e A robust synthetic procedure for a hydrosulfide complex is reported.
e Reactivity of the HS™ complex with biologically-relevant small molecules.

e A unique hydrosulfide-bridged diiron porphyrinate is described.
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