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Abstract

Sulfur-based ligands are wversatile donors that play important roles in a wide array of
subdisciplines of inorganic chemistry including organometallic chemistry, bioinorganic chemistry,
and cluster science. Despite the breadth of compounds containing sulfur-based ligands, those
containing the simplest mercapto group, hydrosulfide ion (HS™), are significantly less developed.
The acceptance of H2S/HS- as important biological signaling compounds during the last decade
have engendered a renewed interest in the chemistry of H2S and the hydrosulfide ion. Bioinorganic
reactivity of hydrosulfide, however, is only one aspect of its fascinating chemistry, much of which
revolves around its interactions with transition metal ions. The coordination of HS™ to d-block
elements produces a unique class of substances that differ in significant ways from more
ubiquitous metal thiolates. This review examines the preparation, structure, spectroscopy, and
reactivity of such compounds and the roles they play across several fields of chemistry including

biological, organometallic, and coordination chemistry
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1. Introduction

The chemistry of thiolate ligands has occupied a central place in the consciousness of
coordination chemists from the very earliest days of the field.1> These versatile ligands find
numerous roles across the subdisciplines of inorganic chemistry from organometallics and
bioinorganic chemistry, to cluster science. Yet despite the wealth of compounds reported to date
featuring thiolate ligands, those containing the simplest sulfhydryl group, hydrosulfide ion (HS"),
have been mostly relegated to the status of curiosities. The lack of prominence of the hydrosulfide
jon in inorganic chemistry is especially surprising given that its lighter congener, hydroxide (HO"),
is among the most commonly encountered ligands in coordination complexes. Challenges
associated with manipulating HS™ account in large part for this discrepancy. Unlike hydroxide, the
conjugate acid of hydrosulfide, H2S, is a toxic gas and not a component of typical reaction milieus.
Moreover, the ability of sulfur to catenate provides a myriad of decomposition pathways for
hydrosulfide complexes that are not relevant in the chemistry of hydroxide. In addition,
monometallic metal hydrosulfides often are functional intermediates en route to formation of
multimetallic sulfide-bridged complexes, which further complicates isolation and characterization
in non-equilibrium mixtures. In many cases, the use of sterically- hindered ligands has enabled the
formation of otherwise unisolable complexes. These challenges notwithstanding, the coordination
chemistry of hydrosulfide ion and related hydropolysulfides (HSn™) has played an important, albeit
underappreciated, role in the development of several areas of molecular science. Recently,
renewed focus has been cast on the chemistry of hydrosulfide ion and related small sulfur-
containing molecules as the importance of H2S as a physiological signaling agent has gained
attention.5-12 Biological roles for the hydrosulfide ion, however, encompass only one aspect of its

fascinating chemistry. By in large, this chemistry has revolved around its interactions with
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transition metal ions. The coordination of HS™ to d-block elements produces a unique class of
substances that differ in significant ways from more ubiquitous metal thiolates. This review will
examine the preparation, structure, spectroscopy, and reactivity of such compounds and the roles
they play across several fields of chemistry.

Transition metal hydrosulfide complexes are defined as those substances possessing at least
one ligand of formula HS™. They can be distinguished from metal thiolates and metal sulfides by
the presence of a hydrogen atom on sulfur. In the present review, we have elected to focus on
examples of these compounds that have been isolated and characterized unambiguously, ideally
through structural means, with particular emphasis on identification of the sulfur-bound H atom.
We also pay mind to complexes of hydrogen sulfide (H2S), as these species share many of the
same features as their hydrosulfide counterparts. Not covered here are species generated transiently
in the gas phase or in low-temperature matrices. We note that this field was reviewed previously
nearly two decades ago in a pair of articles published in 2001.13 14 Since that time, several other
reviews have appeared which tangentially cover specific aspects of hydrosulfide complexes.®: 15 16
However, no comprehensive treatment of this area has appeared in the intervening 19 years to
account for new developments in the field and highlight the common themes encountered in the
chemistry of this unique class of ligands. In the following contribution, we have elected to organize
the review not by element, but instead by the roles played by transition metal hydrosulfide

complexes in different areas of chemistry.

1. Definition and Basic Properties of Sulfur, HzS, and Hydrosulfide Ligands.
Sulfur is the 10th most abundant element in the universe and 15" most abundant element in

Earth’s outer crust.l” When comparing basic physical properties, sulfur is more polarizable than
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oxygen, larger (covalent radius: 106 versus 66 pm), and less electronegative (2.58 versus 3.44;
Pauling electronegativity scale).1® Sulfur has a wide range of accessible oxidation states, ranging
from —2 in thiols and H2S to +6 in sulfate. In its reduced S state, sulfur commonly forms bonds
with hydrogen, carbon, or electropositive metals to form thioethers, thiols/H2S, or metal sulfides,
respectively. Hydrosulfide has a concerted two-electron reduction potential E°'(HS2-, H*/2HS") of
—0.230 V (versus SHE),1® which is similar to that for cysteine E°'(cystine/cysteine)=—0.245 V.20
The one-electron reduction potential for hydrosulfide E°'(S*-, H*/HS") of +0.92 V2! is also close
to that for cysteine (E°'(RS", H*/RSH) = ~+0.9 V).1? In aqueous solution, H2S acts as a weak acid
(PKa = 6.90 at 25 °C; 6.76 at 37 °C) with the second deprotonation event (HS~ <> S2- + H*) being
inaccessible (pKa = 17-19) under normal biological conditions.?? At physiological pH (7.4 at 37
°C), H2S exists primarily as HS~ (~80%), with the remaining 20% in the diprotic, undissociated
form. Because HS- is the main physiological form of H2S, this anionic protonation state is likely
to affect much of the observed chemical biology of H2S. In aqueous solutions, the distinct
chemistry of H2S versus HS- is often difficult to separate due to the rapid equilibration between
these two protonation states. To combat this challenge, numerous investigations of biomimetic
inorganic compounds in aprotic solvents have used Hz2S or organic-soluble forms of HS-, such as
NBuw:SH,?? to directly probe the differential reactivity.

The bond S-H bond dissociation energy of H2S is 90 kcal/mol, which is similar to the metal-
sulfur bond strength with many transition metals. This similarity can facilitate the thermodynamic
formation metal-sulfur bonds. Moreover, metal sulfides are often highly-insoluble products, with
low Ksp values including MnS (7.0 x 10-1°), FeS (4.0 x 10-1°), NiS (3.0 x 10-2), ZnS (1.6 x 10-23),
CuS (8.0 x 10-%7), and Cu2S (1.2 x 10-4°).24 The nature of these solubility equilibria coupled with

the properties of HzS discussed above contribute to the difficulty in isolating well-defined metal
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hydrosulfide species. Yet these factors also serve to highlight the importance of understanding the

interactions, metals, and ligand environments that facilitate stable metal hydrosulfide formation.

1.2 Binding Modes of HS™.

The hydrosulfide ion is capable of both terminal and bridging binding modes (both x> and u3),
which is similar to many X-type ligands. In all cases, the unambiguous characterization of
hydrosulfide complexes poses a unique challenge given the difficulty in locating H atoms by X-
ray crystallography. This situation is made even more difficult in cases where the complex contains
other ligands capable of protonation (e.g. oxos, sulfidos, etc.) or when the oxidation state of the
metal is ambiguous or not confirmed directly by complementary spectroscopic methods. For
complexes with terminal metal sulfide groups, the metal-sulfur bond distance can help to inform
whether the sulfur donor is acting as a -1 (e.g. M-SH, M-SR) or -2 (e.g M=S) ligand.
Spectroscopic identification of the S-H unit, when possible, is therefore of great importance. For
diamagnetic complexes, the S-H proton resonance appears over a relatively broad chemical shift
range and is dependent on the local environment and charge state of the metal. For paramagnetic
complexes, the location of the hydrosulfide SH is highly dependent on the metal, spin state, and
isotropic  shielding. The S-H bond can also often be observed directly using infrared (IR)
spectroscopy. In metal hydrosulfides, the vsn vibrations typically appear between 2450 — 2650
cnrl. We note, however, that there are many instances in which the M-SH group is characterized
directly by 'H NMR spectroscopy and/or X-ray crystallography, but for which the S-H stretch is
not observed by vibrational spectroscopy. This observation suggests that the S-H vibrational mode

may be coupled to other modes within the metal complex, thereby making IR spectroscopy alone
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insufficient for confirming or excluding the presence of a metal hydrosulfide. Section 4 of this

Review discusses the characterization of metal hydrosulfides in more detail.

1.3 Organization of the Review.

This review is divided into to two main sections, the first of which focuses on the role of
metal hydrosulfides in biological contexts. This section includes a brief discussion of biological
examples of structurally-characterized M-SH interactions. The bulk of this section focuses on
investigations into the generation of biomimetic metal hydrosulfides to understand trends in
reactivity. Also included in this section are transition-metal inspired approaches to sensing
H2S/HS™ through the generation of metal hydrosulfides as an example of pertinent applications of
bioinorganic chemistry. The second section focuses on metal hydrosulfides in organometallic,
coordination, and cluster chemistry. This section highlights the large diversity of transition metal
hydrosulfides and how their chemistry has impacted many areas of inorganic chemistry. The
section begins with a description of hydrosulfide complexes in the context of their roles in the
production and consumption of molecular hydrogen. Relevance to the chemistry of hydrogen
provided much of the early impetus for the study of transition element hydrosulfides given their
resemblance to metal-sulfide surfaces employed for hydrodesulfurization, and the potential to
catalytically generate H> from H2S. The section then goes on to describe the chemistry of
hydrosulfides in organometallic compounds, coordination complexes, and finally in the
preparation and reactivity of metal clusters. The review concludes with a discussion of
characterization methods for metal hydrosulfides and a brief outlook of what lies in store for this

unigque class of compounds.
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2. Metal Hydrosulfides and Related Species in Biology
2.1 Subsection Introduction.

Hydrogen sulfide (H2S) and related reactive sulfur species play important roles in the
geochemistry and evolution of life on Earth. During the “ron-sulfir’ world and prior to
oxygenation of Earth’s atmosphere, H2S was likely a primary energy source for emerging life on
Earth.25>-27 Not only can H.S and other reactive sulfur species provide reducing equivalents for
energy production, but they also likely formed some of the first key structural motifs in the form
of iron-sulfur and other metal-sulfur clusters.?®: 2° Remnants of these early metal-sulfide species
can still be found in contemporary terrestrial biology in which iron and molybdenum sulfides form
important cofactors required for electron transfer reactions in different enzymatic systems. In
addition to serving a likely role in the energy economy of developing life on earth, H2S and related
reactive sulfur species also provided a source of sulfur in the synthesis of emerging biomolecules.
For example, both cysteine and methionine have been detected in products of prebiotic conditions,
including those simulated in Miller’s 1958 experiments.3% 31 Similarly, the atmospheric gas
carbonyl sulfide (COS), which is often generated near geothermal vents and hot springs, has been
implicated in early peptide bond formation between amino acids.32-3* More recently, interest in
biological aspects of H2S has increased significantly after the initial discovery by Kimura that H2S
functions as an endogenous neuromodulator and a series of reports on the ability of H2S to relax
smooth muscle cells.3> Further revitalization was catalyzed by the discovery from Roth that
inhalation of 20-80 ppm of H2S inhalation by mice resulted in a decreased metabolic state, often
described as “suspended animation,” in which the core body temperature, pulse and respiration of

the mouse all decreased substantially, and which could be reversed by reintroduction of oxygen.36
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The high nucleophilicity and metallophilicity of H2S provide a number of mechanisms by
which H2S can exert biological action. Focusing on the interactions of H2S with bioinorganic
transition metal compounds, two primary modes of reaction include reduction and/or sulfur
ligation. Metal reduction by H2S results in sulfide oxidation to HS® and subsequent formation of
oxidized sulfur products, many of which likely result in down-stream signaling processes. As
examples of this reactivity, both free hemin and methemoglobin oxidize H2S to thiosulfate, with
the later example also generating Fe-ligated hydropolysulfides.3”: 38 Similarly, myeloperoxidase
carries out the catalytic oxidation of H2S under aerobic conditions to generate sulfane sulfur
species, which can result in protein persulfidation.3® Complementing these interactions between
H2S and oxygen, metal-mediated sulfide oxidation also likely facilitates crosstalk between reactive
sulfur and nitrogen species.*% 41 For example, the heme mediated sulfide oxidation in mitochondria
has been implicated in catalyzing HNO formation from nitrite and H2S.*2 Complementing these
redox reactions, ligation of H2S or HS- to metals to form stable metal hydrosulfides often results
in reversible or irreversible inhibition of different pathways involving metalloenzymes. One
classic example of this chemistry, key to the above example of H2S-mediated suspended
animation, is irreversible binding of Hz2S cytochrome ¢ oxidase (CcO), the terminal acceptor in the
mitochondrial electron transport chain, and subsequent inhibition.#® These as well as other
mechanisms of action are continuing to emerge and diversify the landscape of biological activity
attributed to H2S and related reactive sulfur species. Rather than focus on these rapidly expanding
roles in contemporary biochemistry, biology, and physiology, we refer the interested reader to a

number of recent reviews on the topic.5-*2

2.2 lron-Sulfur Clusters.
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Iron-sulfur assemblies in Nature comprise key structural and electron-transfer cofactors
required for different biochemical processes.*446  Typically supported by cysteine-rich
coordination environments and bridging sulfide ligands, iron-sulfur assemblies have significant
structural diversity and are readily found in bacteria, archaea, and eukaryotes. Common examples
of iron-sulfur clusters include rubredoxin (CyssFe), various ferredoxins including [Fe2Sz], Rieske,
[FesSa], and [FesSa] cores, as well as higher nuclearity [FesSs], [FesS7], [FesSs], and [Fei16S16]
clusters.4”-52 Iron-sulfur clusters provide structural frameworks and also participate in electron
transfer and redox reactions during which the interconversion between different iron-sulfur
geometric motifs is common.>® Similarly, iron sulfur clusters have been implicated in iron storage
and transport.>* Inspired by the prevalence and importance of protein-bound iron-sulfur clusters,
biomimetic ligand architectures have been used to access iron-sulfur clusters with well-defined
coordination environments in biomimetic compounds. In addition to providing insights into the
stability, reactivity, and redox properties of iron-sulfur motifs, a number of synthetic iron-sulfur
clusters have been prepared that feature terminal hydrosulfide moieties.

2.2.1. [FesS4] Hydrosulfide Complexes. The most simple synthetic analogue of the [FesS4]
ferredoxin core is [FesS4(SH)4]> (1), which was first reported by Miiller and co-workers by
reacting CpFe(CO)2l with H2S in a DMF/MeOH/EtsN solvent mixture under aerobic conditions
(Scheme 1).5° [CpFe(CO)2]2 can also be used as the iron-containing synthon to access
[FesS4(SH)4]% under identical conditions. Although the self-assembly of an [FesSa] core under
aerobic conditions is unusual, the authors highlight the analogous reaction of FeSOa4-7H20O with
H2S in the presence of PPhsBr to yield (PPhs)2[FesS4Brs].%® The isolated (PPhs)2[FesS4(SH)4] is
isostructural to (PPhs)2[FesSaXs] (X = CI, Br) and crystalized in the C2/c space group with a

tetragonal distortion of the [FesSs4] core from the idealized Tq symmetry to Dz2g. The Mdssbauer

10
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parameters (77 K: & = 0.45, AEq = 0.87 mm/s; 4.5 K: & = 0.47, AEq = 1.27 mm/s) are consistent
with the [FesS4]?* oxidation state, and X-ray crystallography confirmed the molecular structure
with mean Fe-SH bond distance of 2.262 A, although terminal S-H hydrogens were not explicitly

refined. Vibrational analysis of [Fe4S4(SH)4]>~ revealed an Fe-S(H) vibration at 342 cnv?.

Scheme 1. Synthesis and hydrosulfide exchange of [FeaSa(SH)4]%.

HS sH 2- EtS, SEt 12
Fe—/-s Fe—fs
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| S—l—Fe
Fe/—S/ el

The same [FesS4(SH)4]% cluster was also prepared by Holm and co-workers in higher yields
by bubbling H2S through a solution of [FesSa(SEt)s]>~ with either PPhs*, NBus*, or PraN*
counterions under anaerobic conditions (Scheme 1).57-59 The resultant [FesSa(SH)4]?~ salts were
characterized by elemental analysis, X-ray crystallography, and also *H NMR spectroscopy, which
revealed the terminal S-H resonance at & = 47.6 ppm. When compared to the earlier [Fe4Sa(SH)4]%~
structure reported by Miiller, X-ray analysis of the PrsN* salt revealed a cubane core structure
closer to Tq symmetry rather than the earlier-reported tetragonally distorted D2g¢ Symmetry. In
efforts to further characterize the [FesSa(SH)4]"~ system, Holm and co-workers also prepared the
more reduced [FesSa(SH)4]*~ cluster (2) by treating [Fe(PEtz)2Ck] with Et4NSH/Na2S in THF to
provide (EtaN)s[FesSs(SH)4]-EuNCI (Scheme 2).5° X-ray analysis of [FesSa(SH)4]*~ revealed a

mean Fe-SH bond distance of 2.317 A, which as expected is longer than the mean 2.262 A in the

11
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one-electron oxidized [FesSa(SH)4]%~. Electrochemical characterization revealed Ei» = —1.08 V
in MeCN for the [FesS4(SH)s]>"3- couple, which matches electrochemical data obtained from
[FesSa(SH)a]>. EPR spectra of [FesS4(SH)4]*~ showed an S = % rhombic pattern at g = 1.92, and
also a S = 3/2 signal at g = 5.26, suggesting the presence of multiple spin states in the frozen DMF
samples. As a whole, these investigations contributed clear bond metrics for the terminal
hydrosulfide analogues in a larger study of [FesSa(SR)4]>~ and [FesSa(SR)a]3~ system, which
demonstrated terminal hydrosulfide (SH) rather than thiolate (SR; R= alkyl, aryl) capping ligands
do not significantly change Fe-S bond metrics of the [FesS4] core. Importantly, these bond metric
analyses were then applied to confirm that exposure of [FesS4(SH)4]> to chlorinated solvents, such
as CH2Ck, resulted in conversion to [FesS4Cl]> (Scheme 1), thus providing an additional metric
to distinguish the otherwise difficult to differentiate S versus Cl atoms in Fe-SH/Fe-Cl cubane

structures.>®

Scheme 2. Synthesis of [FesS4(SH)4]®.

NEt,SH, NapS  sid—rpg”
Fe(PEts),Cly ———»
THF

2.2.2 Site-Differentiated [FesSs] Platforms. In the context of building complexity into the
[FesS4] core, iron sulfur clusters bearing 3-fold symmetric site differentiated ligands have also
been used to access terminal Fe-SH species (Scheme 3). For example, Holm and co-workers
showed that treatment of site differentiated [FesSa(LS3)(SEt)]> with H2S in pyridine or acetone
resulted in formation of the substituted cluster [FesSa(LS3)(SH)]>~ (3), in an equilibrium process

(Keq = 120 + 20 M-L; pyridine, 298 K).80 Further characterization of [FesS4(LS3)(SH)]* revealed a

12
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SH resonance at 8 = 46.5 ppm in the *H NMR spectrum, which is characteristic of a terminal Fe-
SH moiety, and a UV-vis absorbance with Amax = 482 nm (¢ = 9,500 M1 cnr?; MeCN). Mdssbauer
spectroscopy revealed 6 = 0.46 and AEq = 1.15 mm/s (4.2 K) and electrochemical measurements
demonstrated E12 = —1.06 V in MeCN, both of which are similar to the parent [FesS4(SH)s]%~. In
solution, [FesSa(LS3)(SH)]? is in equilibrium with the 1S double cubane, {[FesS4(LS3)]2S}*-, and
free H2S. Double cubane {[FesS4(LS3)]2S}* was characterized by *H NMR spectroscopy, which
showed the disappearance of the characteristic Fe-SH resonance, as well as by Madssbauer
spectroscopy, which revealed parameters of 6 = 0.47 and AEq = 1.15 mm/s, which are similar to
those for [FesSa(LS3)(SH)]?~. Treatment of {[FesSa(LS3)]2S}* with excess H2S resulted in
formation of the parent [FesS4(SH)4]>~ (1) en route to a black, otherwise uncharacterized polymeric
product. All of the above site-differentiated clusters were also characterized by 'H NMR isotropic
shift measurements, which is useful for differentiating otherwise similar iron-sulfur cluster motifs.
Similar generation of site differentiated [FesSa(LS3)(SH)]?>~ species have also been reported with

differentially-substituted tridentate site-differentiated ligands.®!

Scheme 3. Terminal hydrosulfide [FesS4] platforms built on site-differentiated ligands.
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The site differentiated [FesS4(LS3)(SH)]? is also a useful synthon for accessing bridged cubane
structures with both salen and porphyrin-based iron systems (Scheme 4). For example, Holm and
co-workers showed that treatment of [FesS4(LS3)(SH)]?~ with [Fe'!!(salen)]o.O and [NEtsH][HS]
generates the sulfide bridged [FeaSa(LS3)-S-Fe'''(salen)]>-, which was characterized by 1H NMR
and UV-vis spectroscopy (Scheme 4).60 Similarly, treatment of [FesSa(LS3)(SH)]?~ with different
octaethylporphyrin ~ (OEP)  derivatives, including [Fe!"'(OEP)].O, [Fe'"'(OEP)(OMe)]2,
[Fe'''(OEP)(OC(Me)=CH)], and [Fe'""(OEP)(OCIOs3)], generated sulfide bridged [FesSa(LS3)-S-
Fe'''(OEP)]?-, which was characterized by 1H NMR and UV-vis spectroscopy as well as isotropic
shift measurements. Alternatively, the same [FesS4(LS3)-S-Fe!''(OEP)]>~ product can be generated
from treatment of the S2-bridged precursor, {[Fe4Sa(LS3)]2S2}*-, with Fe!'(OEP). Once formed, the
bridged [FesSa(LS3)-S-Fe!''(OEP)]> can be converted to the parent [FeaSa(LS3)(SH)]Z by
treatment with H>S or H2O, with subsequent extrusion of [Fe(OEP)(SH)] and [Fe(OEP)]-0,

respectively.

14
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Scheme 4. Reactivity of [FesSa(LS3)(SH)]?>~ (3) to access salen- and porphyrin-ligated [FesSa]

adducts.
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2.2.3 Heterobimetallic Iron Sulfur Clusters. In addition to [FesS4] systems, mixed-metal
cuboidal site-differentiated [NiFesS4] compounds with terminal hydrosulfide ligands have been
prepared. Using the same tridentate site-differentiated ligand as in 3, Holm and co-workers
demonstrated that treatment of [(PhsP)NiFe3S4(LS3)]*~ with NEtSH in MeCN afforded the ligand
substitution product [(HS)NiFe3Sa(LS3)]*~ (4, Scheme 5).52 The resultant product maintained the
[NiFesS4]** S = 3/2 core and X-ray crystallography revealed a 2.284 A Ni-S bond distance, with
the terminal hydrosulfide ligand disordered over two positions. The S-H resonance was not

observed in the *H NMR spectrum of 4, likely due to the proximity to the Ni center.

Scheme 5. Synthesis of [(HS)NiFe3Sa(LS3)]3~ (4).
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Heterobimetallic iron-sulfur clusters with hydrosulfide ligands have also been prepared using
group VI and V elements ligated by trispyrazolylborate (Tp) ligands.63 64 For example, Holm and
co-workers demonstrated that treatment of [(Tp)MoFesS4(PEts)s]* with three equiv. of NEt4SH
results in a ligand substitution reaction to form [(Tp)MoFe3S4(SH)3]%~ (5), which was characterized
by X-ray crystallography, with Fe-S bond lengths of 2.293(1) A and satisfactory elemental analysis
(Scheme 6). Electrochemical characterization revealed Ei2 = —0.89 V in MeCN. Alternatively,
cluster 5 can also be accessed by reduction of [(Tp)MoFesSa(PEts)s]* with BHs~ to form edge-
bridged double cubane [(Tp)2MozFesSs(PEts)4], followed by treatment with excess HS-. By
contrast, treatment of [(Tp)2MozFesSs(PEts)4] with 3 equiv. of NEtsSH results in formation of the
bis(hydrosulfide) PN-type cluster [(Tp)2Moz2FesSe(SH)2]3~ (6), which was characterized by X-ray
crystallography, revealing Fe-S bond distances of 2.280(3) and 2.295(3) A. Electrochemical
characterization of 6 demonstrated three distinct redox couples with E1> = —0.43, —0.71, and —1.09
V in MeCN, and Mdssbauer spectroscopy produced an isomer shift of 6 = 0.55 and quadrupole
splitting of AEq = 0.62 mmvs. Alternatively, cluster 6 can be generated by treatment of
[(Tp)2Mo2FesSsCL]*~ with excess NaSH. Monocuboidal [(Tp)MoFe3S4(SH)s]?~ can also be treated
with [(Tp)2Moz2FesSs(PEt3)4] to access equilibrium formation of [(Tp)2Mo2FesSe(SH)2]3~ (Scheme
6). A final route to prepare the [(Tp)2Mo2FesSo(SH)2]3~ cluster is by hydroselenide displacement

of the analogous [(Tp)2Mo2FesSa(SeH)2]*~ (7) with 2 equiv. of NEtsSH. Extrusion of H2S from the

16
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[(Tp)2Mo2FesSe(SH)2]3~ cluster results in formation sulfide-bridged {[(Tp)2Moz2FesSo](u2-S)}2°,

which was isolated and structurally characterized by X-ray crystallography.

Scheme 6. Reactivity and interconversion of mixed [FesMoS4] clusters containing terminal

hydrosulfide ligands.
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Analogous heterobimetallic [FesWS4] clusters have also been used to support terminal

hydrosulfido ligands. For example, Holm and co-workers showed that reaction of

[(Tp*)WFesS4sCk]?>~ (Tp* = tris(3,5-dimethylpyrazolyl)borate), with excess PEts, NBusBH4, and
NEuSH enabled the isolation of [(Tp*)2W2FesSeNa(SH)(MeCN)J3~ (8), which is analogous to

[(Tp)2Mo2FesSe(SH)2]3~ and exhibits a core topology similar to the PN cluster of nitrogenase
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(Scheme 7).55 The composition of [(Tp*)2W2FesSoNa(SH)(MeCN)]3~ was confirmed by X-ray

crystallography, which evinced an Fe-SH bond distance of 2.34 A.

Scheme 7. Synthesis of heterbimetallic [(Tp*)2W2FesSoNa(SH)(MeCN)J3- (8).
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In addition to Mo- and W-heterobimetallic iron-sulfur clusters, heterobimetallic cuboidal
vanadium systems have also yielded related hydrosulfide compounds.®6: 67 Holm and co-workers
demonstrated that treatment of [(Tp)VFesS4(PRs)s]** (R = Et, Bu) with excess NEtSH results in
formation of the hydrosulfide product [(Tp)VFesS4(SH)3]>~ (9, Scheme 8). This product was
characterized by 'H NMR spectroscopy, although the hydrosulfide SH resonance was not
observed. Structural characterization by X-ray crystallography revealed a Fe-S hydrosulfide bond
distance of 2.297(1) A. The 1-electron reduced analogue of this cluster can also be accessed
through reduction of [(Tp)VFesS4(PRs3)s]** with [Cp2Co] to yield edge-bridged double cubane
[(Tp)2V2FeeSs(PEt3)s], which can be further reacted with excess NEt:SH to vyield
[(Tp)VFesS4(SH)3]*~. Structural characterization by X-ray crystallography confirmed the structure
and charge state, and the Fe-S hydrosulfide bond was elongated to 2.345(1) A. To access more
complex motifs, treatment of [(Tp)2V2FesSs(PEts)s] with 4 equiv. of NEtsSH resulted in formation
of bis(hydrosulfide) PN-type cluster [(Tp)2V2FesSo(SH)2]*~ (10), which was characterized by *H

NMR spectroscopy, although the S-H resonance was again not observed. X-Ray crystallography
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confirmed the molecular structure, and the Fe-S hydrosulfide bond length was determined to be

2.327(1) A.

Scheme 8. Heterobimetallic vanadium iron-sulfur clusters with terminal hydrosulfide ligands.
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2.2.4 Other FeS clusters. Iron hydrosulfide compounds based on [2Fe-2S] core structures have
also been reported. Such [2Fe-2S] cores play important roles in a number of enzymatic systems,
including certain ferredoxins and Rieske proteins,> and related biomimetic clusters have furthered
our understanding of how NO interacts with iron sulfur clusters to form mononitrosyl- and di-
nitrosyl iron clusters (MNICs and DNICs, respectively).68-72

Expanding on chemistry of Roussin’s Red Salt (RRS), Beck and Vilsmaier reported that
acidification of Naz[Fe2S2(NO)4] with HCI in water generated (ON)2Fe(u-SH)2Fe(NO)2 (11),
which is the corresponding acid of RRS (Scheme 9).73 This transformation also occurred in organic
solution by treatment of pentane-soluble [AsPhs]2[Fe2S2(NO)4] with HBF4 or CF3CO2H. The
(ON)2Fe(u-SH)2Fe(NO)2 product was characterized by IR spectroscopy, which revealed an S-H

stretch at 2546 cm! and Fe-S stretch at 350 cm?, and also by mass spectrometry. The RRS acid
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could be alkylated directly by treatment with Mel to form (ON)2Fe(u-SMe)2Fe(NO)2 and could
also be decomposed by the addition of excess HCI to generate the DNIC [FeCl2(NO).]~ and release

HoS.

Scheme 9. Generation and reactivity of (ON)2Fe(u-SH)2Fe(NO)2 (11) and related structures.
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Liaw and co-workers demonstrated that RRS can also be generated from the spontaneous loss
of H2S from the DNIC [(HS)2Fe(NO)2]- (12) in water.”* This reaction is reversible and addition of
H2S to an aqueous solution of [(HS)2Fe(NO)2]~ regenerates RRS [Fe2S2(NO)s]>~. Alternatively,
DNIC 12 can be accessed directly from reaction of [(EtS)2Fe(NO)2]- with H2S (Scheme 9b). In
related chemistry, treatment of [(EtS)sFe(NO)]- with H2S in THF produces the unstable MNIC,
[(HS)sFe(NO)]~ (13), which spontaneously dimerizes with concomitant extrusion of H.S to form
[(NO)(HS)Fe(u-S)2]2%~ (14). This product was characterized by X-ray crystallography with an Fe-
SH bond distance of 2.317 A, and the S-H resonance was observed at 3.49 ppm in the 'H NMR

spectrum. Magnetic characterization of the product revealed that both ferric {Fe(NO)}’ motifs are
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antiferromagnetically coupled, which was also supported by DFT calculations. Further removing
one nitrosyl ligand, the homoleptic tetrahydrosulfide [(HS)sFe]~ (15) was generated by bubbling
H2S through a solution of [(EtS)sFe]~ resulting in an unstable product with EPR signals at g = 9.30
and 4.39 consistent with a high-spin Fe''' product. Compound 15 thermally decomposed to
generate [(HS)2Fe(u-S)]2%~ (16), which was confirmed by X-ray crystallography with Fe-SH bond
distances of 2.3378(9) and 2.3072(9) A. The 'H NMR spectrum revealed the SH resonance at 36.6
ppm, with an isotropic shift consistent with the general ferric [2Fe-2S] core structure. In related
[2Fe-2S] cluster chemistry, Kim and co-workers demonstrated that [(PhS)2Fe(u-S)]22- reacts with
NO gas and PhSH to generate the [(PhS)2Fe(NO).]- DNIC with concomitant release of the
oxidized Ph:S: disulfide and also H2S gas, suggesting a possible mechanisms for NO and H2S
crosstalk though FeS cluster chemistry (Scheme 9c).”®

Although not aimed at biomimetic chemistry, iron carbonyl complexes with bridging
hydrosulfide ligands have also been reported. For example, Seyferth and co-workers reported the
formation of hydrosulfide-bridged [Fe2(CO)s(t-SH)2] (17) by reduction of [Fe2(CO)e(u-S)2] with
LiBEtsH (Scheme 10).7®¢ More recently, Darensbourg and co-workers also demonstrated that 17
could be generated by protonation of [Fe2(CO)s(u-SAUPPhs)2] with HBF4.”” The resultant
hydrosulfide bridge product can react with different double-bond containing reactants to alkylate
the bridging sulfide ligands. Brief examples of this reactivity are shown in Scheme 10. For
example, treatment of 17 with formaldehyde and a primary amine results in formation of sulfide-
bridged product [Fe2(CO)s(,u-{SCH2}2NR)]. Similarly, treatment of [(u-SH)2{Fe(CO)s}2] with
terminal olefins results in direct alkylation of both bridging hydrosulfide groups to form
[Fe2(CO)s(u-SR)2], whereas treatment with 1,1-disubstituted terminal olefins generates the alkyl-

bridged product.”® Similar reactivity is also observed for alkynes, in which treatment with a
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terminal alkyne results in formation of the germinal dithiolate bridging product, whereas treatment
with an internal alkyne results in formation of the bridged vinylthiolate, bridging hydrosulfide
product (18). Further experimental and computational investigations by Franz and co-workers on
the S-H bond strengths and S-H bond activation chemistry in [Fe2(CO)s(u-SH)2] and related

compounds were later reported.’®

Scheme 10. Formation and general reactivity of [Fe2(CO)e(u-SH)2] (17).
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2.3 Nonheme Diiron and Related Bimetallic Hydrosulfide Complexes

Majumdar and co-workers recently reported a series of nonheme diiron(ll) systems that
mediate the desulfurization of aromatic and aliphatic thiols to generate terminal and bridging
hydrosulfide complexes. Using dinucleating ligand environments, assembly of the diiron core in
the presence of thiols was found to result in C-S bond cleavage to generate products of the form
[Fe2(BPMP)(SH)2(MeOH)2]* (19) and [Fe2(PhBIMP)(p-SH)(DMF)J2* (20) (Scheme 11).8° Both

compounds were characterized by X-ray crystallography, X-ray photoelectron spectroscopy, IR
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and MS. The bis-hydrosulfide 19 has Fe-S bond distances of 2.3832(12) and 2.3771(12) A, an S-
H stretch at 2510 cml, and is stabilized by hydrogen bonding to co-crystallized MeOH in the X-
ray structure. In comparison, the sulfide bridge in 20 has asymmetric Fe-S bond distances of
2.6637(2) and 2.395(2) A and shows a S-H stretch at 2493 cn?. In a related system, Majumdar
and co-workers also reported monohydrosulfide complexes with the N-Et-HPTB ligand scaffold
by desulfurization of thiols.81 Although treatment of the iron precursor and ligand with HS- in the
presence of base led to intractable products, treatment with either tBuSH or BnSH resulted in thiol
C-S cleavage and formation of the diiron hydrosulfide complex [Fez(N-Et-HPTB)(SH)(H20)]%*
(21) as well as the DMF-coordinated [Fe2(N-Et-HPTB)(SH)(DMF)2]?* (22). In 21, the Fe-S bond
distance is 2.344(4) A with a vs value of 2515 cnrl. In 22, the Fe-S bond distance is 2.349(2) A
and no IR band for the S-H moiety was detected. Treatment of 21 with [CpzFe]* resulted in
formation of the mixed-valence diiron(ll,111)-hydrosulfide [Fe2(N-Et-HPTB)(SH)(H20)(DMF)2]**
(23) which exhibited a s of 1.78 BM and an inter-valence charge transfer band at 1430 nm (e =
310 M-1cnrt). Much like the diiron(ll) precursor, 23 showed a S-H stretch at 2515 cm! by IR, but
a significantly shorter Fe-S bond distance of 2.183(2) A.

Using similar ligand scaffolds, Majumdar and co-workers also reported terminal and
bridiging nonheme dicobalt(I) hydrosulfide complexes accessed by the C-S bond cleavage of
thiols. Treatment of Co(BF4)2 with dinucleating ligand, base, and thiolate resulted in formation of
[Co2(N-Et-HPTB)(SH)(H20)]?* (24a) and [Co2(N-CH2Py-HPTB)(SH)(H20)]>* (24b) depending
on the respective ligand used.82 Both complexes were characterized by X-ray crystallography and
exhibited Co-S bond distances of 2.318(3) and 2.232(3) A for 24a and 24b, respectively. Neither
complex displayed a vs+ band by IR. Much like the related Fe(ll) structures described above, the

hydrosulfides in the Co(ll) complexes were stabilized by hydrogen bonding to the adjacent Co-
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OHz moiety. A bis-hydrosulfide complex of cobalt was prepared using the BPMP ligand through
similar desulfurization chemistry to afford [Co2(BPMP)(SH)2]* (25), which was characterized by
X-ray crystallography with Co-S distances of 2.330(1) and 2.316(1) A.83 Further evidence for the
terminal hydrosulfides was provided by the presence of an S-H stretch at 2489 cm! in the IR
spectrum and an observable S-H resonance at 44.13 ppm in the TH NMR spectrum. In addition to
terminal hydrosulfides 24-25, the bridging hydrosulfide complex, [Co2(BPMP)(u2-SH)(MeCN)]J?*
(26a), was also isolated. The X-ray structure of 26a showed asymmetric Co-S distances of 2.358(1)
and 2.717(1) A, as well as IR and *H NMR signatures for the S-H moiety at 2493 cm® and 44.09
ppm, respectively. Using a related PhBIMP ligand, several analogous solvent-coordinated
bridging monohydrosulfides of the type [Co2(PhBIMP)(u2-SH)(X)]?* (X = DMF, 26b; MeCN,

26¢) were also characterized with structural and spectroscopic parameters akin to those of 26a.

Scheme 11. Nonheme diiron and dicobalt hydrosulfide complexes.
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2.4 Heme-Based Hydrosulfide Complexes.
Heme subunits provide a broad platform for small molecule binding, and detailed studies of

O2, CO, NO, and other small molecules have been reported in both natural and synthetic systems.
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Akin to the physical changes in protein structure and activity after O2, CO, or NO binding, reaction
with H2S can generate significant changes in protein activity. For example, cytochrome ¢ oxidase
(Cc0O), which contains two heme Fe (a and a3) and two Cu (Cua and Cug) centers, is the final
acceptor in the mitochondrial respiratory chain and reduces O to water.84 85 Reaction with HS
modifies the CcO heme as and Cus centers resulting in reversible CcO inhibition and a reduction
in ATP production, likely contributing to Kartp channel activation. Reactions of H2S with CcO
have revealed a complex concentration dependence, with low H2S levels stimulating respiration,
whereas high H2S levels result in CcO inhibition. These differing responses can be explained by
H.S-mediated reduction to ferric heme as at low H2S concentrations, coordination to and reduction
of Cus at moderate concentrations, and conformational changes of CcO upon HS~ binding to ferric
heme az at high concentrations.®: 86-88 Other common heme targets, including myoglobin (Mb) and
hemoglobin (Hb) can react with H2S to either bind sulfide and/or undergo subsequent redox
chemistry (vide infra). Alternatively, reaction of oxy-Mb and oxy-Hb with H.S results in covalent
modification of the heme periphery to generate sulfmyoglobin and sulfhemoglobin, respectively,
both of which have lower O affinities and thus reduce Oz transport.8? Prior investigations have
exerted significant effort on characterizing binding modes, reaction kinetics, and redox chemistry
of H2S, HS-, and related species with hemeproteins, whereas our emphasis in this subsection will
focus on structurally-characterized protein-based and small-molecule systems. As a whole, a
number of factors contribute to the reactivity of H2S with hemeproteins, including the accessibility
of H2S to the heme active site, the polarity of the local environment around the heme center, the
makeup and orientation of distal site residues, and H2S concentrations, which influence heme

reduction.®?
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3.4.1 Biological Heme Systems. One of the best-characterized examples of H2S/HS~ binding to
a natural heme system are the hemoglobins isolated from the gill of the bivalve mollusk Lucina
pectinate, which harbors chemoautotrophic symbiotic bacteria. Of these hemoglobins, hemoglobin
I (Hbl) is a sulfide-reactive protein, whereas hemoglobin 1l (Hbll) and hemoglobin 111 (HblIl) are
oxygen-reactive proteins. In the absence of Oz, HbI-III all react with H2S to generate ferric
hemoglobin sulfides, as evidenced by the similarity of UV-vis features (Amax = 425, 545, 573(sh)
nm) to those generated by reaction of ferric whale myoglobin or ferric human hemoglobin with
sulfide.®* Notably, both Hbll and Hblll remained oxygenated when H2S was introduced in the
presence of O2. By contrast, Hbl reacted with H2S to generate ferric hemoglobin sulfide, likely
through nucleophilic displacement of the bound superoxide anion. The rate of reaction between
ferric Hbl and H2S increased significantly from pH 10.5 to 5.5, which suggests that H.S, rather
than HS- is the bound ligand. Furthermore, the pH dependence on rate has an inflection point at
7.0, which qualitatively matches the pKa of H2S in water. Further characterization of the ferric Hbl
sulfide was obtained by EPR spectroscopy displaying a major species with g = 2.67, 2.24, and
1.84,°1 similar to those previously attributed to sperm whale ferric sulfmyoglobin (g = 2.56, 2.25,
1.83).92

Complementing solution characterization methods, Bolognesi and co-workers reported the X-
ray structures of Hbl from Lucina pectinata both in the aquo-met and sulfide-bound form, which
have helped elucidate H>S reactivity.?3: % The structure of the aquo-met form of Hbl revealed an
unusual arrangement of four phenylalanine residues near the distal site of the heme center that
form a hydrophobic pocket often referred to as the “Phe-cage”. In addition, the Hbl active site has
a glutamine residue (GIn-64) at the distal ligand binding site, which differs from the more common

histidine residue found in mammalian Hb, and was found to be oriented toward and likely
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hydrogen bonded with a water molecule coordinated to the heme iron. This GIn-64 residue likely
facilitates fast sulfide associate rate constants, and hydrogen bonding of bound H2S to GIn-64
results in stabilization of the bound sulfide and a slow dissociate rate. These conclusions are further
supported by later investigations by Negrerie and co-workers who used time-resolved absorption
spectroscopy to investigate H2S photodissociation from both ferrous and ferric Hbl.%> Further
structural evidence for H2S binding in Hbl was obtained by soaking aquo-met crystals of Hbl with
NazS, which resulted sulfur ligation to the heme center, likely in the form of coordinated H2S

(Figure 1).

Figure 1. X-ray structure of the Hbl sulfide adduct from Lucina pectinata.®® PDB: IMOH.

Complementing the sulfide adduct of Hbl, the structure of human hemoglobin with a ferric
sulfide was recently reported by Banerjee and co-workers (Figure 2).%6 X-ray crystallography
revealed sulfide coordination to the low-spin ferric center in both the o- and f-subunits with a 2.2

A Fe-S bond length. This observed Fe-S distance is constant with the expected 2.24 A distance for
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HS~ coordination rather than 2.50 A for H2S coordination based on calculations from the related
ferric myoglobin system.%® The coordinated hydrosulfide is hydrogen bonded to the His-58
nitrogen akin to the observed interaction between the bound sulfide in L. pectinata and the GIn-64
residue. Sulfur anomalous dispersion experiments, which confirmed the atomic identity of the
sulfide bound to Fe also revealed a second sulfur source not corresponding to Cys or Met residues
located near the periphery of the a-subunit and likely hydrogen bonded to Phe-43, Pro-44, and
Phe46 carbonyl groups. This second sulfide molecule is located near the PHE path, which has been

previously proposed as a transit pathway for CO and O to the heme center.

Figure 2. X-ray structure of the human myoglobin sulfide adduct.°¢ PDB: 5UCU.

In addition to the crystallographically characterized examples of heme-sulfide adducts
described above, considerable effort has been paid to understanding how other biological hemes
interact with H2S under different conditions. One of the earliest identified reactions of sulfide with
hemoglobin and myoglobin is the formation of a green product due to the covalent modification

of the porphyrin ring upon reaction of oxy-Hb or oxy-Mb with H2S (Figure 3).97- 98 This sulfheme
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formation modifies the electronic structure of the porphyrin, which results in a bathochromic shift
in absorbance to ~620 nm, and a reduction in O2 binding affinity.8% 9 Although the exact
mechanism of sulfheme formation remains unclear, this reaction likely proceeds through an
oxoferryl intermediate (Fe'V=0 or Fe'V=0 Por*) and addition of HS- to the porphyrin. Three
general structures of sulfheme modifications have been characterized, including an episulfide
(sulfheme-A), a ring-opened episulfide (sulfheme-B), and a thiochlorin structure (sulfheme-C).100-
102 Of these products, the thiochlorin structure has been confirmed crystallographically as a
cyanomet-sulfimyoglobin C adduct.192 In addition to myoglobin and hemoglobin sulfhemes, both

sulfcatalase and sulflactoperoxidase have also been observed.103. 104

N

sulfl;i_me c ,4’? \/\‘\\T—\ /2\( p

Figure 3. Left: Schematic of the iron protoporphyrin moitety and three sulfheme products from
covalent modification of the porphyrin ring. Right: X-ray structure showing sulfheme C product

formation in a Fe-CN adduct.19? PDB: 1YMC.

In many of the reported investigations of heme reactivity with H.S, the reaction progress and
product formation were assayed by solution-state electronic absorption measurements, EPR
spectra, and mass spectrometric evidence for reaction products and intermediates. Rather than
summarize each example directly, we refer readers to key references related to different heme
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systems including neuroglobins,195: 106 hemoglobins,38: 107-109  myoglobins,119-113 as well as
summary reviews.114-116 One emerging theme that we will note here briefly is that many biological
heme systems likely mediate the conversion of H2S to polysulfides and/or persulfides through
sulfide-mediated reduction of the iron center to generate reactive sulfur species. For example,
Banerjee and co-workers recently reported that both ferric hemoglobin and myoglobin can oxidize
sulfide to thiosulfate through a process that generates Fe-bound hydro(poly)sulfides.38 110, 117
Related chemistry to form hydro(poly)sulfides has also been reported in investigations of the
addition of H2S to aqueous solutions of cobalamin.’1® These metal-mediated examples highlight
the key interconnectivity of redox-active metals in biology in mediating speciation and redox-state
within the reactive sulfur species pool.

2.4.2 Synthetic and Semi-Synthetic Heme Systems. In addition to protein-based systems,
hydrosulfide binding to semi-synthetic heme systems has also been investigated. For example,
Bari and co-workers used the undecapeptide microperoxidase (MP11),11° which is a heme peptide
generated from cytochrome ¢ proteolysis. Addition of H>S to a pH 6.8 solution of Fe!'"NAcMP11
generated a stable product with an absorbance maximum at 414 nm, which was assigned to the
hydrosulfide complex NAcMP11-Fe!''-SH (27), although the precise protonation state of the
product was not confirmed directly (Scheme 12). Resonance Raman spectroscopy revealed a new
band at 366 cml, which was assigned to the Fe!''-SH moiety in a low-spin hexacoordinate heme
center. Interestingly, the reactivity of the NAcMP11-Fe!'! system is different than that of the parent
cytochrome ¢, which is reduced to Fe'' by H2S. In addition, Ma, Li, and co-workers reported sulfide
binding investigations with a series of deuterohemin-His-peptides to further understand the
impacts of the proximal environment on sulfide binding in the absence of distal residues.120

Stopped-flow kinetic measurements revealed that the deuterohemin-AlaHisThrValGluLys
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(DhHP-6) analogue provided significantly faster sulfide association rate constants than the
deuterohemin-AlaHis (DhHP-2) system (Scheme 12, 28a-e). These results suggest that the
proximal ligands to the heme center, in this case a Glu residue, play an important role in the sulfide
association and binding process, possibly due to hydrogen bonding associations that can facilitate

binding.

Scheme 12. Semi-synthetic hemes used to investigate reactions with HS-.
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Simple synthetic heme complexes have also been used to investigate sulfide binding. In an
early example, Scheidt and co-workers reported the reaction of [Fe!''(T-p-OMePP)(CI)] with Ssg
and LiBEtsH to afford [Fe!''(T-p-OMePP)(SH)] (29) (Scheme 13).12! The resultant complex was
characterized by UV-Vis spectroscopy, with absorbances at 412 (1.2 x 10> M-tcm?), 523 (1.3 x
10* M-temrl), and 612 nm (2 x 108 M-lcml). Magnetic moment measurements were consistent
with an S = % system, and EPR spectroscopy revealed signals at g = 3.9 and g = 1.74 (4 K). Further
characterization by Mdssbauer spectroscopy revealed an isomer shift of 6 = 0.30 mm/s and a
quadrupole splitting of AEq = 2.05 mnvs. X-ray crystallography supported the product identity,
with the sulfur atom located 2.30 A from the Fe center, although the S-H hydrogen was not located

by crystallography nor was the S-H stretch observed by IR spectroscopy. This early example
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provides a rare report of a stable Fe!''-SH adduct for synthetic porphyrin systems, but we note that
despite the initial characterization, more recent reports have described difficulty in reproducing

this initial preparation.122

Scheme 13. Hydrosulfide adducts of synthetic iron porphyrinates.
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Using more standard sources of hydrosulfide, a number of other investigations have generated
synthetic heme hydrosulfide adducts. For example, Scheidt and co-workers later investigated the
reacton of NaSH with  ferrous  octaethylporphyrinates  (OEP) and  tetra-p-
methoxyphenylporphyrinates (T-p-OMePP) to generate [Fe!'(OEP)(SH)]- (30a) and [Fe!'(T-p-
OMePP)(SH)]~ (30b) (Scheme 13).123 Initial reduction of [Fe(OEP)].O with EtSH, followed by
treatment with NaSH, provided the respective hydrosulfide products, both of which were
characterized by X-ray crystallography with Fe-S bond distances of 2.3929(5) and 2.3830(5) A for
the two inequivalent porphyrin adducts in [Fe(OEP)SH]- and 2.388(1) A in [Fe(T-p-
OMePP)(SH)]~. Solution binding studies of [Fe!!(T-p-OMePP)] demonstrated an initial association
of HS~ to form [Fe!'(T-p-OMePP)(SH)]-, characterized by a sharp absorbance at 447 nm, which

reached maximal intensity after addition of 2.5 equiv. of HS~ per iron. Complex changes in the Q-
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band region of the spectra were also observed. On the basis of the solution binding data, the authors
proposed the formation of two distinct hydrosulfide species in solution, including the
monohydrosulfide [Fe!'(T-p-OMePP)(SH)]-, with associated Soret bands at 428 and 447 nm and
Q bands at 543 and 613 nm, and the bis-hydrosulfide [Fe!'(T-p-OMePP)(SH)2]%-, with associated
Soret bands at 418 and 459 nm and Q bands at 585 and 627 nm. A similar proposition of both
mono- and bis-hydrosulfide ligation with the [Fe!'(OEP)] platform was also proffered. Further
characterization of the [Fe(OEP)(SH)]- species was obtained from Mdssbauer spectroscopy. The
resultant spectrum was fit to two quadrupole doublets designated as ‘a’ and ‘b’ with 6 = 0.95 and
0.89 and AEg = 2.81 and 2.14 mnvs (25 K). Both sites were consistent with a high-spin Fe''
porphyrin environment.

In similar investigations, Tonzetich and co-workers reported the reaction of NBusSH with
different Fe'' porphyrinates including tetraphenyl porphryinate (TPP), tetramesityl porphyrinate
(TMP), and octaflurotetraphenyl porphyrinate (FsTPP) (Scheme 14).124 In these investigations,
treatment of [Fe(TPP)] with NBusSH resulted in the reduction of the Q-band absorbance at 540
nm, with the growth of two absorbances at 582 and 625 nm, corresponding to the five-coordinate
[Fe(TPP)(SH)]~ (31a) species with an associated log(Ka) value of 5.3(2) and Ei value of —0.83 V
(vs Fc/Fc*). Similar investigations with [Fe(TMP)] revealed comparable changes in the UV-vis
spectrum, with a log(Ka) value of 2.6(2) for formation of [Fe(TMP)(SH)]~ (31b). The more electron
deficient [Fe(FsTPP)] analogue revealed formation of a putative hydrosulfide bridged homodimer
[Fe2(FsTPP)2(SH)]~ (32), which was detected by 'H NMR spectroscopy en-route to formation of
the five-coordinate monomeric [Fe(FsTPP)(SH)]- (31c). Crystallographic characterization of
[Fe(FsTPP)(SH)]~ confirmed the terminal hydrosulfide with an Fe-S distance of 2.323(1) A. To

further probe the reactivity of the ferrous hydrosulfide products, [Fe(TPP)(SH)]~ was treated with
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various small molecule reactive species. Chemical oxidation of [Fe(TPP)(SH)]- with
[FeCp[1][BF4] afforded [Fe(TPP)], intimating that formation of the ferric hydrosulfide adduct
[Fe(TPP)(SH)] is immediately followed by reduction. Further treatment of [Fe(TPP)(SH)]- with
1,2-dimethylimidazole or NO gas resulted in hydrosulfide ligand displacement. Although Fe heme
systems have been the primary focus for investigations of H2S with synthetic porphyrins, recent
investigations have also demonstrated stable Ga'''-SH adducts as structural models for Fe(lIl)

systems.12°

Scheme 14. Iron(ll) porphyrin hydrosulfide adducts, including a hydrosulfide-bridged

homodimer.
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Building from these investigations, Pluth and co-workers used the sterically-protected “picket
fence” porphyrin (PfP) system to investigate the reactivity of sulfide with synthetic porphyrins. In
these investigation, [Fe!''(PfP)]- reacted with NBusSH to generate the ferrous [Fe''(PfP)(SH)]-

(31d) product, as evidenced by solution-state UV-Vis measurements and mass spectrometric
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investigations (Scheme 15).126 The same product was observed when [Fe''(PfP)] was reacted with
NBusSH, suggesting again that the ferric sulfide product was unstable at room temperature, even
within a relatively-hydrophobic cage architecture. In related low-temperature investigations, Dey
and co-workers monitored the reduction of [Fe!''(PfP)]- and related species at —80 °C using
resonance Raman and EPR spectroscopy.t?’ These results supported initial formation of a low-
spin Fe'''-SH intermediate with vre-sH) = 385 cm! that was stable at low temperatures, but
underwent Fe-S homolytic bond cleavage, resulting in Fe!' and eventual polysulfide generation.
Although the ferrous sulfide product of these reactions was not structurally characterized in either
of these investigations, a prior report provided the X-ray structure of [Fe''(PfP)(SH)]-, with an Fe-
S distance of 2.3123(8) A.128 Although this report provided structural data on the protected ferrous
hydrosulfide, no details leading to the formation of the obtained product were provided other than
the fact that the crystal was obtained from a solution of chlorobenzene containing [Fe''(PfP)],

cryptand-222, and potassium thioacetate.

Scheme 15. Reaction of hydrosulfide with ferric and ferrous picket fence porphyrin complexes.

2.5 Zinc Hydrosulfide Complexes
The redox inactivity and well-defined coordination environment of bioinorganic zinc
complexes has rendered such platforms a viable framework for generation of hydrosulfide species.
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Drawing parallels to Lucina pectinata, the giant tubeworm R. pachyptila lives in sulfide-rich
environments near deep sea hydrothermal vents and also has evolved a Hb system to deliver H2S
and Oz to symbiotic sulfide-oxidizing bacteria. Although the H>S binding and transport by this Hb
was initially thought to involve cysteine residues in the protein, recent structural data revealed that
the Hb construct is assembled from 24 heme-containing globin chains that generate a hollow cavity
with 12 tightly-bound Zn?* ions ligated to histidine and glutamate residues.’?® Zinc chelation
studies demonstrated the necessity of the Zn?* ions for H2S binding and transport. This thiophilicity
of Zn?* is also seen in the competitive inhibition of Zn2*-containing carbonic anhydrase activity
by sulfide, which binds to this HissZn active site found in most carbonic anhydrase isoforms.130:
131 These properties have motivated the development of biomimetic platforms modeled on the 3-
fold symmetric Hiss coordination environment, and have also provided insights into the
coordination behavior of sulfide with different Zn coordination motifs.

2.5.1 tris-Pyrazolylborate Complexes. Three-fold symmetric tris-pyrazolylborate (Tp) ligands
have often been used to mimic the Hiss coordination environment found in biological zinc
coordination and can provide steric protection of the Zn coordination environment dependent on
the Tp ligand substituents. In an early example of Zn-SH generation in Tp scaffolds, Parkin and
co-workers demonstrated that reaction of (Tp'BY)ZnH with H2S generates the enthalpically-favored
(TptBY)ZnSH (33a) product (Scheme 16).132 This product was characterized by elemental analysis,
MS, and 'H NMR spectroscopy, which revealed a 'H NMR resonance at —0.52 ppm (CeDe)
corresponding to the Zn-SH moiety. Similar investigations by Vahrenkamp and co-workers with
the related tris(3-p-cumenyl-5-methylpyrazolyl)borate (TpumMe) system also provided access to
hydrosulfide adducts.133 Treatment of (Tp©u™Me)Zn-OH with H2S in CH2Ck resulted in formation

of (Tptum:Me)zZn-SH (33b) as well as the accompanying minor impurity (Tp®mMe*)Zn-SH (33c).
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This minor impurity was due to the Cs-symmetric 3-methyl-5-cumenyl isomer (Tp€™Me*) which
is inseparable from the Csy-symmetric Tp®“™Me Jigand. Both Zn-SH products were characterized
by X-ray crystallography with Zn-S bond lengths of 2.21 A. Heating (TpCcumMe)zn-SH (33b) to
200 °C resulted in formation of the sulfide-bridged product {(Tpc™Me)zZn},S, which was also

characterized by X-ray crystallography.134

Scheme 16. Zinc tris-pyrazolylborate hydrosulfide compounds.
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Further investigations by Vahrenkamp and co-workers on related substituted Tp ligand systems
including TpPh:Me TpPyMe TpPicMe and TptBuMe (referred to generally here as Tp*) demonstrated
the generality of Tp*Zn-SH (33d-g) formation by the reaction of Tp*Zn-OH with H2S (Scheme
17).135 The family of Tp*Zn-SH products were characterized by X-ray crystallography, elemental
analysis, MS, and 'H NMR spectroscopy. The aryl-Tp containing products (TpPhMe)ZnSH,
(TpPY"Me)ZnSH. and (TpPieMe)ZnSH all revealed 'H NMR resonances at —2.0 ppm, whereas the
alkyl-substituted derivative (Tp!B“Me)ZnSH revealed a resonance at —0.97 ppm. Further
investigations into the reactivity of the Tp*ZnSH products showed that these systems did not react
directly with esters, phosphates, or CO2, whereas treatment with acidic X-OH organic compounds
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including carboxylic acids, trinitrophenol, or hexafluoroacetylacetone resulted in extrusion of H2S
and formation of the Tp*Zn-OX products (Scheme 17). Conversely, treatment of Tp*Zn-SH with
different bases did not result in formation of Tp*Zn-S-, but rather extrusion of ZnS and the release
of the anionic Tp* ligand. The ligated hydrosulfide could by alkylated by treatment with Mel,
which resulted in formation of Tp*Zn-1 and MeSH. Rate-order analysis investigations
demonstrated that the alkylation proceeds through a clean 2"d-order reaction, which is consistent
with the direct alkylation of the Tp*Zn-SH while bound to the Zn, followed by release of MeSH.
Release of H2S from the Tp*Zn-SH compounds was possible by treatment with thiols in an

entropically-driven exchange process to yield the thiolate-bound Tp*Zn-SR products.

Scheme 17. Reactivity of the Tp*Zn-SH with acids, bases, electrophiles, and thiols.
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Expanding on ligand exchange reactions and working with similar trispryazolylborate

ligands (TpPMMe and Tp'PriPr), Artaud and co-workers investigated the reaction of persulfide-ligated
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TpZn-SSR (Tp'PriPr. TpPh.Me) complexes with thiols.236 In the absence of external base, treatment
of TpZn-SSR with a thiol (R’SH) in CH2CL resulted in thiol/persulfide exchange to yield TpZn-
SR and free persulfide (Scheme 18). In the presence of NEts as a base, however, formation of
TpZnSH (33d,h) and mixed organic disulfide and thiol products was observed. In the case of
(Tp'PriPZnSH (33h), the product was characterized by X-ray crystallography, elemental analysis,

and H NMR spectroscopy, which revealed a Zn-SH resonance at —1.43 ppm (CD2Ck).

Scheme 18. Generation of TpZn-SH products from TpZn-SSH persulfide compounds.

RSSH {@Ii ;ﬁ
) NR}'; \N |Pr
O,L@'ll ,LQ R1 Ph R2 Me
R? F{}\/

H RSH Z
1 n
T NE R
R'=R2=iPr N
1 2 —
R'=Ph,R"=Me OI |Q + R'SSR' + RSH
R B Lo
33dR'= Ph R%=
33hR'=R?= |Pr

Using the TpP"Me Jigand platform, Vahrenkamp and co-workers also investigated the
reaction of (Tp""Me)zZn-OH with CS2.137 In the absence of potential nucleophiles, addition of CS:
to (TpP"Me)Zn-OH resulted in formation of (TpP"Me)zZn-SH (33d) and carbonyl sulfide (COS)
(Scheme 19). Further product analysis of this reaction also revealed CO2 formation, suggesting
that COS can undergo a similar reaction to yield CO2. This reaction is akin to known reactivity of
carbonic anhydrase enzymes that can convert COS to CO2 with the liberation of H2S.34 In the
presence of MeOH, however, addition of CS, to (TpP"Me)Zn-OH resulted in formation of the

xanthogenate complex (TpPMMe)Zn-SC(S)OMe, which is also formed from the addition of CS> to
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pre-formed (TpPMMe)Zn-OMe. These results suggest that the CS> reacts directly with the methoxide

complex to yield the observed (TpPMMe)Zn-SC(S)OMe product.

Scheme 19. Reactivity of ZnTp complexes with CSo.
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2.5.2 Other Zn-SH Complexes. Expanding from the Tp platform, zinc hydrosulfide complexes
ligated by the 3-fold symmetric tris(thioimidazolyl)hydroborate (Tm) ligand have also been
prepared. For example, Parkin and co-workers showed that treatment of the t-butyl
tris(thioimidazole)hydroborate (TmtBY) complex (Tm'BY)Zn-Me with H2S resulted in formation of
(TmBY)Zn-SH (34a) (Scheme 20).138 Crystallographic characterization confirmed the compound
identity, with a Zn-S bond length of 2.265 A. 'H NMR spectroscopy revealed the hydrosulfide
resonance at —0.84 ppm. Using similar xylyl-substituted Tm ligands (TmY!"), Vahrenkamp and co-
workers demonstrated that treatment of (Tm¥)Zn-OH with H2S also generates (Tm)Zn-SH
(34b).12° The resultant (TmY"Zn-SH product was characterized by X-ray crystallography, which
displayed a Zn-S bond length of 2.258 A and also by *H NMR spectroscopy, which demonstrated

a characteristic Zn-SH resonance at —1.69 ppm in CDCl.
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Scheme 20. Zinc hydrosulfide complexes with tris(thioimidazolyl)hydroborate ligands.
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In addition to the anionic Tp and Tm ligands, zinc hydrosulfide adducts have also been
accessed with neutral 3-fold symmetric nitrogen-based ligands. For example, Galardon and co-
workers demonstrated that the reaction of [(TPA)Zn(H20)]?* (TPA = tris(2-pyridylmethyl)amine)
with KSH in buffered aqueous solution resulted in formation of [(TPA)Zn(SH)]* (35) (Scheme
21).140 The resultant product was characterized by X-ray crystallography, with a Zn-S bond length
of 2.306 A. 'H NMR spectroscopy revealed the Zn-SH resonance at —0.86 ppm (D20). The
[(TPA)Zn(SH)]* product was stable in neutral aqueous solution, but released H2S and reverted to
the parent [(TPA)Zn(H20)]?* complex in acidic solution. Conversely, deprotonation of the
hydrosulfide ligand in basic solution resulted in ZnS extrusion and release of the TPA ligand.
Treatment of [(TPA)Zn(SH)]* with the electrophile MeS-SO2Me resulted in formation
[(TPA)ZN(SO2Me)]* and dimethyl trisulfide (Me2S3). The bound hydrosulfide from
[(TPA)ZN(SH)]* could also be transferred to other Zn centers. For example, treatment of 35 with
(TpPNMe)Zn(OH) vyielded the dehydration product [(TpP"MMe)Zn-S-Zn(TPA)]* as an intermediate,
which could be converted to (TpPMMe)Zn(SH) (33d) and [(TPA)Zn(CF3CO2)]* after the addition

of CF3CO2H.
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Scheme 21. Generation and reactivity of (TPA)ZnSH compounds.
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Other 3-fold symmetric ligands with pyridine donors have been investigated as well for the
synthesis of Zn-SH complexes. Using tris(2-pyridylseleno)methyl (Tpsem) ligands, Parkin and
co-workers treated (k3-Tpsem)Zn-N(SiMes)2 with H2S to form the hydrosulfide complex (k3-
Tpsem)ZnSH (36, Scheme 22). The resultant product was characterized by X-ray crystallography
with a Zn-S bond length of 2.242 A4l Further investigations into the solution behavior of (i3-
Tpsem)ZnSH demonstrated that it is in equilibrium with the sulfide bridged complex {(x3-

Tpsem)Zn}2S, which was also supported by X-ray crystallographic characterization.

Scheme 22. Generation and reactivity Tpsem-based Zn-SH compounds.
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2.5.3 Reversible Zn-SH Formation. Complementing the 3-fold symmetric Zn-SH complexes,
Gilbertson, Pluth, and co-workers demonstrated that hydrogen bond accepting pyridinediimine
(PDI) ligands can also support Zn-SH product formation.142 Treatment of the parent 2,6-
diisopropylphenyl PDI compound (P"PDI)ZnCl. with NBwSH resulted in formation of ZnS and
liberation of the free P'PDI ligand. Metal extrusion could be eliminated, however, by replacement
of one 2,6-diisopropylphenyl group with a 2-ethyl-diisopropylamine group (didpa). Generation of
the corresponding zinc hydrosulfide, (didpa)Zzn-SH (37), was accompanied by enhanced
stabilization by virtue of hydrogen bonding between Zn-SH and the diisopropylamine group on
the ligand (Scheme 23). Variable temperature 'H NMR experiments revealed conformational
rigidity of the ethylene component of the ligand at —35 °C and the appearance of the hydrogen-

bonded Zn-S-H---N moiety at 11.05 ppm.

Scheme 23. Hydrosulfide stabilization by hydrogen bonding in Zn(pyridinediimine) complexes.
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2.6 Xanthine Oxidase and Related Molybdenum Hydrosulfides.

Xanthine oxidase (XO) is a key enzyme in purine catabolism that oxidizes hypoxanthine to
xanthine and xanthine to uric acid with the concomitant reduction of NAD* to NADH. The active
site of XO contains a sensitive mononuclear {MoV'OS} cofactor ligated to an ene-dithiolate moiety
from a coordinated pyranopterin.143 During the catalytic cycle, this XO active site proceeds
through a LMo'VO(SH)(OR) intermediate. As an example of this structural motif, an intermediate
was crystallographically-characterized using a slowly reacting substrate, and the resulting Mo-S
bond distance of 2.4 A was found to be consistent with a reduced Mo-SH rather than a Mo=S bond
(Figure 4).144 Structural information was also obtained through treatment of XO with the
mechanism-based inhibitor allopurinol, which is oxidized by XO to alloxanthine and subsequently
binds tightly to the reduced form of the Mo cofactor.14> Crystallographic analysis of the allopurinol
inhibited state of XO exhibited the Mo!'VO(SH) core structure, and the Mo-S distance of 2.4 A is

consistent with a hydrosulfide group rather than a terminal sulfide (Mo=S) moiety (Figure 4).
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Figure 4. X-ray structures of XO with the Mo'YO(SH) core structures. PDB: 1V97 and 3DBLJ.

Biomimetic structures related to this Mo'VO(SH) moiety have been targeted in a number of
studies. For example, Mitra and Sarkar reported two [Mo'VO(mnt)(SH)(N-N)]- species (mnt =
maleonitriledithiolate; N-N = 2.2’-dipyridine or 1,10-phenanthroline) by treatment of a thiolate
precursor with H2S (Scheme 24).146 At short reaction times, monomeric [Mo'VO(mnt)(SH)(N-N)]-
(38) is generated, which can be converted to the Moz species (39) at longer reaction times.
Monomeric [MoVO(mnt)(SH)(N-N)]- species exhibited SH stretches over the range 2580-2630
cnrl. Treatment of 38 with DDQ as an oxidant produced an EPR signal with g = 1.976, which
converted to a second signal at g = 1.949 in the presence of moisture. The [Mo'VO(mnt)(SH)(N-
N)]~ products were also characterized by X-ray crystallography, which revealed Mo-SH distances
of 2.458 and 2.456 A for the two structures. In addition to the above example, Sarkar and co-
workers also reported that the [M'VO(mnt)2]>~ (M = Mo, W) precursor reacts directly with H2S to
generate the multimetallic [Mo'Va(u3-S)2(mnt)s]** or [WV2(u2-S)2(mnt)s]?* products, likely through

the formation of the intermediate hydrosulfide species [M'V(OH)(SH)(mnt)2]%.147

Scheme 24. Biomimetic XO compounds featuring hydrosulfide ligands.
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Although not related to the XO system, other biologically-relevant monomeric M-SH species
containing  bipyridine/phenanthroline-based ligands have been reported for use in biological
contexts. For example, Sadler and co-workers reported the generation of a series of half-sandwich
Ir hydrosulfide compounds (40a-d) and investigated their antiproliferative activity against A2780
ovarian cancer cells (Chart 1).148 The hydrosulfide compounds shown in Chart 1 were
characterized by 'H NMR spectroscopy, which revealed characteristic Ir-SH resonances from
—1.80 to —2.22. In addition, compound 40a was also characterized by X-ray crystallography, which

demonstrated a M-SH bond distance of 2.388 A.

Chart 1. Examples of [Cp*Ir(N2R)(SH)]* based hydrosulfides.

Cp ligand N, ligand

Fo-
A % Ao
0 oo o

2.7 Applications of Metal Hydrosulfides to H2S Sensing
Motivated by the potential for reversible H2S/HS- binding to metal centers, a number of reports
have focused on using metal complexes with different optical signatures for the apo- and sulfide-
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bound forms as proof-of-concept platforms for reversible H2S sensing and detection. Readers
interested in other activity-based probes for H2S detection are referred to recent reviews.149-152 Qur
focus here is on species that proceed through the generation of metal sulfide intermediates, rather
than the large number of systems that have coupled metal extrusion, often in the form of CuS or
ZnS, to generate a fluorescence response from quenched fluorophores. We also note that direct
binding of HS- to anion-binding receptors has also recently emerged as a related approach to
reversible sulfide binding.153-155 Here, we focus on recent work aimed at using metals as a
reversible binding platform for H.S detection.

2.7.1 Chemically-Reversible Responses. Using a redox-active phthalocyanine, Pluth and co-
workers demonstrated that Co!''Pc can be reduced by HS- to generate [Co'Pc]-, which can be
reoxidized by air to the parent compound (Scheme 25). This chemically-reversible sequence can
be cycled multiple times, and results in conversion from the blue Co''Pc starting compound to the
yellow [Co'Pc]- with shifts in absorbance from 656 to 697 nm and the emergence of a broad
absorbance at 467 nm. Using a related approach but with a redox-inactive metal center, Pluth and
co-workers also demonstrated that zinc phthalocyanine (ZnPc) could bind HS- but not H2S.156 This
differential binding of H2S and HS- provides a platform for chemically-reversible sulfide binding
through metal hydrosulfide formation followed by protonation to release the bound sulfide as H:S.
UV-vis investigations showed clean conversion of the ZnPc absorbance at 342 nm to a new
absorbance corresponding to [ZnPc-SH]- (41) at 410 nm, as well as a shift in the Q band
absorbance from 665 to 670 nm. Shifts in the aromatic resonances were also observed in the *H
NMR spectrum upon HS- addition, although the hydrosulfide resonance was not observed directly.
Treatment of ZnPc-SH generated in situ with acetic acid regenerated the parent ZnPc complex,

and this process could be cycled by the successive addition of NaSH and acid. In a related
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approach, Milione and co-workers reported the use of Co(ll) and Zn(ll) heteroscorpionate
complexes for HzS detection.’>” In these systems, changes in the absorbance and fluorescence
spectra upon H2S addition were observed; however, these were attributed to metal extrusion and

ligand hydrolysis for Co(ll) and Zn(I1), respectively.

Scheme 25. Chemically-reversible reactions of hydrosulfide ion with Zn'' and Co'' complexes.
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Using protoporphyrin-1X (PPIX) ligands, Strianese and Pluth independently reported the
reaction of H2S and/or NBusSH with [Zn''"PPIX]- derivatives (Scheme 25).158. 159 Working in THF
to isolate protonation states, Pluth and co-workers demonstrated that Zn''PPIX reacts with HS-,
but not H2S, to form the hydrosulfide adduct, tentatively assigned with the charge state [Zn''PPIX-
SH]% (42) on the basis of the pKa of the carboxylate moieties on the PPIX ligand. UV-vis
investigations showed a shift in the Soret band from 413 to 441 nm and coalescence of the two Q-
bands at 544 and 582 nm to a single peak at 563 nm. 'H NMR spectroscopy also showed shifts in
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the ligand resonances, although the bound hydrosulfide resonance was not observed directly. In
similar  investigations, Strianese and co-workers investigated the reaction of ZnPPIX and the
corresponding methyl ester ligand ZnPPIXMe with NaSH and observed the same reactivity by H
NMR spectroscopy and also hydrosulfide binding by MS analysis. Using a different porphyrin
platform, Strianese and co-workers examined hydrosulfide product formation with zinc complexes
of tetrakis-(p-hydroxyphenyl)tetraphenyl porphyrin (THPP) and tetrakis-(N-
methylpyridyl)porphyrin (TmPyP) under similar conditions.1%° 160 These investigations revealed
formation of the Zn-SH adducts (43a,b) and chemically-reversible H.S release upon addition of
acid, which matches the reactivity observed for the PPIX systems. One enhancement in this
system, however, is the inherent fluorescence of the TmPyP ligand, which allowed for
hydrosulfide binding to be translated into a fluorescence response. Treatment of [(TmPyP)Zn]**
with H2S resulted in a ~2.5-fold upon formation of [(TmPyP)Zn-SH]3*, suggesting the potential
for monitoring the chemically-reversible hydrosulfide binding by fluorescence spectroscopy.

The idea of chemically reversible hydrosulfide formation on ZzZn'' platforms was further
leveraged by Strianese and co-workers by using a family of pyridoxal-based Zn(Il) complexes.161
Although addition of H2S to two of the Zn pyridoxal complexes investigated resulted in ZnS
formation, use of the pyridoxal derivative shown in Scheme 25 resulted in stable Zn-SH formation
(44), possibly due to stabilization by hydrogen bond formation with the appended alcohols on the
pyridine units. Addition of H2S resulted in a shift in the fluorescence spectrum of 44 at 500 nm, to
a new emission maximum at 380 nm. Fitting of titration data upon addition of NaSH supported a
1:1 binding model and also by MS investigations.

In related investigations, Strianese, Pellecchia and co-workers reported that CuPPIX reacts

with sulfide to result in a change in the fluorescence spectrum in water, although the reversibility
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of this system was not investigated.162 The fluorescence signals in the 600-700 nm region of the
spectrum changed intensity slightly upon H2S addition, and a new significant fluorescence band
was observed centered at 430 nm, representing a turn-on fluorescence response. MS investigations
revealed a [(CuPPIX)SH]~ adduct, suggesting the potential for hydrosulfide coordination to the Cu
center. By contrast, Pluth and co-workers reported that in organic solution, Cu''PPIX failed to react
with H2S or HS-, suggesting that proton inventory and/or solvent effects may play an important
role in the observed reactivity of sulfide with Cu(ll) porphyrin systems.158

Although not used for sensing sulfide directly, Galardon and co-workers reported that the
reversible coordination of sulfide to a hexadentate Fe(ll) complex by utilizing proton transfer and
hydrogen bonding chemistry to stabilize the bound hydrosulfide (45).163 In this system in the
absence of H2S, the deprotonated carboxamido ligand was coordinated to the Fe(ll) center
(Scheme 26). After addition of H2S, however, protonation of the carboximido group and
coordination of HS- to the metal center was observed, which was stabilized by an intramolecular
hydrogen bond between the sulfur and the amide hydrogen. The presence of this hydrogen bonding
interaction was confirmed by IR spectroscopy, which revealed a carbonyl stretch at 1696 cm?® in
the protonated amide and by 'H NMR spectroscopy, which displayed an exchangeable proton
resonance at —69.2 ppm. Crystallographic characterization of 45 also supported the existence of a
strong hydrogen bonding interaction in the solid state, showing an Fe-S bond distance of 2.387 A

and a S-N distance of 3.333 A.

Scheme 26. Reversible binding of H2S to a Fe'! carboximido complex.
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2.7.2 Fluorophore-Displacement Coupled with Sulfide Binding. Building from work on the
formation of TpZn-SH products, Galardon and co-workers reported fluorophore-ligated zinc
systems for H>S detection.184 Starting with a coordinated 4-methyl-7-thiocoumarin ZnTp system,
treatment with hydrosulfide resulted in fluorophore displacement and formation of a Zn-SH
product (33d, Scheme 27). This conversion resulted in a clean shift in the UV-vis spectrum from

354 to 383 nm, and an associated reduction in the fluorescence intensity of the coumarin dye.

Scheme 27. Displacement of a bound fluorophore from a TpZn platform

2.7.3 Heme-Based H2S Sensing Systems. The optical changes in the absorption spectrum of
myoglobin (see section 3.3.1) upon reaction with H2S/HS- have been employed to develop FRET-
based fluorescent HzS sensors. In the absence of H2S, Mb exhibits a Soret band at 409 nm and
other weaker absorbances at 503 and 636 nm. Upon reaction with Hz2S, the Soret band shifts to 421

nm, and the lower-energy absorbances at 503 and 636 nm are quenched with the appearance of
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new bands at 543, 581, and 617 nm. By employing dyes that absorb near the different absorbance
maxima in the Mb-sulfide adduct, D’Auria and co-workers demonstrated that the fluorescence of
the dye can be modulated.1%®> As an example of this approach, labeling the N-terminus of Mb with
either the dye Cy3 (Amax = 550 nm; Aem = 570 nm), which overlaps with the 543 nm Mb-sulfide
absorbance, or Att0620 (Amax = 620 nm; Aem = 645 nm), which overlaps with the 617 nm Mb-
sulfide absorbance, resulted in fluorescence modulation upon reaction with H2S.

Using a similar approach, Galardon and co-workers leveraged the reversible sulfide binding
observed in Lucina pectinata by using recombinant Hbl (rHBI) to develop a reversible method for
H2S measurement.1%6 The authors reasoned that addition of the coumarin-based dye Pacific Blue,
which has a maximal absorbance at 404 nm, could take advantage of the change in absorbance of
rHbl from 407 to 425 nm upon H2S binding. In the absence of H2S, rHbl absorbs near the same
wavelength as the Pacific Blue dye, thus limiting the dye fluorescence. After addition of HaS,
however, the shift in absorbance to 425 nm results in a higher excitation efficiency of the Pacific
Blue dye and leads to an enhanced fluorescence response of the dye at 455 nm. Consistent with
both the overall design and the reversible binding of H2S to Hbl, the rHb1 / Pacific Blue sensing
system was demonstrated to be reversible, as evidenced by repeated cycles with NaSH treatment
followed by purging with Ar gas.

2.7.4 Other Enzyme-Based H2S Sensing Systems. Using a similar approach as in the
fluorescently-tagged Mb system, other fluorescently-tagged metalloenzymes have also been
utilized to detect H2S. For example, peptide deformylase (PDF) from Escherichia coli normally
has Fe!' as its native metal cofactor, but the Fe!' can be substituted with other transition metals.
Using an Atto620 tagged Co-PDF version of this enzyme, Strianese and co-workers demonstrated

that the resultant enzyme-dye conjugate could function as a turn-off fluorescent H2S reporter.167
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In the absence of H2S, Co-PDF has absorbances at 560 and 660 nm. These two absorbances are
quenched upon addition of H2S, and two new bands appear at 625 and 665 nm, with the 625 nm
band having good overlap with the Atto620 fluorophore. This increased absorbance at 625 nm
upon H2S addition results in decreased excitation efficiency of the Atto620 fluorophore and a
reduction of fluorescence. Although this reaction was found to be irreversible, the importance of
the Co-sulfide interaction was supported by X-ray crystallography of the reaction product of Co-
PDF with Hz2S, which showed sulfide coordination to the metal center with a Co-S bond distance
of 2.29 A. The authors note that exchange of other metals into the PDF platform may also support
H2S sensing. As a proof of concept of this approach, the authors also reported an X-ray structure
of the product of Ni-PDF treatment with H2S, which revealed a Ni-S distance of 2.58 A, although

sensing applications were not investigated with the nickel system (Figure 5).

Figure 5. X-ray structures of Co(PDF) and Ni(PDF). PDB: 4AZ4, 4AL2,

Using the azurin protein, Strianese and co-workers pursued a similar approach of fluorophore
ligation to generate a fluorescence response to sulfide.16® Treatment of the 14 kDa Cu-containing
protein azurin with H2S was found to result in reduction of the Cu'' to Cu' as evidenced by both
EPR spectroscopy and X-ray crystallographic analysis before and after reduction of the Cu center.

This reduction from Cu'' to Cu' was accompanied by a bleaching of the broad charge-transfer
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absorbance from 550-650 nm in azurin. Using azurin labeled with the Atto620 fluorescent tag,
reduction of Cu'! led to an increase in fluorescence, which could be returned to its more quenched
state by oxidation back to Cu'" with KzFe(CN)s, which also supports retention of Cu' in the protein
in its reduced state. In addition to the Cu-azurin system, the authors also prepared a Co analogue
of azurin, which maintains a broad absorbance in the 300-350 nm region of the spectrum, which
increased upon addition of Hz2S. By using Alexa350 (Amax = 346 nm, Aem = 442) instead of Atto620
as a fluorescent tag, this change in absorbance in Co-azurin was translated to a fluorescence turn-

off response, which could be restored by oxidation with K3Fe(CN)e.

3. Roles in Organometallic and Coordination Chemistry
3.1 Subsection Introduction.

The biological chemistry of hydrosulfide described in the previous sections arises naturally as
a consequence of Nature’s appropriation of this abundant element during millions of years of
evolution. From the standpoint of the synthetic chemist, however, the intrinsic properties of the
hydrosulfide ion and its conjugate acid, H2S, render it unideal as a ligand in terms of both kinetic
and thermodynamic stability. Nonetheless, these challenges have provided an incentive for intrepid
inorganic chemists over the past 50+ years to explore the limits of its coordination chemistry and
reactivity with metal ions. Practical considerations as well, such as the desire to mitigate harmiful
H2S in the environment by catalytic means, have provided additional impetus to investigate the
fundamental reaction chemistry of hydrosulfide. This section will cover aspects of transition metal
hydrosulfide complexes in the context of their roles in organometallic chemistry, coordination
chemistry, and cluster science. The section begins, however, with a specific focus on the reactivity

of HS™ relevant to molecular hydrogen. Parallels between metal hydrides and metal hydrosulfides
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are notable and therefore it is no coincidence that an understanding of the former has helped guide

the development of the latter.

3.2 Roles in H2 Chemistry

The potential for H2S to serve as a source of Hz equivalents has intrigued coordination chemists
for several decades.'®® In this vein, it is worthwhile to appreciate analogies to modern research
where the lighter congener of H.S, water, is receiving a great deal of attention as a source of
molecular hydrogen in the context of renewable energy. Oxidative addition of the S-H bond to
transition metals was envisioned early on as a potential means of activating H2S toward further
chemistry and it remains a popular means of preparing hydrosulfide complexes. In similar fashion,
the pronounced acidity of H2S was also recognized as a convenient means of generating Hz through
acid-base chemistry with metal hydrides.

3.2.1 Oxidative Addition of H2S. Some of the first examples of HS™ coordination to transition
metal ions were reported in the context of studies on oxidative addition. Among the earliest
examples of putative hydrosulfide coordination was a brief mention in a 1962 publication by Vaska
and co-workers intimating that H2S is capable of undergoing oxidative addition with trans-
[Ir(CO)CI(PPh3)2] to generate the Ir(ll1l) hydrosulfide species [Ir(CO)CI(PPh3)2(SH)H] (46)
(Scheme 28).170 A similar complex containing the chelating dppe ligand (dppe = bis(l,2-
diphenylphosphino)ethane) was subsequently reported by Vaska, although as with 46, the
hydrosulfide complex was not isolated.1’: 172 Wilkinson and co-workers later reported similar
oxidative addition chemistry of H2S with [Ir(CO)CI(PPhs)2] and its Rh congener. Although the

resulting hydrosulfide species was isolated, direct spectroscopic evidence for the SH ligand was
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not forthcoming as an IR peak for the S-H stretch could not be identified.1”3 Later work by Pignolet
and coworkers provided crystallographic evidence for the composition of 46 along with the
bridging hydrosulfide complex [RhCI(H)(u-SH)(PPhs)2]2 (47), resulting from oxidative addition
of H2S to Wikinson’s catalyst ([RhCI(PPhs)s]).1’4 Working with the related tetraphosphine
iridium(l) species, [Ir(PMes)s]*, Milstein and coworkers also observed facile oxidative addition of
H2S to afford cis-[Ir(H)(SH)(PMesz)a]* (48).17> Much like 46, compound 48 failed to demonstrate
an observable IR signature. However, the compound was characterized crystallographically and
an NMR resonance for the sulfhydryl proton was found at —2.05 ppm showing the expected

coupling to both 3P and 1H.

Scheme 28. Early examples of M-SH species generated by oxidative addition of HS.
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Rhodium(l) compounds were also the subject of early studies by Collman and co-workers who
demonstrated oxidative addition of H2S to generate compound 49, which contains a macrocyclic
N4 ligand (Scheme 29).176¢ No IR or NMR features for the S-H ligand were reported, although a
Rh-H stretch was identified at 1910 cmrl. Hampering characterization was the fact that compound
49 was found to be unstable in solution reverting back to the corresponding Rh(l) species by

reductive elimination of H2S. A more robust Rh(IIl) bis-hydrosulfide complex, 50, was also

56

Page 56 of 195



Page 57 of 195

Chemical Society Reviews

disclosed in the same work arisihg from hydrolysis of a precursor featuring
triethylgermaniumsulfide ligands (Scheme 29). Unlike 49, both IR and NMR signatures for the
SH ligands of 50 were readily apparent at 2580 cm® and —1.55 ppm, respectively, although rapid
exchange between the protons of the sulfhydryls and adventitious water precluded determination

of a 2Jrn-+ coupling constant.

Scheme 29. Mono- and bis-hydrosulfide complexes of a Rh(I11) N4 macrocycle.
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Trivalent Group 9 compounds have likewise been investigated for oxidative addition
chemistry. Pignolet and co-workers examined reactions of H2S with the Ir(lll) dihyride complex,
[Ir(H)2(Me2CO)2(PPhs)2]*.17" Following up on earlier observations by Crabtree and co-workers,'’8
treatment of [Ir(H)2(Me2CO)2(PPhs)2](BF4) with H2S in acetone was found to primarily give the
bimetallic complex [Ir2(H)2(PPhs)4(z-SH)2(x~-H)]* (51) which could be deprotonated to yield the
neutral species [Ir2(H)2(PPha)a(u-S)(1-SH)(1-H)] (52, Scheme 30). Both 51 and 52 were observed
to exist as a mixture of isomers based on the relative stereochemistry of the bridging SH groups.
During formation of 51, a small quantity of the isopropythiolate-bridged complex
[Ir2(H)2(PPha)a(u-S)(u-S'Pr)(u-H)]* was also obtained. Formation of this species was proposed to
occur through reaction of acetone with the putative Ir(V) intermediate, [Ir(SH)(H)s(PPhs)2]* (53),

arising from oxidative addition of H2S to [Ir(H)2(Me2CO)2(PPhs)2]*. Rauchfuss and co-workers
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later demonstrated that 51 could also be prepared by addition of H2 to the iridium sulfide complex,

[Ir2(u-S)2(PPhs)a] (vide infra).17®

Scheme 30. Reactions of H2S with [Ir(H)2(Me2CO)2(PPhs)2]*.
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The facile oxidative addition chemistry displayed by H2S with Ir also prompted early studies
with Pt complexes. Pioneering work by Ugo and co-workers examined the interaction of HoM (M
=S, Se, and Te) with “(PhsP)2Pt”. H2S was found to add reversibly to Pt° to afford the cream-
colored Pt(ll) complex [Pt(SH)(H)(PPhs)2] (54a) along with a second species proposed to be the
H.S adduct, [Pt(SH2)(PPh3)2] (55, Scheme 31).180 Of particular note, 'H NMR data for 54a
revealed a S-H proton resonance at —1.44 ppm. Such high-field resonances are a hallmark of
hydrosulfide complexes of the mid to late transition metals further supporting the composition of
54a. Low temperature NMR experiments verified the trans disposition of the phosphine ligands,
although the lack of observable P-H coupling at room temperature suggested a dynamic process at
higher temperatures. Later work with analogs of 54a containing PBnz (54b) PCys (54c), and PEt3
(54d) ligands established unambiguously the composition of such species and provided both NMR
and IR evidence for the coordinated SH ligand.181. 182 To date, no crystal structure has been reported

for a species of the type trans-[Pt(H)(SH)(PRs)2], although Bagdanovic and co-workers have
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reported the structure of the related Pd complex, trans-[Pd(H)(SH)(PCys)2], which does in fact

demonstrate the expected arrangement of the hydride and hydrosulfide ligands.183

Scheme 31. Synthesis and reactivity of [Pt(PRs)2(SH)(H)] species.
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The reactivity of [Pt(SH)(H)(PRs)2] was the subject of several subsequent studies. Ugo and co-
workers found that 54a reacts readily with alkyl and acyl halides to produce [Pt(CI)(H)(PPhs)2]
and the corresponding thiols and thioesters demonstrating the susceptibility of the hydrosulfide
group to attack by electrophiles (Scheme 31).184 Even more notable, exposure of 54a to molecular
oxygen was found to result in formation of a material with formula “[Pt(PPhs)2(S)]2”” implying that
H2S can be used as a source of Hz equivalents for reduction of O2. In related chemistry, Shaver
and co-workers demonstrated more recently that 54a reacts with SO2 to generate [Pt(PPhs)2(x?-
S2S0)].185 This oxotrisulfido species can be regarded as a potential intermediate in the oxidative
breakdown of H2S to elemental sulfur (the Claus process), for which 54a was shown to be a

homogeneous catalyst.
Using compounds related to 54d, Robertson and co-workers have demonstrated the existence

of the hydrosulfide-bridged diplatinum cation trans-[Pt(PEt)2(H)(u-SH)]2 (56).186 Compound 54d
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was also found to undergo further oxidative addition chemistry with H2Se but not H2S to generate
new Pt(IV) complexes lacking hydrosulfide ligands.182 These experiments illustrated the reductive
nature of S versus Se leading to facile reductive elimination of H2S from Pt(IV) intermediates. In
a similar vein, exposure of 54d to HI produced the mixed halide-hydrosulfide species, trans-
[Pt()(SH)(PEts)2] (57). Formation of 57 can be envisioned to occur through direct protonation of
the hydride ligand, or via oxidative addition of HI and subsequent reductive elimination of Ho.

In a modified approach to oxidative addition, the azide precursors [Pd(N3)2(PPhs)2] and
[PA(N3)2(PPhs).] were demonstrated to react with H2S to produce the bis-hydrosulfide species
[M(SH)2(PPhs)2] (M = Pd, 58a; M = Pt, 59a) (Scheme 32).187 Formation of 59a was also reported
by Schmidt and co-workers to result from treatment of [PtCl>(PPhz).] with H2S in the presence of
base.18 The specific geometrical isomers (cis vs. trans) formed in these reactions were not
explicity noted although subsequent crystallographic studies with 58a demonstrated that it exists
as the trans isomer in the solid state,18® whereas that of 59a exists as the cis isomer (Figure 6).190
Factors accounting for the different geometrical isomers observed for 58a and 59a have never been
investigated, and the preparative route employed may account for the particular isomer isolated in
each case. For example, the asymmetric unit of 59a was found to contain a molecule of CHCIs
appearing to engage in a hydrogen-bond with one of the hydrosulfide ligands. Such interactions
may provide the neccessary driving force to select for one geometrical isomer over the other in the
solid state. The corresponding trialkylphosphine complexes of Pd and Pt featuring PIBus and PEts
ligands, respectively, were all found to exist as the trans isomers in the solid state.182. 191 The related
[M(SH)2(dppe)] complexes (M = Ni, 60a; Pd, 58b; Pt, 59b) were prepared by Schmidt and co-
workers via salt metathesis with NaSH and found to display spectroscopic signatures similar to

those of 58a and 59a.192 A similar complex, [Pt(dppe)(CH3)(SH)] (61), was also reported by
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Bennet and co-workers through addition of H2S to the Pt(ll) methyl species
[Pt(dppe)(CH3)(OH)].1%3
Scheme 32. Generation of Group 10 bis-hydrosulfide species.
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Figure 6. Solid-state structures of 58a (left) and 59a (right) generated from crystallographic data
in references 189 and 190. Hydrogen atoms and phenyl rings of PPhs are omitted for clarity but

co-crystallized CHCIs with presumed H-bonding interaction is shown for 59a.

Much more recently, Jones and coworkers have reported the synthesis of [Ni(dippe)(SH)-]
(60b, dippe = 1,2-bis(diisopropylphosphino)ethane), an analog of 60a (Scheme 32).1°4 Compound
60b was prepared in the context of desulfurization studies with nickel by oxidative addition of H2S
to the zero-valent complex, [Ni(dippe)2]. As such, 60b completes the series of bishydrosulfide
complexes of the Group 10 metals generated by oxidative addition of H2S. Compound 60b was
further employed as a precursor to sulfide species via comproportionation with a bimetallic Ni(l)
hydride. Similarly, Nishioka prepared compound 62, a chelating NHC variant of 59a, and
demonstrated that it is oxidized by Oz in the presence of H2S to form a monomeric Pt(cyclo-Sa4)
species with H2O as the presumed by-product (Scheme 32).19% Such chemistry harkens back to the
reaction discussed above concerning 54a and O2, once again demonstrating the ability of Hz.S to
serve as a surrogate for Hz in inorganic complexes.

Precious metal systems beyond Ir and Pt have also been the subject of intense investigation
regarding the oxidative addition of H2S. For example, James and co-workers reported the facile
reaction of H2S with the zero valent Ru complex [Ru(CO)2(PPhs)s] at —35 °C to give hydrosulfide
[Ru(CO)2(PPh3)2(SH)(H)] (63, Scheme 33).1%6 At higher temperatures, 63 reacts further with H2S
to produce Hz and the bis-hydrosulfide [Ru(CO)2(PPhs)2(HS)2] (64) through an acid-base process.
The cis,cis,trans stereochemistry of 63 and 64 and was established through NMR and IR
spectroscopy as well as crystallization of 64.1%7 Identical reactions of H2S with the tricarbonyl

precursor, [Ru(CO)s(PPhs)2], were found to be significantly less efficient, producing only small
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quantities of hydrosulfide 63 and bis-hydrosulfide 64 after reflux in tetrahydrofuran.1®®  Analogs
of 63 and 64 containing the bidentate dppm ligand (65, 66a,b) were also prepared by James through
treatment of cis/trans-[Ru(H)2(dppm)2] with H2S.1°7 Unlike 63, compound 66a was found to exist
solely as the trans-(H,SH) isomer. By contrast, the bis-hydrosulfide was produced as a mixture of
cis and trans isomers (66a, 66b). Later work by James and co-workers reported the crystal
structure of 66b from an improved synthesis of 66a and 66b starting from trans-

[Ru(H)Cl(dppm).].1°

Scheme 33. Generation of Ru(ll) hydrosulfide complexes.
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Divalent ruthenium has also been shown to take part in oxidative addition reactions with H»S.
Puerta and co-workers reported the reaction of [Cp*RuCI(PEt3)2] with H2S in the presence of
NaBPhs to afford the cationic Ru(IV) complex [Cp*Ru(SH)(H)(PEts)2]* (67, Scheme 34).200
Interestingly, 67 was only observed in the case of the Cp* ligand. Identical reactions with

[CpRUCI(PEt3)2] led to formation of the bridging disulfide species [Cp2Ruz(PEts)a(u-S2)](BPha)2.

Compound 67 was found to convert to a similar disulfide species, [Cp*2Ru2(PEt3)a(u-S2)](BPha)2,
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upon air oxidation with liberation of water. Such a reaction bears a strong resemblance to that

described above for 62.

Scheme 34. Reactions of Cp*Ru complexes with H2S.
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The existence of H2S adducts as precursors to oxidative addition has continued to intrigue
chemists working in this area. In this vein, the chemistry of ruthenium has provided a fertile testing
ground for the preparation of such adducts. Sellman and co-workers were the first to
crystallographically characterize an H2S adduct, compound [Ru(‘S4’)(PPhs)(SH2)] (68, ‘S4” =
tetrathiolate ligand), which was prepared by low temperature (—70 °C) addition of H2S to the
oligomeric Ru(Il) complex [Ru(PPh3)(‘Ss’)]n (Scheme 35).291 The stability of 68, at least in the
solid state, was ascribed to significant hydrogen-bonding between H2S and both a co-crystallized
molecule of THF as well as the anionic S atom of the Ss ligand. Unlike the reaction at low
temperature, treatment of [Ru(PPhs)(‘Ss’)]n with H2S at ambient temperature proceeded with
oxidative addition to generate a mixture of species including the Ru(lll) disulfide species, [Ruz(u-
S2)(PPh3)2(S4)2].2°2 In similar chemistry, James has also reported several crystallographically-
characterized examples of H2S adducts of Ru(ll). In this instance, treatment of halide precursors
[RuXz(P-N)(PR3)] (X = Cl or Br; R = Ph or p-tolyl) with H2S under ambient conditions afforded
[RuX2(P-N)(PR3)(SH2)] adducts (69a-c, Scheme 35).203. 204 As with 68, compounds 69a-c

underwent loss of H2S upon purging with inert gas or exposure to vacuum.
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Scheme 35. Coordination of H2S to Ru complexes.
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Outside of precious metal systems, oxidative addition of H2S has likewise been employed in
the synthesis of hydrosulfide complexes. In the area of Group 4 chemistry, Bottomley and co-
workers were the first to examine the oxidative addition of H.S to divalent Ti and Zr compounds
of the type [CpRaM(CO).],29% 206 although metallocene complexes of hydrosulfide had already
been well established for two decades (vide infra). Reactions of [CpR2M(CO)2] with H2S were
found to generate metal-sulfide clusters in the case of Zr and the parent [Cp2Ti(CO)2], but when
the pentamethylcyclopentadienyl analog [Cp*2Ti(CO)2] was employed, the titanocene
hydrosulfide species [Cp*2Ti(SH)2] (70b), was isolated (Scheme 36). In all cases, reaction of H2S

with [CpR2M(CO)2] was found to produce molecular H: as a byproduct.

Scheme 36. Oxidative addition of H2S to Ti and Zr complexes.
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Shaver demonstrated that the Zr analog [Cp2Zr(SH)2] (71a) containing the parent Cp ligand,
exists in equilibrium with [Cp2Zr2(u-S)2] and H2S in accordance with the reported inability to
observe 71a in reactions of [Cp2Zr(CO)2] with H2S.2%7 However, in later work with the Cp* ligand,
Parkin and co-workers found that treatment of [Cp*2Zr(CO)2z] with H2S does in fact generate small
amounts of [Cp*2Zr(SH).] (71b) in contrast to the prior report by Bottomley and co-workers.?%8
The major product of the reaction, however, was found to be the bridged-sulfide species
[Cp*2Zr2(SH)2(u-S)] (72). Use of [Cp*2Zr(CO)2] also permitted isolation of the terminal sulfide
species, [Cp*2Zr(S)(py)], which underwent reaction with acetophenone to produce
[Cp*2Zr(SH)(OC(CH2)Ph)] (73) (Scheme 36).29°

Parkin and co-workers have also described oxidative addition of H2S to centers with the
masked W(0) species, [M(7>-CH2PMez2(H)(PMes)s] (M = Mo, W) (Scheme 37).210 The
intermediate species, [W(PMez)4(SH)2(H)2] (75), was detected spectroscopically but was found to

lose H2 rapidly to generate the trans-[W(S)2(PMes)s]. The corresponding reaction with the Mo
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congener [Mo(;2-CH2PMe2(H)(PMes)s] produced the analogous sulfide species via trans-

[Mo(S)2(PMes)s].211 Interestingly, treatment of [W(#2-CH2PMe2(H)(PMes)s] with H2Se was found

to generate the related terminal selenide, trans-[W(Se)2(PMes)s], although not through the

intermediacy of a hydrogenselenide species.?!?

Scheme 37. Oxidative addition of Hz2S to Mo and W complexes.
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The chemistry of trans-[M(S)2(PMes)s] (M = Mo, W) with H2S and

thiols was further

investigated by Rauchfuss and found to result in a series of M-S cluster species containing

hydrosulfide ligands.?13 In this case, entry to trans-[M(S)2(PMes)s] was accomplished by direct

treatment of [MSs]~ with H2S in the presence of PMes. Compounds of the type (76a-c) were

obtained as the initial products of H2S or thiol reactivity with trans-[Mo(S)2(PMes)s] (Scheme 37).

Compound 76¢ was found to react further with H2S to give the tetranuclear species, 77, prepared

earlier by Saito and co-workers.214 215 Much more recently, Parkin and coworkers have

demonstrated that 77 can result from direct treatment of [Mo(PMes)s] with H2S.216 The tungsten

analog of 77, 78a was reported by Rauchfuss and coworkers, although intermediate species similar
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to 76a-c were not detected. Of note, the PMe2Ph variant of 78a, 78b, had been reported several
years earlier by Hidai from reactions of [W(N2)2(PMe2Ph)s] with (Me3Si)2S.?17. 218

Employing the dimethylphosphinoethane ligand (dmpe), the disulfide species, trans-
[M(S)2(dmpe)2] (M = Mo, W), can be prepared directly from [MS4]~ and H2S. Rauchfuss examined
proton transfer reactions of trans-[M(S)2(dmpe)z] in non-aqueous media and was able to generate
the cationic hydrosulfide species, [M(S)(SH)(dmpe)2]* (M = Mo, 79; W, 80) (Scheme 37).2%° The
pKa values of the two compounds were estimated at 16.5 and 15.5, respectively, demonstrating a
slightly enhanced acidity for the W congener.

The action of H2S on Group 6 thiometallates to produce hydrosulfide complexes was similarly
shown by Rauchfuss and co-workers to take place with [ReSs]". In the case of Re, treatment
[ReS4]™ with H2S in the presence of PMes resulted in formation of [Re(PMes)4(SH)2(H)] (81,
Scheme 38).220 Trimethylphosphine sulfide (S=PMe3) was observed as a byproduct during the
synthesis of 81, and in fact the hydrosulfide compound could be employed as a catalyst for the
formation of SPMes from H2S and PMes at room temperature. Treatment of 81 with dmpe afforded
the related complex, 82. Compound 82 is notable in that it possesses inequivalent hydrosulfide
ligands. Magnetization transfer experiments with 82 demonstrated that exchange of the two S-H
protons is relatively slow on the NMR timescale. Other reported reactions of 81 include its
interaction with CO to first produce [Re(PMes)s(SH)(CO)] (83) with elimination of H2S, followed
by successive displacement of the PMes ligands to generate the related carbonyl-hydrosulfide
species [Re(PMes)3(SH)(CO)2] (84) and [Re(PMes)3(SH)(CO)s] (85). Both 81 and 82 were found
to catalyze a series of H/D exchange reactions involving H2/D2, H2S/D2 and protic reagents. In
each case 81 was found to be more efficient, likely due to its ability to dissociate PMes more

readily to afford the 16e~ species, [Re(H)(SH)2(PRs)2] (86).
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Scheme 38. Reactivity of Re hydrosulfide complexes.
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Although the majority of examples of oxidative addition of H2S involve two-electron
processes, one-electron examples have been described. Sacconi and co-workers published an early
example of a paramagnetic Ni(l) hydrosulfide complex, 87, through the reaction of the Ni(0)
species, [Ni(nps)], with H2S (Scheme 39).221 Hydrogen was reported as the byproduct of the
reaction in line with many of the two-electron processes described above. Although no crystal
structure of 87 was obtained, a vs4 value of 2545 cm! was identified by IR spectroscopy and
corroborated by a value of 2270 cm! for the analogous hydroselenide species, [Ni(SeH)(nps)]

(88).

Scheme 39. Oxidative addition of H2S to Ni(nps) complexes.
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Oxidative addition of H2S to bimetallic centers has also been examined and found to involve
the intermediacy of metal hydrosulfides. Early studies by James and coworkers with bimetallic

Pd(l) complexes of the type [Pd2Xz(u-P™P)2] (X = halide, P*P = dppm or dppe) demonstrated that
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treatment with H2S led to quantitative formation of Hz and A-frame complexes, [Pd2Xz(u-S)(u-
PP)2].222: 223 His group later showed that dppm was capable of abstracting sulfur from the A-frame
complexes thereby regenerating [Pd2Xz(u«-P"P)2] and creating a catalytic cycle for H2S conversion
to H2.224 Intermediates in route to the A-frame complexes were identified using low temperature
NMR spectroscopy and shown to be of the form [Pd2X2(SH)(H)(u-P"P)2] (89a-c) (Chart 2).225 The
chloride analog (89a) was postulated to form in similar fashion, although its rapid transformation
into the bridging sulfide precluded its definitive characterization. More recently, use of the dmpm
(dmpm = dimethylphosphinomethane) ligand has allowed for the intermediate species in the
transformation of the chloride analog (90) to be observed spectroscopically.?26 An additional likely
sulfhydryl-containing species, possibly the H2S adduct, was observed but could not be positively
identified. Related bimetallic zero-valent complexes of Rh and Ir of the type [M2(CO)s(u-dppm)2]
were also found to oxidatively add H2S to produce the corresponding A-frame compounds,
[M2(CO)2(u-S)(u-dppm)2].2%” No intermediates akin to 89 were identified in the case of rhodium,
but with iridium, hydrosulfide species 91 was observed by low-temperature NMR spectroscopy

(Chart 2).

Chart 2. A-frame and related bimetallic hydrosulfide complexes.
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Oxidative addition of H2S to bimetallic centers has also been demonstrated with species
containing formal M-M multiple bonds. Work by Walton and co-workers showed that the
dirhenium(I) species, [Re2Xa(u-dppm)2] (X = CI, Br), which contains a formal Re-Re triple bond,
undergoes reaction with H2S to produce complexes [Re2Xa(u-H)(u-SH)(u-dppm)2] (X = CI, 92a;
Br, 92b) (Chart 1).228 When two of the halide ligands of [Re2Cls(u-dppm)2] were replaced by
carboxylates, the related species [Re2(O2CR)2Ck(u-dppm)2], was found to take part in a non-redox
reaction with H2S in the presence of acid to produce [Re2Chk(u-SH)2(u-dppm)2] (93).22° The
requirement of acid was postulated to stem from the need to convert [Re2(O2CR)2Cl(u-dppm)]
to [Re2Ck(u-dppm)2]?* prior to reaction with H2S.230 The enhanced electrophilicity of [Re2Cla(u-
dppm)2]?* over [Re2Cla(u-dppm)2] diverts the chemistry away from oxidative addition and toward
proton transfer. Unlike 92a, compound 93 retained the Re-Re triple bond of the starting material
as evidenced by a short Re-Re distance of 2.2577(5) A. NMR resonances for the bridging SH
groups of 93 were not discernable, even at low temperature, likely as a consequence of dynamic
motion of the S-H groups in solution which serves to scramble the relative stereochemistry.?3!

In similar fashion to their homobimetallic counterparts, heterobimetallic complexes also react
readily with H2S to give the products of oxidative addition. Cowie and co-workers found that the
Rh-Re species, [RhRe(CO)as(u-dppm)2], produces the A-frame complex, [RhRe(CO)a(u-S)(u-
dppm)2], and H2 upon treatment with H2S.232 Much like the dipalladium species examined by
James, intermediates in this process were detected by low temperature NMR and postulated as the
H2S and hydrosulfide adducts, [Re2(CO)a(H2S)(u-dppm)2] (94) and [Re2(CO)3(SH)(u-CO)(u-
H)(u-dppm)2] (95), respectively (Chart 1). The location of the hydrosulfide ligand on Rh in
complex 95 was established through heteronuclear 3P decoupling experiments. The lighter

congener of 95 containing Mn (96) was also prepared by Cowie in reactions of [RhMn(CO)a(u-
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dppm)2] with H2S (Scheme 40).233 In this instance, conversion to the bridging sulfide,
[RAMN(CO)4(u-S)(u-dppm)2], was found to require several days permitting isolation of 96. This
work also demonstrated protonation of the bridging sulfide, [RhMn(CO)a(u-S)(u-dppm)2], to
afford cationic hydrosulfide [RhMn(CO)3(u-CO)(u-SH)(u-dppm)2]* (97). Compound 97 was

found to be active toward the insertion of alkynes into the S-H bond.

Scheme 40. Heterobimetallic A-frame complexes.
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Further underscoring the differences between hetero- and homobimetallic species, Cowie and
co-workers were able to isolate the hydrosulfide species [Rhir(CO)2(H)(u-SH)(«-dppm)z2] (98), by
employing the Rh-Ir complex, [Rhir(CO)s(u-dppm)2] (Scheme 40). Compound 98 is analogous to
intermediates proposed in the reaction of the homobimetallic Rhz and Ir2 (91) complexes with
H2S.227 Curiously, reaction of [Rhir(CO)s(u-dppm)2] with H2S terminates with compound 98
instead of proceeding to the sulfide-bridged A-frame complex observed with the homobimetallic
species. The unique stability of 98 was proposed to arise from the differing Rh-H vs. Ir-H bond
strengths, and the desire of each metal to maintain 16-(Rh) and 18-(Ir) electron counts.

More recently, James and co-workers has demonstrated oxidative addition of H2S to the Mo-

Ru bimetallic species, [MoRu(CO)s(u-dppm)2].234 As with the examples discussed above, the
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ultimate products of the reaction are the bridging sulfide, [MoRu(CO)a(u-S)(«-dppm)2], and
molecular hydrogen. Intermediates along the pathway to formation of the sulfide were identified
at room temperature, including the isolable compound [MoRu(CO)4(u-CO)(u-SH)(u-dppm)2] (99,

Scheme 40).

3.2.2 Addition of H2S to metal hydrides. In many of the examples of oxidative addition of H2S
to transition metal centers discussed above, a subsequent proton transfer event occurs between a
metal hydride and a second equivalent of H2S leading to generation of molecular hydrogen. Such
a strategy for production of H is logical given the acidity of H>S and the basic nature of most
transition metal hydrides. Consequently, such a strategy has been employed to synthesize a number
of hydrosulfide complexes.

Early work by Nolte and Singleton described the reaction of H2S with the ruthenium(Il)
hydride complex, [RuH(COD)(PMezPh)s]* (COD = 1,4-cyclooctadiene), in methanol to generate
100 and molecular hydrogen (Scheme 41).23% The triply-bridging nature of the hydrosulfide ligands
was proposed through analogy with the structurally characterized hydroxide analog. Both vsq and
IH NMR resonances for the hydrosulfide ligands were detected spectroscopically further

confirming identity of the complex as a hydrosulfide species.

Scheme 41. Addition of H2S to Ru hydride complexes.
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In related chemistry, Yamamoto and co-workers reported the reaction of H2S with the
ruthenium(11) dihydride, [Ru(H)2(PPhs)2] to produce the purple complex 101 (Scheme 41).236
Hydrogen was evolved quantitatively in the process as expected for simple proton transfer.
Compound 101 could also be accessed via reaction of Sg with [Ru(H)2(PPhs)2]. Although not
prepared via oxidative addition of H2S to Ru(0) as with 63, evidence for the facility of such a
process was garnered through H/D exchange. Dissolution of 101 in CH2CkL with 4% MeOD was
found to result in deuterium incorporation into the hydrosulfide, hydride, and phenyl groups of the
phosphine ligands. In the case of the hydride ligand, reversible reductive -elimination/oxidative
addition of H2S was invoked to explain the exchange process, much like that observed for 54.184
Subsequent work by Yamamoto and co-workers demonstrated that a similar ruthenium(ll)
dihydride precursor, [Ru(H)2(PMe2Ph)s], containing the smaller PMe2Ph ligand reacted with H2S
to produce the bimetallic species, 102. In this instance, a second proton transfer occurs to generate
a briding tris(hydrosulfide). Of note, the solid-state structure of 102 was also reported and the

authors identified short contacts (within van der Waals radii) between the H atoms of the bridging

sulthydryl groups and the m system of the Ph rings. Compound 102 is conceptually similar to 100
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and the two compounds likely result from their respective reactions due to subtle differences in
preparative conditions (i.e. temperature, protic vs. aprotic solvent).

Employing a closely related Ru(Il)-hydride containing a thiocarbamate ligand, Matsumoto and
co-workers reported analogous protonation chemistry with H2S to generate 103 (Scheme 41).2%7
Refluxing 103 in benzene resulted in loss of PPhs and formation of the bimetallic species, 104.
Consistent with the presence of a double SH-bridge, the Ru-Ru distance in 104 was found to be
slightly longer than that in triply-bridging 103.

The generation of metal hydrides by reaction with hydrosulfide without formal oxidative
addition to the metal center has also been demonstrated. Darensbourg and co-workers reported the
reaction of [M(CO)s(PRs3)]* (M = Mn, Re; R = tertiary phosphine or phosphite) with NaSH to
generate the corresponding metal hydride with loss of carbonyl sulfide (Scheme 42).238 This
reaction was proposed to proceed through nucleophilic attack on the bound CO ligand to generate
a transient C(O)SH ligand, which rapidly undergoes S-H elimination with extrusion of COS. In
related chemistry, Ibers and co-workers demonstrated that the reverse process takes place with
Rh(1).239 Reaction of COS with [Rh(H)(PPhs)s] produced the Rh(l) hydrosulfide species, 105,
presumably through an intermediate containing a C(O)SH similar to that proposed by

Darensbourg.

Scheme 42. Transformations of metal hydrosulfides involving COS.
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3.2.3 Addition of Hz to metal-sulfur species. The interaction of Hz with sulfido and thiolate
ligands has also played an important role in the development of hydrosulfide chemistry. Much of
this interest has stemmed from its relationship to the hydrodesulfurization process in the
refinement of petroleum feedstocks. In work spanning several decades, Rakowski DuBois and
coworkers have explored the chemistry of cyclopentadienyl dimolybdenum species containing
bridging sulfides.?*° Early work reported the reactions of a series of methyl-cyclopentadienyl Mo
sulfido species [(MenCp)MoSx]y with Hz to produce the Mo(lIV) hydrosulfide complexes
[(MenCp)2Moz(u-S)2(u-SH)2] (106a-c), with loss of excess sulfur in the form of H2S (Scheme
43).241 The authors noted the appearance of at least two isomeric forms of the hydrosulfide
products and suggested that these might correspond to syn and anti arrangements of the S-H groups
of the trans isomer based on comparison to the structurally characterized SMe analog. Later
crystallographic studies of 106c confirmed the trans-anti isomer in the solid state.242. 243
Compounds of type 106a-c are active catalysts for the reduction of elemental sulfur by H> and
display H/D exchange with both mixtures of Hz/D2 as well as H2/D20. Alkenes, alkynes and
isocyanides were also found to react with 106a-c, producing a series of bridging thiol-derived
species with elimination of H».244 Compound 106b was subsequently shown to also serve as an

active catalyst for hydrogenation of a variety of nitrogen containing compounds.?4°

Scheme 43. Generation of bridging Mo hydrosulfides.

76

Page 76 of 195



Page 77 of 195

Chemical Society Reviews

H, (§‘\ CHyBry S
[(Me,Cp)MoS,J, ——> 01,,, Mo
-HyS Mey Me, Me S/S Mey,
N/

106an=0 Hy
106b n = 1
106cn=5
HX
CHa
s(/(i fes "
@ ('\ - CHiCN (\ @
\ / T, Me;; Men,
Hz Hz

107an=0
107bn =1
107¢cn=5

Me
S \S,,,( a
@_M £ o @» & '\
S
H g 88
S, SN
_M(,{““‘S‘\"Mo_ CF4COH g o BN, / \
S N TR o
H

Deprotonation of 106a-c and treatment with CH2Br2 results in double alkylation of the sulfur
atoms and formation of compounds of the type [(MenCp)2Mo2(u-S)2(u-S2CH2)].24¢ Much like
106a-c, the [(MenCp)2Mo2(u-S)2(u-S2CH2)] compounds were found to be active for hydrogen
transfer reactions.2*> Protonation of the [(MenCp)2Mo2(u-S)2(u-S2CH2)] compounds by strong
Bronsted acids afforded the cationic hydrosulfide species [(MenCp)2Mo2(u-S)(u-SH)(u-S2CHz)]
(107a-c) (Scheme 43).247. 248 In a remarkable transformation, 107a was shown to cleave the C-N
triple bond of acetonitrile in the presence of hydrogen to produce [(Cp)2Mo2(u-S2CH2)(u-
S2CCHs)] and NHs. Compound 107a was also found to be active for the reversible insertion of
olefins into the S-H bond.?*® By in large, Markovnikov products were observed as the Kinetic
regioisomers of insertion, although selected olefins underwent subsequent isomerization. In this
sense, the behavior of 107a with alkenes was noted to provide an interesting homology to classical

olefin isomerization reactions mediated by metal hydrides. More recently, Pétillon and co-workers
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have extended this chemistry to include isocyanides by demonstrating a double insertion of xylyl
isocyanide into the S-H bonds of putative [Cp2Moz2(u-SMe)2(u-SH)2] (108).250

In related chemistry, compound 107b was demonstrated to cleave the C-O bond of selected
cyclic and acyclic ethers, with concomitant formation of new bridged hydroxythiolate species.25?
In each case, proton transfer from 107b to the ether was proposed to initiate C-O cleavage, and
work following shortly thereafter determined the pKa values for the SH group to lie in the range 8
— 10 for the family of 107a-c compounds.?#® All three complexes of the type 107a-c undergo
autoxidation to produce dicationic tetranuclear clusters of the type [{Cp"2Mo2(u-S)2(u-
S2CH2)}2(u-S)J?*.248

In addition to bridging hydrosulfide complexes of Mo(1V), the dimolybdenum(lIl) species 109
was also reported to form by reaction of the mixed valent complex, [(Cp™M¢)2Mo2(u-S)(u-SMe)(u2-
S2CH>)], with H2 (Scheme 43).252 Disproportionation of the mixed-valent species into a small
amount of [(MeCp)2Mo2(u-S)2(u-S2CH2)] was postulated to catalyze the reaction. Although
similar in several respects to 106b, compound 109 demonstrated quite different reactivity,
undergoing alkylation at the hydrosulfide sulfur atom and participating in hydrogen atom transfer
with diazo compounds.

In more recent work, compounds of the type 106 have been the subject of studies aimed at
quantifying the S-H bond strength. DFT calculations coupled with Kinetic studies of hydrogen
atom abstraction (HAT) in 106 by benzyl radicals yielded a gas-phase bond dissociation free
energy of 73 kcal/mol for the S-H linkage.2%® This value is lower than that for the S-H bond in
alkyl and aryl thiols further demonstrating the enhanced reactivity of the SH bonds in these
bimetallic species. This reactivity was further parlayed into an electrocatalytic system for proton

reduction using [(Cp)2Moz(u-S)2(u-S2CH2)] and related derivatives.?>* Overpotentials as low as
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120 mV with nearly 100% current efficiency were observed. Critical to this efficiency was a good
match between the pKa of the acid source and that of compound 107a. Attendant thermodynamic
studies with 107a permitted determination of a pKa value of 7.1 + 0.3 (later corrected to 6.5 +
0.3242), in line with previous studies described above.?*® Reduction of 107a at the electrode was
postulated to produce the mixed-valent species, [Cp2Moz(u-S)(u-SH)(u2-S2CH2)] (110), which
was calculated to have a S-H bond dissociation free energy of only 50.2 + 1.3 kcal/mol (later
corrected to 49.4 + 1.3 kcal/mol?4?). Bimolecular elimination of H-H from this mixed-valent
species is therefore thermodynamically viable, providing a pathway for hydrogen production.

Further evidence for the dynamic interplay of Hz with complexes of the type 106a was
provided in studies with the Cp* analog, 106¢. In a novel reaction, Franz and coworkers showed
that treatment of 106c with trifluoroacetic acid resulted in elimination of Hz and formation of the
cationic species 111 (Scheme 43).255 Compound 111 was found to undergo smooth deprotonation
to afford the sulfide cluster, [Cp*2Mo2(u-S)2(u-S2)], which was subsequently used to prepare
[Cp*2Mo2(u-S)2(u-SH)(u-SMe)] by successive treatment with methyl lithium and acid. HAT from
compound [Cp*2Mo2(u-S)2(u-SH)(u-SMe)] gave rise to a persistent radical species of formula
[Cp*2Mo2(u-S)3(u-SMe)], which was found to take part in several single-electron processes
including dimerization. Treatment of [Cp*2Moz(u-S)3(u-SMe)] with Hz was found to regenerate
[Cp*2Mo2(u-S)2(u-SH)(u-SMe)].

The acid-base chemistry and electrochemical behavior of compounds 106c, 111, and
[Cp*2Mo2(u-S)s] have been used in the construction of thermodynamic cycles to experimentally
determine solution bond dissociation free energies (SBDFEs) for the S-H bonds in this family of

Cp*Mo hydrosulfide complexes.242: 256 Results from these works find SBDFEs that range from 43
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to 66 kcal/mol, which are significantly lower than thiols, and once again underscore the
pronounced activation of the S-H bond upon coordination to metal centers.

In addition to the extensive work with CpMoSx clusters, Hz addition to metal-sulfide species
has also been examined in several other systems. Bianchini and Meli first reported the synthesis
of [(triphos)2Rhz2(H)2(u-SH)2]?* (112) via oxidative addition of H2S to the Rh(l) precursor,
[(triphos)RNCI(C2Ha)]. Subsequent work demonstrated that 112 could also be prepared by addition
of Hz to a thiocarbonate complex of the type, [(triphos)Rh(k2-S2CO)]*, with extrusion of carbonyl
sulfide (COS).257 Compound 112 was found to reversibly lose Hz under an argon stream to generate
the Rh(lIl) sulfide species [(triphos)2Rh2(u-S)2]°* (Scheme 44). The mechanism of H> addition to
[(triphos)2Rh2(u-S)2]°* was the subject of a detailed computational and experimental study
employing para-hydrogen induced polarization.?5® Calculations predicted stepwise formation of a
n?-dihydrogen complex followed by heterolytic cleavage along the Rh-S bond. NMR experiments
found no evidence for a stable dihydrogen complex, but did identify an intermediate species,
postulated as either [(triphos)2Rhz2(H)(u-S)(u-SH)]>* (113) or [(triphos)2Rh2(u-H)(u-S)(u-SH)]>*

(114).

Scheme 44. Bridging Rh hydrosulfides with tridentate phosphine ligands.
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Rauchfuss and co-workers have employed the Ru(ll) metallocene hydrosulfide
[CpRu(PPhs)2(SH)] (115a) to demonstrate the interconversion of several sulfur species and
molecular hydrogen at the [CpRu(PPhs)2]* fragment (Scheme 45).25° Compound 115a was
prepared by salt metathesis of [CpRuCI(PPhs)2] with NaSH or via sulfur insertion into
[CpRu(H)(PPhs)2]. Carbonylation of 115a produced the related complex [CpRu(PPh3)(CO)(SH)]
(116), whereas protonation with triflic acid afforded the H2S complex [CpRu(PPhs)(CO)(SH2)]*
(117a). Addition of Hx to 117a resulted in equilibrium formation of the Ru(lV) dihydride,
[CpRu(H)2(PPh3).]*, with displacement of H>S. An analog of 115a containing a 2-
(thienylmethyl)cyclopentadienyl ligand (ThiCp) was also prepared and found to undergo
protonation in similar fashion to its Cp counterpart. The resulting H2S complex,
[(ThICp)RuU(SH2)(PPhs)2]* (117b), was more tolerant to air than 117a, permitting an analysis of
the relative binding affinity of H2S vs. Hz at the Ru(ll) center. Notably, H2S was found to bind to
the [(ThiCp)Ru(PPhs).]* fragment with slightly greater affinity than H>. Two-electron oxidation
of both 115a and 117a generated the bridging disulfide species, [Cp2Ru2(PPhs)4(u-S2)], although
higher order sulfides were obtained upon treatment with elemental sulfur. Compound 115a was
also found to react with [CpRu(PPhs3)2](OTf) to produce the metastable bimetallic hydrosulfide,
118. NMR evidence for formation of 118 was provided in the form of a quintet resonance (JpH =
7 Hz) at —2.3 ppm. A species closely related to 115a containing Cp* and PMes ligands, 115a, was
actually reported several years prior to the studies of Rauchfuss by Bryndza and Bercaw. This
compound was prepared in the context of an examination of metal-ligand bond dissociation

energies via addition of H2S to the hydroxo precursor [Cp*Ru(PMe3)2(OH)].260

Scheme 45. Hydrosulfide chemistry of Cp/Cp*Ru complexes.

81



Chemical Society Reviews

1+ e
a co @ HOTf +Hp
Urny,, Ru., —_— ~—— pph.pvRum
e PPh Ruu,, Ph.PRummy
N 3 e PPh s 3
HS cO HS \pph33 H,S \PEE?S - HyS e \PPh3
116 115a 117a
PhsC*, Cp,Fe*
RSphth orly .
[CPRuU(PPhg),]* ar
i+ PPh 2+
. &l S
RSS” (ggphs I?\U/S\Rl_:! RU—S—g_ ol
PhsP PPhy  Phgp PPhg % oh. PPhy
3!
118
R RO
Ru., 2 R
N "PMe; T ™ AUppe
HO \PMe3 HS \PMe33
115b
dppe R, P=PPh,
pruRU
PPh 7 H
o > s s
115¢
PhoPURU i " RUpp
PhyP s HS™  pph,® PhN=s=0 o
1152 —_— @ I
PhaPuRU___S
php” 87 NHPh

Compound 115a and its relatives have also been the subject of several subsequent studies.
Shaver reported the crystal structure of 116 and demonstrated that the molecule serves as precursor
to hydrocarbyldisulfide complexes, such as [CpRu(PPh3)(CO)(SSR)] when treated with sulfur
transfer reagents, RSphth (phth = phthalimido; R = 4-tolyl, 1-allyl, i-Bu) (Scheme 45). In other
work from his laboratory, an alternate synthesis of 115a was described involving hydrolysis of a
triisopropyisilanethiolate ligand.262 An analog of 115a containing the dppe ligand, 115c, was also
reported by simple ligand exchange of PPhs. Compounds 115a and 115c were found to undergo
reaction with N-thionylaniline to give unstable products consistent with S-H addition across the S-
N bond.

In addition to ruthenium, Rauchfuss and co-workers has also examined the addition of H2 to a
formally diiridium(I1) species, [Ir2(u-S)2(PPhs)a] (Scheme 46).17° Hydrogenation of [lr2(u-

S)2(PPhs)s] proceeded through initial addition of H. to the iridium centers to give [lr2(H)2(u-

S)2(PPhs)s] followed by formation of [Ir2(H)2(u-S)(u- SH)(u-H)(PPhs)a] (129). H/D exchange was
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observed during transformation of [Ir2(H)2(u-S)2(PPhs)4] to 120 intimating that H migration
between S and Ir is facile. Very recent computational studies on the reaction have provided
additional insight, suggesting that the addition of Hz to [Ir2(H)2(u-S)2(PPhs)a] occurs to generate
the bis-hydrosulfide, 119, prior to H migration to generate 120.262 Consistent with the H/D
exchange observed experimentally by Rauchfuss and co-workers, free energy barriers for H
migrations between S and Ir in 120 were calculated to be in the surmountable range of 19 to 23

kcal/mol.

Scheme 46. Generation of bridging Ir hydrosulfide complexes.

H

S8 S S PhaR_ xS PPhg
PhaP\ll\\‘\w\'ﬂ___l _PPh3  H, Phsp\lr‘/“‘\“\\%lr/PPhs Hp H}Ir/\‘lr'/
e T e L AN G
PhgP "PPhy Phap/ \H PPhg Phy?”  H H
\ / 120
HH
S\S
Ph3P\I /\I _PPhg
wir—lr,
Phyp” Y, PPhs

Employing titanocene sulfide species, Andersen and Bergman demonstrated facile H2
activation across the Ti-S bond. [Cp*:Ti(S)(py)] was found to react reversibly with molecular
hydrogen to produce [Cp*2Ti(SH)(H)] (121) (Scheme 47).263 The hydrogen atoms of the hydride
and hydrosulfide ligands of 121 were observed to exchange rapidly in solution, consistent with the
reversible nature of Hz addition across the Ti=S unit. Exchange of the H atoms with molecular
hydrogen was also observed albeit at a slower rate, suggesting that Hz is retained in the
coordination sphere of Ti in the form of a dihydrogen complex. The related disulfide complex,

[Cp*Ti(S2)], was also found to activate Hy, in this case forming 70b.

Scheme 47. H activation across Ti-S bonds.
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In recent work, Hillhouse and Jordan have described activation of H2 across a Ni(ll) sulfide
dimer. Reaction of [(IPr)2Ni2(u-S)2] (IPr = 1,3-bis(2,6-diispopropylphenyl)imidazol-2-ylidene)
with Hz at 70 °C was shown to generate the bridging hydrosulfide species [(IPr)2Ni2(u-SH)-] (122),
over the course of 24 h (Scheme 48).264 Compound 122 formally contains Ni(l), and can be
alternately synthesized through a salt metathesis reaction of KSH with the halide precursor
[(IPr)2Ni2(u-Cl)2]. Unlike Ni(l) hydrosulfide 87, compound 122 features strong Ni-Ni bonding
rendering the compound diamagnetic and permitting identification of the S-H proton resonance at
—4.81 ppm in the NMR spectrum. Hydrogen atom abstraction from 122 using the 2,4,6-tri-tert-
butylphenoxy radical (Ar*O-) resulted in complete regeneration of [(IPr)2Ni2(u-S)2] with
concomitant formation of the phenol (Ar*OH). Kinetic and computational studies of the
hydrogenation reaction of [(IPr)2Niz(u-S)2] support a mechanism involving initial heterolytic
addition of Hz across the Ni-S bond followed by H migration from nickel to sulfur to produce
122.265 Such a reaction pathway bears notable similarities to that proposed by Bianchini and Meli
for formation of 112 from [(triphos)2Rhz(u-S)2]>* via 113-114. In addition to Hz, [(IPr)2Niz2(u-S)2]

was active toward the heterolysis of the B-H bond of pinacolborane to produce hydrosulfide 123.
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In the pursuit of a Cu(l) sulfide species similar to [(IPr)2Niz2(«-S)2], Hillhouse and co-workers
also synthesized hydrosulfides 124a,b (Scheme 48).266 These compounds were found to react via
proton transfer with [(NHC)CuOtBu] (NHC = IPr* or IPr) to produce the desired bridging sulfide,
[(NHC)2Cu2(u-S)]. In case of the smaller IPr ligand, [(IPr)2Cu2(u-S)] was observed
spectroscopically, but underwent rapid decomposition precluding its isolation. In more recent
work, Sadighi and coworkers reported very similar chemistry with an analog of 124 containing a
ring-expanded NHC ligand (125).267 Notably, compound 125 was found to react with NOBF; to
afford a mixture of a new cationic Cu(l) complex, ammonium ion, Sg, and nitrous oxide. The

reaction was postulated to occur through formation and subsequent decomposition of HSNO.

Scheme 48. Hydrosulfide complexes of Niand Cu carbenes.
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In addition to metal sulfides, hydrosulfide species themselves have also been demonstrated to
take part in heterolytic bond activation. Ofiate and co-workers reported the reaction of
[Os(P'Pr3)2(CO)(H)(SH)] (126) with boronate esters and 9-BBN to produce dihydrogen complexes
containing the corresponding boryl-thiolates [Os(P'Prz)2(CO)(H)(;2-H2)(SBR2)] (Scheme 49).268

Previous work with 126 and its Ru analog had established the electrophilicity of the metal center
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in these hydrosulfide complexes.?6® The reactivity with HBR2 was therefore rationalized in the
context of heterolytic activation of the B-H bond to afford H> and the metal boryl-thiolate. In the

case of catechol borate, subsequent loss of hydrogen from the boryl-thiolate species
[Os(P'Pr3)2(CO)(H)(;>-H2)(SBcat2)] lead to formation of [Os(P'Prs)(CO)(SH)(Bcat)] (127),

which possesses a boryl ligand.

Scheme 49. Reactivity of Os hydrosulfides.
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3.3 Roles in Organometallic Chemistry

Many of the reactions described in the preceding section concern compounds containing
carbon-based ligands. Due to its soft nature, the hydrosulfide ion pairs naturally with
organometallic compounds, and its chemistry in this context as both a reactive and supporting
ligand has provided fruitful avenues for investigation. This section will examine organometallic
compounds of hydrosulfide, which provided the inception point for investigations of H2S
chemistry many years ago and continue to enjoy relevance several decades on.

3.3.1 Cyclopentadienyl complexes. The field of organometallic chemistry was revolutionized
by the synthesis and interpretation of ferrocene. Since that initial discovery, the cyclopentadienyl
ligand has continued to find a vast number of uses across organometallic chemistry. It is therefore
unsurprising that much of the organometallic chemistry of hydrosulfide is intimately tied to the Cp
ligand and its derivatives. Indeed, many of the examples of hydrosulfide complexes discussed
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above in the context of hydrogen chemistry feature the Cp family of ligands. As a class,
hydrosulfide compounds containing Cp co-ligands provide a rich collection of molecules that span
many transition elements.

Outside of Vaska’s early report on the oxidative addition of H2S, the earliest examples of well-
characterized hydrosulfide complexes featured Cp ligands. In 1964, Strohmeier and Guttenberger
reported the photolysis of [CpMn(CO)zs] in the presence of H2S to generate a green compound they
formulated as [CpMn(CO)2(SH2)] (Scheme 50).270 Little data was provided by way of
characterization for the H>.S complex beyond IR stretches for the carbonyl ligands. Subsequent
work called into question the composition of the green compound,?’! demonstrating that its true
identity is that of the bridging sulfide species, [Cp2Mn2(CO)4(u-S)].2’2 As an interesting bookend
to the story, however, Lorenz reported nearly three decades later that [Cp2Mmn2(CO)a(u-S)] itself

undergoes protonation by HBF4 to afford the bridging hydrosulfide complex 128.273

Scheme 50. Early cyclopentadienyl complexes of Mn and Ti containing hydrosulfide ligands.
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Shortly after the report of putative [CpMn(CO)2(SH2)], Kopf and Schmidt reported the
synthesis of [Cp2Ti(SH)2] (70a) (Scheme 50).274 Compound 70a represents, in many respects, the
first bona fide example of a hydrosulfide complex. The synthesis was accomplished by treatment

of [Cp2TiCk] with H2S in the presence of triethylamine. Unlike many of the hydrosulfide species
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discussed above, compound 70a displays an 'H NMR resonance for the SH group downfield of
zero at 3.44 ppm. The nature of this resonance was confirmed by its disappearance in [Cp2Ti(SD)]
and by reaction of 70a with dimethylsulfate to generate [Cp2Ti(SMe)2]. In the context of
investigations into the preparation of [Cp2MSs] species, Shaver later reported the attempted
syntheses of the Zr (71a) and Hf analogs of 70a through an analogous synthetic procedure.2’> The
Zr analog was found to be metastable (vide supra) but the hafnium analog could not be isolated.
In addition to their role in Hz chemistry discussed above, compounds related to 70a and 71a
have also been employed to great extent as precursors to metal clusters (vide infra) and other
complexes bearing sulfide ligands. Bergman and coworkers examined generation of the putative
terminal  zirconocene sulfide, [Cp*2Zr(S)], from hydrosulfide [Cp*2Zr(SH)(I)] (129a).276
Compound 129a was prepared by treatment of the activated ‘“tuck-in” complex, [Cp*Zr(s°s*-
CsMes{CH2})()] with H2S. Dehydrohalogenation of 129a with K(N{SiMes}2) in the presence of
pyridine afforded [Cp*2Zr(S)(py)] confirming production of the desired [Cp*2Zr(S)] (Scheme 51).
In a subsequent study aimed at observing formation of [Cp*2Zr(S)] by an o-elimination route,
Bergman targeted the related hydrosulfide [Cp*2Zr(SH)(Ph)] (129b), by reaction of [Cp*Zr(i°#*-
CsMes{CH2})(Ph)] with H2S.2’” Compound 129b was identified spectroscopically but could not

be isolated due to its thermal sensitivity leading to mixtures of 79 and 80.

Scheme 51. Reactivity of cyclometallated Zr and Ti complexes toward H2S.
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In more recent work, Mach and co-workers have examined the reaction of H2S with Ti(lll)
metallocenes through a similar strategy employing “tuck-in” complexes.?’® Reaction of the singly
activated titanocene, [Cp*Ti(°#-CsMes{CH2})], with H2S was found to produce the
titanium(I11) hydrosulfide [Cp*2Ti(SH)] (130a, Scheme 51). Owing to the d! nature of 130a, the
compound is violet-colored and displays a characteristic EPR spectrum with an isotropic g value
of 1.964. Compound 130a could also be prepared by reaction of [Cp*2TiMe] and H2S with release
of methane. In similar fashion to 130a, the ansa-titanocene 130b was synthesized by H»S-
protonolysis of the activated species, ansa-[Ti(;*#°#°-CsMesSiMe2CHCH2SiMe2CsMes)]. Much
like 130a, 130b is also violet-colored and displays an EPR spectrum typical of Ti(lll). Reactions
of the 130a and 130b with their activated Ti(lll) precursors were found to generate bridging Ti(lll)
sulfides via related protonolysis pathways whereby the hydrosulfide ligand serves as the source of

acid equivalents. In the course of their investigations into Ti(lll) metallocenes, Mach and
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coworkers also demonstrated reaction of H2S with the doubly activated complexes [Cp*Ti(i* -
CsMez{CH2}2)] and [Ti(*#°°-CsMesSiMe2CHCHSIMe2CsMes)] to afford 71b and 71c,
respectively. Much like 71b, diamagnetic 71c demonstrated 'H NMR resonances for the
hydrosulfide groups downfield of O ppm. Subsequent work has also described derivatives of 71b
and 71c containing tert-butyl-tetramethyl- (71d) and benzyl-tetramethylcyclopentadienyl ligands
(71e).27°

Shortly after the preparation of [Cp2Ti(SH)2] by Kopf and Schmidt, Green and coworkers
reported the analogous Mo and W complexes, [CpM(SH)] (M = Mo, 131a; M = W, 131b)
(Scheme 52).280 The red (Mo) to brown (W) compounds were synthesized by salt metathesis
reactions of [Cp2MCLk] (M = Mo, W) with NaSH in ethanol and were purified by chromatography
on alumina despite decomposing readily in air. The chemical shift of the hydrosulfide protons by
NMR was found significantly upfield from those of [Cp2Ti(SH)-] consistent with the non-d® nature

of the compounds.

Scheme 52. Preparation of Group 6 hydrosulfide compounds containing Cp ligands.
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Of relevance to the air-sensitivity of 131a, Shaver and co-workers have reported the oxidation
of [Cp2Mo(S4)] by m-CPBA to give the protonated disulfide species, [Cp2Mo2(u-S2H)2]%+ (133)

(Scheme 52).281 Compound 133 represents a very rare example of a hydropersulfide complex. The
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positions of the S-H groups of 133 could not be identified unambiguously by X-ray
crystallography, although a broad resonance for the hydropersulfide protons was located by H
NMR spectroscopy at 6.00 ppm. The downfield chemical shift of the S-H protons contrasts that
found for 131a, consistent with their association to a disulfide moiety. Compound 133 was found
to undergo deprotonation in the presence of base to afford the monometallic disulfide species,
[Cp2Mo(S2)], which was found to regenerate 133 upon treatment with a variety of acids.

Also in the area of Group VI cyclopentadienyl chemistry, early work by Beck and co-workers
demonstrated the reaction of propylene sulfide with [CpW(H)(CO)s] to give [CpW(SH)(CO)s]
(135, Scheme 53).282 The synthesis of 135 constitutes a net insertion of an S atom into the W-H
bond, and is modeled after the reaction of [Mn(H)(CO)s] with propylene sulfide to give the
bridging hydrosulfide complex [Mn2(CO)s(u-SH)2] 136.283 Analogous reactions of propylene
sulfide with the Mo congener [CpMo(H)(CO)s] were reported subsequently and shown to produce

[CPpMOo(SH)(CO)3] (134) in tandem with the sulfide cluster, [Cp2Mo02(S)2(u-S)2].284

Scheme 53. Reaction of metal hydrides with propylene sulfide to generate hydrosulfide products.
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Starting from the cationic precursor, [CpM(CO)s]* (M = Mo, W), Beck and co-workers also
reported the direct reaction with H2S to afford the rare hydrogen sulfide adducts

[CPM(CO)2(SH2)]* (M = Mo, 137; M = W, 138) (Scheme 54).285 The W congener 138 was
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observed to be more thermally robust than its Mo counterpart although both compounds were
found to be very moisture sensitive. Characteristic stretches for the vsy fundamentals of 137 and
138 were detected by IR spectroscopy, but the corresponding *H NMR resonances could not be
identified. In contrast to reactions with H>S, treatment of [CpW(CO)sl* with the hydrosulfide ion

was found to yield the bimetallic species 139.

Scheme 54. Reactions of [CpM(CO)3]* (M = Mo, W) with H2S and HS™.
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In like fashion to the work of Beck, Herrmann and coworkers reported the synthesis of
complexes [CpM(CO)3(SH)] (M = Cr, 140a; Mo, 134a; W, 135a) as well as the Cp’ derivatives
(140b, 134b, 135b) through reaction of elemental sulfir with [Cp’M(H)(CO)3] (Cp’ = Cp, Cp¥*;
M = Cr, Mo, W) (Scheme 55).286 This preparative route operates through an identical sulfur-
insertion pathway to that described for propylene sulfide but makes use of Ss. The corresponding
hydroselenide congeners of Mo and W were also prepared by reaction of the hydride precursors
with selenium. Later work by Abboud and Hoff expanded upon this sulfur insertion methodology
employing the sulfur transfer reagent, Ph3Sbh=S, to prepare both Cp and Cp* products.?®” Treatment
of [Cp’M(H)(CO)3] with excess Ss was also reported to generate a mixture of species formulated
as hydropersulfides, [Cp’M(SnH)(CO)s]. Unfortunately, unambiguous identification of these
intriguing compounds was not possible. Desulfurization of the [Cp’M(SH)(CO)3] or
[Cp’M(ShH)(CO)3] compounds was accomplished by addition of PCys ultimately affording

[CpP’M(H)(CO)3s] and CysP=S. Solution calorimetry experiments on the insertion and
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desulfurization reactions permitted construction of a thermochemical cycle whereby bond
dissociation enthalpies (BDEs) for the M-SH bonds in 140, 134-135 could be approximated. The
results demonstrated that the W congener possesses the largest BDE (63 kcal/mol) followed by
Mo (55 kcal/mol) then Cr (46 kcal/mol). Much more recently, compounds 134 and 135 were used
by Mizobe and co-workers to prepare the dppe analogs 141 and 142 via photolytic removal of
C0.%88 Treatment of 141 and 142 with [RhCI(PPhs)s] was found to afford a series of sulfide-

bridged heterobimetallic Mo-Rh complexes.

Scheme 55. Generation and chemistry of CpM(CO)3(SH) (M = Mo, W) complexes.
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An analog of 135a containing the fulvalene ligand (7°#°-C10Hs, FV) is also known (143,
Scheme 56). Shaver and co-workers first prepared this species by sulfur insertion into the
corresponding hydride, [FVWW2(CO)s(H)2].28° A series of ligand exchange reactions with
[FWV2(CO)s(H)2] lead to [FVW2(CO)a(PPh2Me)2(SR)2], which was wused to synthesize
hydrosulfide 144 by thiol exchange with H2S. The crystal structure of 143 was subsequently
reported by Hoff and coworkers confirming the anti arrangement of the tungsten fragments about

the fulvalene ligand.?°© Their study also reported reactions of 143 with both PhN=NPh and
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Cp*Cr(CO)3, which were found to result in H atom abstraction to produce the bridging disulfide,

[FW2(CO)s(u-S2)].

Scheme 56. Bimetallic hydrosulfide complexes of W and Mo containing Cp-type ligands.
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Several additional bimellatic metallocene-hydrosulfide compounds of the Group 6 metals,
namely Mo, have been discussed in detail above in the context of their reactivity with molecular
hydrogen. An additional example of such a complex, [Cp*2Mo02(CO)2(u-SMe)2(u-SH) (145), was
reported by Pétillon and Muir through protonation of the sulfide-bridged dimolybdenum carbonyl
species, [Cp*2Mo02(CO)2(u-SMe)2(u-S)] (Scheme 56).291  Crystallographic analysis of 145
demonstrated that the compound exists as the cis-carbonyl isomer and adopts a syn arrangement
of the SMe ligands.

Among the earliest examples of a crystallographically-characterized hydrosulfide complex
was the niobocene compound [Cp2Nb(CO)(SH)] (146). This species was prepared by Kirrilova
and coworkers through prolonged boiling of [Cp2Nb(CO)H] in carbon disulfide (Scheme 57).292

An intermediate assigned as a thioformate complex was observed, but was found to extrude
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carbonyl sulfide under the reaction conditions to give 146. The crystalline structure of 146 evinced
the expected bent metallocene geometry about niobium, with a Nb-S bond distances of 2.54 A. 1H
NMR resonances for the Cp ligands were noted although no chemical shift value for the

hydrosulfide ligand was reported.

Scheme 57. Preparation and reactivity of hydrosulfide compounds of Nb and Ta containing Cp

ligands.

Co NS HT "[CP™NBSHI
H SH H .SH WH
S N\ . o
N 8 NB—S  or Nbs * e S NS
T TSR TS S

147 148
th? Bu 'Bu, 'Bu,
H H

G S ﬁ H o NaH ﬁ . M(THF)(CO ﬁ «H H

S 3 Sals g raten L (THF)(CO)s] o

% H N H,0 H M=Cr, W ~aN\

M(CO)s
'Bu By '‘Bu '‘Bu

148 150 M =Cr
151 M =W

Later work by Wachter and co-workers examined additional metallocenes of the Group 5
metals. Preliminary observations from the reaction of [Cp*2Nb(BHs)] with elemental sulfur
identified two compounds of composition [Cp*2NbSzH] and [Cp*2NbS2H] (Scheme 57).2°3 Two
postulated structures were put forward for [Cp*2NbSsH], one of which, 147, featured a
combination of disulfide and hydrosulfide ligands. *H NMR spectra of [Cp*2NbSzH] displayed an
upfield resonance at —1.64 ppm, which could not be unambiguously assigned to a hydrosulfide

moiety. A subsequent report disclosed the crystal structure of [Cp*2NbSsH], which despite
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significant  disorder, was consistent with the disulfide-hydrosulfide formulation (147).294
Additional investigations of [Cp*2NbS2H] demonstrated that the compound actually exists as two
isomers, [Cp*2Nb(H)(S2)] and [Cp*2Nb(S)(SH)] (148), the latter of which was characterized
crystallographically.2®> Additionally, [Cp*2Nb(H)(S2)] was found to be capable of generating both
147 and 148 upon thermolysis suggesting that it is formed as an initial species in reactions of
[Cp*2Nb(BH4)] with Ss. In all cases, prolonged exposure of the niobium compounds to sulfur at
elevated temperatures was found to generate metallocene persulfide clusters.

Related reaction of elemental sulfur with [Cp®,TaHs] was found to produce a molecule of
formula [Cp'BY;TaS2H] (Scheme 57).2%4 Unlike niobium, this species was found to exist solely as
the disulfide-hydride, [Cp®'.Ta(H)(S2)]. Although not a hydrosulfide complex, [Cp®iTa(H)(S2)]
reacts with sodium amalgam in the presence of water to afford the tantalum dihydride-hydrosulfide
[CptBY:Ta(H)2(SH)] (149).2% The symmetric arrangement of the hydrosulfide and hydride ligands
in 149 was confirmed by H NMR spectroscopy, which displayed a lone doublet resonance for the
Ta-H groups. Treatment of 149 with [M(CO)s(THF)] (M = Cr, W) produced the hydrosulfide-
bridged bimetallic compounds 150 and 151. The crystal structure of 151 was obtained and
demonstrated a considerably longer Ta-S bond of 2.562 A compared to the distance of 2.274 A for
isomeric [Cp®BY2Ta(H)(u-S)W(CO)s], thereby confirming the identities of 150 and 151 as a bona
fide hydrosulfides.

Outside of the work with [CpMn(CO)s] described at the beginning of this section,
cyclopentadienyl complexes of the Group 7 metals have not been investigated heavily in the
context of their interactions with H2S and HS™. In an example from rhenium chemistry, Schenk
described the addition of NaSH to the cationic nitrosyl Species,

[CpRe(NO)(PMePh{C10HsN})](BF4), to give [CpRe(NO)(SH)(PMePh{C10HsN})] (152, Scheme
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58).297 Owing to the chiral nature of the PN ligand in 152, several diastereomers could be obtained
starting from different stereoisomers of the starting material. In all cases, addition of hydrosulfide
to [CpRe(NO)(PMePh{C10HsN})](BF4) occurred with retention of stereochemistry. Subsequent
reaction of 152 with aldehydes in the presence of HBF4 afforded a series of cationic thioaldehyde

complexes.

Scheme 58. Re hydrosulfide nitrosyl complexes.
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Cyclopentadienyl complexes of Ru bearing hydrosulfide ligands have already been discussed
at length in the preceding sections because of their importance to reactions involving molecular
hydrogen. Other examples of such species include the bimetallic Ru(Il) and Ru(lll) compounds
153 and 154, respectively. [Cp*2Ruz(u-SH)2(u-dppm)] (153) was reported by Englert by
protonolysis of the methoxy complex, [Cp*2Ruz(u-OMe)2(u-dppm)], with H2S (Scheme 59).2%8 In
similar fashion, Hidai prepared 154 by addition of H2S to either [Cp*sRus(us-Cl)a] or [Cp*2Ruz(u-
CI)2Ck].2°° Compound 154 was subsequently employed to produce a series of cluster compounds

(vide infra) including the sulfur-bridged cubane, [Cp*4Rua(u3-S)4]?*.

Scheme 59. Generation and chemistry of bridging hydrosulfide complexes of Ru.
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Mizobe and Hidai have also reported the preparation of the arene-derivative [CymRuz(u-
SH)>Ck] (155, Cym = #f-cymene).2%0 The synthesis of 155 was carried out in identical fashion to
that of 154 by treatment of [CymzRu2(u-Cl)2Ck] with H2S. Unlike 154, however, compound 155
features Ru(ll) as opposed to Ru(lll) resulting in a longer Ru-Ru contact being observed in the
crystal structure of the selenide analog. Treatment of 155 with EtsN led to formation of a related
tetraruthenium sulfide cluster, [CymsRus(us-S)4], containing capping Cym ligands. More recently,
Nishibiyashi has described the preparation of 156, which is an analog of 154 with a phosphide
ligand in place of one hydrosulfide.3! Like 154, compound 156 serves as a precursor to a
tetranuclear ruthenium product, although the resulting cluster retains the bridging phosphide
ligands leading to non-cuboidal structure (Scheme 59).

Other examples of cyclopentadienyl complexes containing precious metals have primarily
encompassed compounds of Rh and Ir. In the context of studies on [Cp*Ir(PMe3)Cl], Bergman
and coworkers reported [Cp*Ir(PMes3)(SH)z] (157a) via reaction with NaSH in the presence of

excess H2S.392 The related hydride-hydrosulfide complex [Cp*Ir(PMes)(SH)(H)] (158a), was also
98
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reported from treatment of [Cp*Ir(PMe3)H(OEt)] with H2S. Subsequent reactivity of both 157a
and 158a generated new trivalent iridium species (Scheme 60). In the case of 157a, reaction with
acetone in the presence of catalytic acid afforded a dithiametallocyclobutane complex. With 158a,
treatment with CS2 lead to selective reactivity at the hydride ligand to produce
[Cp*Ir(PMe3)(SH)(SC(S)H)] (159). In all cases, the Ir(lll) hydrosulfides displayed identifiable vsn
modes by IR and 'H NMR resonances for the sulfhydryl H atoms upfield of 0 ppm. More recently,
Shaver has examined reactions of compound 157a with thioaniline, CS2, and
tolylisothiocyanate.3%3 The former two reagents resulted in elimination of H.E (E = NPh, S) and
formation of novel dithiametallacycles. With the isothiocyanate, insertion into the S-H bond was
observed to give 160. Shaver also explored reactions of 157a and its PMezPh analog 157b with
both thioaniline and tolylisothiocyanate. In contrast to the findings of Bergman and co-workers
with CS2, the isothiocyante was found to selectively insert into the S-H bond of 157b affording

[Cp*Ir(PMes)(H)(SC{S}NHtolyl)].

Scheme 60. Preparation and reactivity of Cp*Ir hydrosulfide complexes.
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In the area of Rh chemistry, Vazquez de Miguel and Isobe reported the synthesis of
[Cp*2Rh2(u-CH2)2(u-SH)] (161) and [Cp*2Rh2(u-CH2)2(SH)2] (162) from [Cp*2Rh2(u-CH2)2Cl]
and hydrogen sulfide (Scheme 61).3%4 The H atoms of the methylene ligands in compound 161
were observed as four separate signals at low temperature consistent with the stereochemical
activity of both the hydrosulfide proton and the sulfur lone pair, which serve to lower the molecular
symmetry. At higher temperatures the signals were found to coalesce leading the authors to posit
that the SH ligand undergoes rapid inversion. Compound 162 was prepared from 161 by treatment
with additional H2S in the presence of base, and subsequent addition of acid could be used to
regenerate 161. Syn and anti isomers of 162 were detected by 'H NMR spectroscopy upon isolation

at —20 °C, although conversion of the syn to the anti form was noted at room temperature. Both

100



Page 101 of 195 Chemical Society Reviews

161 and 162 were characterized crystallographically, which confirmed the anti disposition of the

hydrosulfide ligands in the latter.

Scheme 61. Group 9 Cp complexes containing bridging hydrosulfide ligands.
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Later work by Hidai and co-workers disclosed the preparation of [Cp*2M2(u-SH)2Ck] (M =
Rh: 163, Ir: 164), analogs of 154, through identical treatment of the bridged-chloride precursor,
[Cp*2M2(u-CD)2Ck] (M = Rh, Ir) with H2S (Scheme 61).305 306 Both 163 and 164 were isolated as
mixtures of syn and anti isomers, which could be detected by 'H NMR spectroscopy.
Crystallographic analysis of the two complexes, however, revealed that the anti isomer is preferred
in the solid state. Deprotonation of 163 and 164 with EtsN resulted in formation of the cubane
clusters, [Cp*sMa(us-S)a], through the intermediacy of the transient bimetallic clusters,
[Cp*2M2(u-S)2]. Compounds 163 and 164 were also employed in the synthesis of trimetallic
sulfide-bridged clusters containing Rh and Pd. Prolonged exposure of [Cp*2M2(u-Cl)2Ck] to H2S
lead to formation of the triply-bridged hydrosulfide complexes [Cp*2M2(u-SH)3]* (M = Rh, 165;
Ir, 166). In the case of the chloride salt of 166, the crystal structure evinced hydrogen bonding
interactions between two of the hydrosulfide ligands and the chloride ion. Identical behavior for

165 was noted in solution as judged by 'H NMR. Upon counterion metathesis with BPhs, the
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orientations of the sulfhydryl H atoms in 165 and 166 were found to yield a mixture of
stereoisomers.

The Group 10 metals do not provide as fertile ground for cyclopentadienyl chemistry as the
earlier metals. Nonetheless, one of the first examples of a Cp-hydrosulfide complex was the
nickel(Il) species [CpNi(PBus)(SH)] (167), prepared by Sato and coworkers. Notably, the
compound was prepared under aqueous conditions via addition of NaSH to the ionic precursor,
[CpNIi(PBuU3)2]CI (Scheme 62).3°7 In contrast to other Ni(ll) hydrosulfide complexes (vide infra),
the tH NMR spectrum of 167 demonstrated a downfield chemical shift for the SH ligand at 5.25
ppm. Reaction of 167 with phenylacetylene was reported to result in insertion into the S-H bond
to generate [CpNi(PBu3)(SC{Ph}CH-)], whereas treatment with diphenylacetylene led to loss of

the hydrosulfide group and formation of the bimetallic Ni(l) species, [Cp2Ni(u-PhCCPh)].308

Scheme 62. Synthesis of CpNi hydrosulfide complexes.
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3.3.2 Carbonyl complexes. Next to cyclopentadienyl, the ubiquitous carbonyl ligand (CO) has
played an equally important role in the development of transition metal hydrosulfide chemistry. In
contrast to hydroxide, which is rarely found as a component of carbonyl complexes, the softer
hydrosulfide ligand tolerates the lower oxidation states encountered in metal carbonyls. Indeed,
many of the compounds discussed in the previous section feature CO ligands in addition to

cyclopentadienyl. As with Cp, transition metal hydrosulfide complexes featuring carbonyl co-
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ligands trace their origins to the earliest days of the field. Several of these compounds, such as that

derived from Vaska’s complex, have already been highlighted in the context of hydrogen

chemistry.

Compounds of the type [M(CO)s(SH)]"~ (M = Group 6 element, n = 1; M = Group 7 element,

n = 0) were the subject of many of the initial investigations concerning the chemistry of metal

carbonyl complexes with HS™ and H2S. Among the first examples of such species, Behrens

reported the preparation of [Mo(bipy)(CO)3(SH)]- (168) from the reaction of NaSH with [(#°-

C7Hg)Mo(CO)3] in the presence of 2,2’-bipyridine (Scheme 63).3%% IR spectra of 168 in the solid

state demonstrated two CO stretches consistent with the fac isomer, but dissolution in CH3CN was

observed to produce a spectrum with three stretches consistent with isomerization to the mer.

Scheme 63. Synthesis and reactivity of Cr, Mo, and W carbonyl compounds with H>S.
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The parent compound to 168, [Mo(CO)s(SH)]~ (175), was not reported until a decade later by
Angelici and Gingerich during the course of investigations into reactions of [M(CO)e] (M = Cr,
Mo, W) with (PPN)(SH).31° Compound 175 was found to be unstable as its PPN salt and therefore
only the W congener [W(CO)s(SH)]~ (176) could be isolated (Scheme 63). Compound 176 had
actually been prepared earlier by Heberhold and Siss via a photochemical route involving prior
formation of the hydrogen sulfide adduct, [W(CO)s(SH2)] (169).31* Notably, further photolysis of
169 was reported to generate the bridging hydrosulfide species, 170, although little detail was
provided to support its composition.312 Angelici and Gingerich’s report included isolation of a
related bimetallic species [W2(CO)10(x~-SH)]~ (173), generated by treatment of [W(CO)s] with
NaSH. Subsequent work by Angelici and Gingerich scrutinized the reactivity of both 176 and 173
with a variety of unsaturated molecules and electrophiles.®13 In many cases, the S-H bond of 176
was found to undergo migratory insertion reactions in like fashion to many of the hydrosulfide
complexes described in previous sections. In related work, Hofler reported the heterobimetallic
species [W(CO)s(u-SH)CpFe(CO)2] (177), by reaction of 176 with [CpFe(CO).Cl].31#

Later studies by Cooper and McPartlin employing 18-crown-6 encapsulated sodium
countercations in a photochemical route from [M(CO)e] succeeded in isolating all the members of
the Group 6 [M(CO)s(SH)]™ family.31> Their work also disclosed improved syntheses for the
bimetallic species [M2(CO)1o(u-SH)]~ (M = Cr, 171; Mo, 172; W, 173). Crystallographic analysis
of both 176 and 173 demonstrated that the complexes adopt polymeric structures in the solid state
involving  Na-O(carbonyl) interactions.36 Darensbourg and co-workers obtained very similar
results by direct reaction of [M(CO)s] with NaSH in acetonitrile using the cryptand, Kryptofix-
221, to give 174-176 in high yield.31” Use of the cryptand, however, lead to an absence of Na-

O(carbonyl) interactions in the solid state structure of the Cr derivative. In like fashion, later
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crystallographic studies of the PPN salt of 171 also displayed no cation-ion interactions in the solid
state.318

The Mn and Re congeners of 174-176 were also the subject of several early investigations. As
discussed above in the context of Cp complexes, [Mn(CO)4(u~-SH)]2 (136) was prepared by Beck
and Hofer by insertion of sulfur into the Mn-H bond of [MnH(CO)s] (Scheme 53).28% Vahrenkamp
subsequently reported the reaction of Mn and Re carbonyl complexes containing stannyithiolate
ligands [M(CO)s(SSnMes)] with HCI to yield [M2(CO)s(x-SH)2] (M = Mn: 136, Re: 178) as well
as the dimeric and tetrametric hydrosulfides 180 and 181 (Scheme 64).31° In common with many
of the bridging bishydrosulfide complexes discussed in previous sections, compounds 136 and 178
were found to exist as a mixture of syn and anti isomers corresponding to different orientations of
the sulfhydryl H atoms. Treatment of 136 with large pressures of CO generated [Mn(CO)sSH]
(179), which was found to rapidly revert to 136 when no longer under pressure consistent with the
findings of Beck and Hofer. Although the Re congener of 179 is unknown, its conjugate acid,
[Re(CO)s(SH2)]* (179), was reported by Beck through the reaction of [Re(CO)s(BF4)] and H-S.

No NMR data was provided for 179 although an vs+ peak was identified at 2510 cmt,320

Scheme 64. Synthesis and reactivity of Mn and Re carbonyl compounds containing hydrosulfide

ligands.
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Follow-up work by Vahrenkamp and coworkers succeeded in stabilizing monomeric
hydrosulfides of Mn and Re by replacement of two of the carbonyl ligands in 136 and 178 by PMes
(Scheme 64).321 Compounds [M(PMe3)2(CO3)(SH)] (M = Mn, 183; Re, 184) were found to exist
as a mixture of fac and mer-trans isomers, each of which displayed distinct 'H NMR resonances
upfield of 0 ppm. Also reported were bimetallic complexes 191-193, which were prepared from
the corresponding stannylthiolates and HCI in similar fashion to 136 and 178. Syn-anti isomerism
involving both the disposition of the hydrosulfide groups and the phosphine ligands was noted for
the bimetallic species. Heterobimetallic complexes (185-190) containing Group 6 metals were
subsequently described by Vahrenkamp through the reaction of 183 and 184 with [M(CQO)s] (M =
Cr, Mo, W).321 As with 183 and 184, these complexes were found to exist as mixtures of fac- and
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mer-trans isomers. In all cases, assignment of isomers was made possible in large measure due to
the diagnostic nature of TH NMR chemical shifts for the sulfhydryl H atoms and CO stretching
vibrations for the carbonyl ligands.

In recent work, Tzeng and co-workers isolated compound 194, another example of a
substituted-analog of [Re(CO)s(SH)], from the reaction of 2-mercaptobenzothiazol with Re2(CO)g
under solvothermal conditions (Scheme 64).322 Production of 194 occurs with coupling of the 2-
mercaptobenzothiazol to generate a bidentate benzothiazole ligand. The solid-state structure of
194 was obtained demonstrating a fac arrangement of CO ligands, although no *H NMR or IR data
was reported for the hydrosulfide ligand.

Groups 6 and 7 provide the greatest number of examples of metal carbonyl complexes
containing hydrosulfide ligands. Outside of these groups, transition metal hydrosulfide complexes
containing carbonyls usually only feature 1 or 2 CO ligands. Several such compounds have already
received mention in previous sections and others will be described in the context of cluster
compounds (vide infra). In the area of Ru chemistry, an additional early example of a carbonyl-
hydrosulfide complex is [Ruz(PPh3)2(CNR)2(CO)2(SH)2(x-SH)2] (195) reported by Harris and co-
workers (Scheme 65).322 The identity of the bridging ligands in 195 (iodide vs. hydrosulfide) was
never determined as no vs+ could be observed by IR spectroscopy and the compound proved too
insoluble for NMR studies. Nonetheless, the synthetic route to 195 involving modification of the
coordinated dithioester [Ru(PPhs)2(CO)(I){C(S)SMe}] by a primary amine represents a novel

method of generating hydrosulfide ligands.

Scheme 65. Generation of Ru and Os hydrosulfides from carbonyl-containing compounds.
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Later work by Esteruelas and co-workers with related five-coordinate complexes of Ru and Os
demonstrated the straightforward synthesis of [M(P'Prz)2(CO)(SH)(H)] (M = Ru, 196; Os, 197)
(Scheme 65).26° Treatment of either complex with CO lead to the corresponding dicarbonyl species
[M(P'Prz)2(CO)2(SH)(H)] (M = Ru: 199, Os: 200). A six-coordinate complex of
trimethylphosphite [Os(P'Prz)2(CO)(SH)(H){P(OMe)z}] (198) was also accessible in the case of
osmium. Reactions of 196 and 197 with carbon-carbon triple bonds was found to result in reactivity
at either the hydrosulfide or hydride ligand depending upon the nature of the alkyne. In the case of
acetylenedicarboxylic acid, preferential reactivity occurred at the S-H bond to afford new Ru and
Os complexes containing a monothio-fB-diketonato ligand. By contrast, use of phenylacetylene or
methylpropionate lead to insertion into the M-H bond to afford new hydrosulfide complexes 201
and 202.

More recently, Macgregor and Whittlesey have examined reactions of H>S with the Ru(ll)
carbonyl-dihyride complex [Ru(IMes)2(CO)(H)2(HOEt)], which contains bulky IMes ligands.324
Displacement of the ethanol ligand from [Ru(IMes)2(CO)(H)2(HOEt)] was found to occur readily
in the presence of 1 atm of HxS to afford the air-stable hydrogen sulfide adduct

[Ru(IMes)2(CO)(H)2(SH2)] (203, Scheme 66). The crystal structure of 203 was obtained
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confirming both the integrity of the H2S ligand and the unusual trans arrangement of the hydrides.
Further reaction of 203 with H2S lead to extrusion of Hz and formation of the bishydrosulfide
complex [Ru(IMes)2(CO)(SH)2] (204). This 16-electron species was also characterized
crystallographically displaying a square-pyramidal geometry about Ru with an apical CO ligand
and trans hydrosulfides. Addition of hydrogen to a solution of 203 was found to slowly regenerate
[Ru(IMes)2(CO)2(H)(SH)] (205) providing a unique means of constructing an H2S ligand in the
coordination sphere of a metal. Exposure of both 203 and 204 to 1 atm of CO produced the
corresponding six-coordinate compounds 205 and 206, respectively. Unless kept under an
atmosphere of carbon monoxide, 205 was found to be unstable with respect to conversion to 204,
presumably through a non-stoichiometric process. The behavior of 205 in this respect is therefore
somewhat surprising given its similarity to the stable phosphine analog, 199, prepared by
Esteruelas. In contrast to 205, 206 was observed to be stable toward loss of CO requiring high

temperature and vacuum to regenerate 204.

Scheme 66. Generation of Ru-SH2 and Ru-SH complexes containing 1Mes ligands.
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Among the later metals (Groups 9 and 10), carbonyl complexes containing hydrosulfide
ligands are much less common, although several feature prominently as components of cluster

species and will be discussed below. Two simple examples from Group 9 are the dirhodium
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complexes [Rh2(PCy3)2(CO)2(u-SH)-] (207a) and [Rh2(PPh3)2(CO)2(u-SH)2] (207b), prepared by
Pérez-Torrente and Oro (Scheme 67).32> These compounds were synthesized from the acac
precursors, [Rh(CO)(PRs)(acac)] (R = Cy, Ph) by treatment with Hz2S in THF. Choice of solvent
was critical as similar reactions in CH2Clk were found to generate the cluster species, [Rha(u-H)(us-
S)(C0O)3(PRs3)3]. Compounds 207a and 207b were found by *H NMR spectroscopy to exist
primarily as the Cz-symmetric anti-CO isomers with a syn disposition of the sulfhydryl groups.
Both 207a and 207b were found to slowly lose H2S in solution ultimately forming a trinuclear Rh
cluster. Also reported in this study was the all phosphite analog [Rh2{P(OPhz)}2(CO)2(u-SH)]
(223), which was generated from [Ru(acac)(P{OPh}s)2]. Unlike 207a and 207b, compound 208
was found to be stable toward formation of cluster species. Crystallographic analysis of 208
confirmed the presence of syn hydrosulfide H atoms, in agreement with the solution structures
proposed for 207a and 207b. Notably, a compound analogous to 208 containing the chelating
dippe ligand, 209, was prepared earlier by Jones from the bridging chloride complex and used to
examine the mechanism of S-H inversion.326 Much like 208, compound 209 was found to exist as
the syn isomer in the solid state. However, fluxional behavior was noted in solution corresponding
to sampling of several isomeric conformations involving the relative orientation of the sulthydryls.
The mechanism for the isomerization process was found to involve inversion of both sulfur and

the Rh2S2 ring.

Scheme 67. Generation of carbonyl-containing Rh hydrosulfide complexes.
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3.3.3 Other Organometallic Complexes. Outside of Cp and CO, organometallic compounds
featuring hydrosulfide ligands have appeared sporadically but consistently in the literature over
the past several decades. By in large these compounds contain hydrocarbyl-derived ligands
although the popularity of N-heterocyclic carbenes in recent years has provided for additional
examples of organometallic hydrosulfides, several of which have already received mention. This
section will describe those organometallic species not possessing Cp or CO co-ligands.

The majority of organometallic hydrosulfide compounds from Group 6 have already been
discussed as they overwhelmingly contain Cp or CO ligands. In addition to these examples, Luo
and Kubas reported the two Mo hydrosulfides, 210a and 210b, which contain an aminocarbyne
ligand (Scheme 68).327 The compounds were prepared by thermolysis of hydrido-thiocarbonyl
complexes, which were in turn prepared by oxidative addition of thioformamide to
[Mo(N2)2(R2PCH2CH2PR2] (R = Ph, Et). Spectroscopic evidence for the hydrosulfide ligands of
210a and 210b was provided by both 'H NMR and IR spectroscopy. The solid-state structure of
210a further corroborated the identity of the compounds as hydrosulfide-carbyne species evincing

a short Mo-C distance of 1.830 A.

Scheme 68. Synthesis of an aminocarbyne Mo hydrosulfide.
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The chelating phosphine platform of 210 has also been employed to stabilize a rare example
of an organometallic hydrosulfide of iron. Lortscher, Venkatesan, and Berke recently described
the preparation of 211 in the context of studies involving molecular wires.328 As with 210,
compound 211 was synthesized from a precursor containing molecular nitrogen ligands (Scheme
69). Unfortunately, the electrochemical behavior and stability of 211 proved unsuitable for use as

a transport junction in construction of molecular wires and it was not explored further.

Scheme 69. Synthesis of an iron hydrosulfidefor use in molecular wires.
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Shapely and co-workers have reported the synthesis of nitride complex, 212, via deprotection
of a silanethiolate ligand on the Ru precursor [Ru(CHs)3(SSiMe3)N]~ with halide ion (Scheme
70).32° The compound could also be prepared by hydrolysis of the silanethiolate or via a direct salt
metathesis reaction between [Ru(N)(CHs)sBr]~ and NaSH. The solid-state structure of 212 was
determined by X-ray crystallography demonstrating a square-pyramidal geometry about Ru. The
compound was found to undergo decomposition at 75 °C to produce the known trimetallic species,

[RusMes(N)s(u3-S)2],330 with elimination of methane.
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Scheme 70. Synthesis of Ru nitride hydrosulfide complexes.
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In the area of Group 10 chemistry, Ruiz and coworkers have described a family of bridging
hydrosulfide complexes of Pd and Pt containing CeFs and CsCls ligands [M2Ra(u-SH)2]>~ (M =
Pd, Pt; R = CsFs5, CsCls) (Scheme 71).331 The compounds were generated by reaction of the
corresponding hydroxide precursors [M2Ra(x-OH)2]>~ (M = Pd, Pt; R = CeFs, C6Cls) with H2S. In
each case, a single resonance for the sulfhydryl group was apparent by H NMR suggesting that
isomers resulting from the disposition of the S-H groups are rapidly interconverting in solution.
Treatment of 213a and 214 with PPhs lead to isolation of the monomeric species,
[M(PPhs)(R)2(SH)]- (M = Pd, 215; Pt, 216). The cis arrangement of the CsFs ligands was retained
as judged by distinct 1°F resonances for the two rings. Further reaction of 215 and 216 with
[Ag(OTH)(PPh3)] afforded the heterobimetallic complexes [M(PPhs)(CsFs)2(~-SH)Ag(PPhs)] (M
= Pd, 217; Pt, 218). Also disclosed in the report by Ruiz and coworkers were compounds 219 and
220, which are analogs of 213 and 214 featuring PPhs and imidazolate ligands, respectively

(Scheme 71). These species were generated by similar reactions of hydroxide precursors with H2S.

Scheme 71. Synthesis and reactivity of organometallic hydrosulfide complexes of Pd and Pt.
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The pentafluorophenyl ligand has also been featured in the chemistry of gold. In work prior to
that of Ruiz, Laguna and coworkers demonstrated that gold hydrosulfide compound
[Au(CsFs)3(SH)]~ (221) could be isolated from the reaction of NaSH with the Au(lll) complex,
[Au(CeFs)3Br]~ (Scheme 72).332 No S-H stretch was observed for 221 by IR spectroscopy, but the
compound did display a 'H NMR resonance for the hydrosulfide ligand at —0.45 ppm. Reaction of
221 with [Au(CeFs)3(OEt2)] produced the bimetallic species [Auz2(CsFs)s(u-SH)]- (222). Unlike
221, the 'H NMR resonance for the hydrosulfide ligand was not found for 222, although the
complex was characterized crystallographically. Compound 222 was further used to prepare
sulfide-bridged trimetallic species, [{Au(CeFs)3}2(us-S){M(PPhs)}]- (M = Ag, Au), through

reaction with monovalent Ag and Au precursors.

Scheme 72. Synthesis and chemistry of Au-SH compounds.
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As a final example of organometallic hydrosulfides, we turn to those examples featuring an N-
heterocyclic carbene ligand. Sellman and co-workers have prepared the anionic complexes, 223-
225, which feature a chelating dithiolate-carbene ligand (S2C).332 These compounds were each
prepared in identical fashion through the reaction of the dimeric species, [M2(S2C)2] (M = Ni, Pd,
Pt), with NazS in the presence of 15-crown-5 (Scheme 73). Each of the hydrosulfides was found
to demonstrate *H NMR resonances for the S-H group upfield of 0 ppm as well as discernable vsu
modes near 2500 cmrl. Crystallographic analysis of 223 and 224 demonstrated the expected
square-planar geometries for the metal atoms with close contacts between the sodium cations and

the sulfhydryl groups.

Scheme 73. Anionic Ni, Pd, and Pt hydrosulfide complexes.
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3.4 Roles in Coordination Chemistry

Beyond their uses in hydrogen chemistry and organometallic compounds, hydrosulfide ligands
have continued to intrigue chemists from the standpoint of their basic coordination chemistry.
Perhaps the simplest hydrosulfide complex, [Cr(SH)(OH2)s]>* (226), was prepared by Taube and
Ardon in 1967 by the reaction of Cr(Il) salts with sulfur-containing oxidants.334 This compound,
also referred to as the thiolochromium(lll) ion, was never isolated, but follow-up solution studies
by Sykes supported Taube’s formulation and also described the thiocyanate derivative

[Cr(SH)(SCN)(OH2)4]* (227).2%5 A similar solution species, [Cr'''"Fe!'(u-SSH)(OH2)]**, was
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reported in due course by Sykes, although as with 226, unambiguous characterization was not
possible.336  These early examples notwithstanding, well-defined coordination complexes
containing hydrosulfide ligands are well-represented across the transition series. Pnictogen-based
ligands (phosphines and amines) feature prominently in their chemistry although examples
containing sulfur-donor ligands are also encountered. This section will describe non-
organometallic hydrosulfide compounds as they are found in P-, N-, and S-ligated complexes.
3.4.1 Complexes of P-donor ligands. Phosphine-derived co-ligands are found in numerous
hydrosulfide complexes as evidenced by their frequent appearance in previous sections of this
review. Among the phosphine compounds not yet discussed are those of Fe(ll), Co(ll), and Ni(ll)
prepared by Sacconi employing the tetradentate tris-phosphino ligands, nps and pps.33” The Ni(l)
complex of nps was already mentioned in the context of oxidative addition reactions of H2S,
although the divalent metal complexes of both the nps and pps ligands with Fe(ll), Co(ll), and
Ni(Il) (228-233) were reported earlier by the treatment of ethanolic solutions of the aquated metal
ions with H2S in the presence of either the nps or pps ligands (Scheme 74). Complexes 228-233
are all low-spin trigonal bipyramidal species, however, the symmetry properties of the Fe(ll)
species (228 and 231) result in paramagnetic triplet ground states. No S-H stretches could be
detected by IR spectroscopy but electronic absorption spectra for each of the compounds were in
line with their proposed formulations as were the crystal structures of 3-fold symmetric 229, 231,

and 233.

Scheme 74. Synthesis of Fe, Co, and Ni nps and pps hydrosulfide complexes.
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In later work with the pps ligand, Peruzzini and Stoppioni reported the corresponding Rh
hydrosulfide species [Rh(pps)(SH)] (234).238 Compound 235 was prepared in similar fashion to
231-233 by reaction of ethanolic solutions of Na2S with [Rh(pps)(cod)]* (Scheme 75). The
hydroselenide and hydrotelluride derivatives were also synthesized, and crystallographic analysis
of all three species demonstrated trigonal planar geometries with apical EH ligands as found for
the Fe(ll) and Ni(ll) congeners. Treatment of 234 with triflic acid produced the hydride-
hydrosulfide cation [Rh(pps)(SH)(H)]* (235), which could also be synthesized from the reaction
of H.S with [Rh(pps)(cod)]*. Use of MeOTf in place of triflic acid lead to formation of
[Rh(pps)(SMe)(H)]*. Unlike the pps compounds of Fe-Ni discussed above, S-H stretches for the
hydrosulfide ligands of 234 and 235 were identified readily by IR spectroscopy ca. 2550 cm.
Likewise, the TH NMR spectrum for both species demonstrated multiplet resonances (3Jup = 5 —
10 Hz) for the sulthydryls upfield of O ppm. In the case of 234, the SH resonance was well

separated from that due to the rhodium hydride.

Scheme 75. Synthesis of pps Rh hydrosulfides.
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Tridentate phosphine ligands resembling nps and pps were subsequently examined by Sacconi
and co-workers with both Ni and Fe. In like fashion to 230 and 233, complexes 236a-c were
prepared from aqueous Ni(ll) salts in the presence of the desired ligand (Scheme 76).339 In the case
of 236a, protonation of the pendant amino group of nyp, was observed. As with nps and pps, no
S-H stretches could be observed by IR spectroscopy, but the solid-state structure of 236a was
reported. Identical reaction of aqueous Fe(ll) with ppp afforded the triply-bridging hydrosulfide
complex, 237.340 The structure of 237, determined crystallographically, is similar in many respects
to that of the Ru complex 100 discussed above. One notable feature of the structure of 237 is the

syn disposition of the central PPh groups.

Scheme 76. Synthesis of Ni and Fe hydrosulfides with tridentate P/N ligands.
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Yet another tridentate phosphine ligand, triphos, has been described earlier in the context of
H. addition to dirhodium sulfide complexes. Prior to this work with rhodium, Bianchini described
the reaction of a triphos bound Ni(ll) dithiocarbamate with NaBH4 to produce the univalent nickel
complex [Ni(triphos)(SH)] (238, Scheme 76).341 Due to the instability of 238 in solution no
characterization data was reported, although a crystallographic study confirmed its composition. 342
Similar reactions of NaBHs with other triphos-Ni(ll) species of general formula
[Ni(S2CX)(triphos)]* (X = SMe, OEt, PEts*) were found to yield reduced nickel complexes lacking
a hydrosulfide ligand indicating a complex reduction mechanism dependent on the nature of the
dithiocarboxylate.

Bidentate phosphine ligands have also been used to great extent to stabilize hydrosulfide
complexes, and several examples have been discussed in prior sections. Jones and coworkers
reported a rare example of a chromium hydrosulfide supported by the dmpe ligand.343 Treatment
of trans-[CrChk(dmpe).] with NaSH in methanol afforded red, crystalline trans-[Cr(SH)z2(dmpe)2]

(239, Scheme 77). Reaction conditions were found to be critical during the synthesis of 240, as
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prior exposure of CrCl. to NaSH before addition of dmpe led to formation of trimetallic sulfide-
bridged clusters. Paramagnetic 239 displayed a solution magnetic moment of 2.78 uB as expected
for octahedral Cr(ll), and crystallographic analysis of the compound confirmed the trans
arrangement of the hydrosulfide ligands. The nearly isostructural iron analog, [Fe(SH)2(dmpe):]
(240), was also reported through an identical synthetic procedure starting from trans-
[FeCl2(dmpe)2]. Both compounds demonstrated a vs4 mode near 2550 cmrt, and in the case of the
diamagnetic Fe complex, a multiplet *H NMR resonance at —7.02 ppm was observed for the

sulfhydryls.

Scheme 77. Synthesis of Cr and Fe trans hydrosulfide complexes containing dmpe ligands.
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With the related bidentate dcpe ligand, which bears cyclohexyl groups on the phosphine
donors, Jones has described the insertion of Sg into the Pt-H bond of [Pt(H)(R)(dcpe)] to give a
series of hydrosulfide species of the form [Pt(SH)(R)(dcpe)] (61b-d) (Scheme 78).344 Compound
61b and 61c were found to be quite sensitive to excess Ss, SO an alternative synthetic route
involving simple salt metathesis of the halide precursor, [Pt(CI)(R)(dcpe)], was used to generate
larger quantities of material. Treatment of 61b with halogens (I2 and Brz) resulted in formation of
the corresponding dihalides, [Pt(X)2(dcpe)] through the presumed intermediacy of the Pt(IV)
hydrosulfide, [Pt(Me)(SH)(X)z(dcpe)] (241). Similar reaction of 61b with H2S produced the

bishydrosulfide species [Pt(SH)2(dcpe)] 59c, with loss of methane.
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Scheme 78. Synthesis of Pt bis-hydrosulfides
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Also in the area of Pt chemistry, Lled6s and Gonzélez-Duarte have employed the dppe and
dppp ligands to examine protonation events of the Pt2(u-S)2 core.3*> Their work builds upon
contemporary studies of Hor and Henderson who used a combinatorial ESI-MS approach to
identify and prepare [Pt2(u-S)(u-HS)(PPhs)s]* (242a), along with several cluster species derived
from [Pt2(u-S)2(PPhs)a] (Scheme 79).346. 347 In the work by Lledés and Gonzalez-Duarte, the
related monoprotonated cations, [Pt2(u-S)(u-HS)(dppe)2]* (241b) and [Pt2(u-S)(u-HS)(dppp)2]*
(242c), were synthesized and found to display rapid proton transfer between their sulfur atoms in
solution. Subsequent protonation events of 242b and 242c with either HCIl or HCIO4 led to a series
of intermediate species, from which the bishydrosulfide complexes [Pt(SH)2(dppe)] (59b) and

[Pt(SH)2(dppp)] (59d), were isolated and characterized.

Scheme 79. Proton transfer events of phosphine-ligated Pt hydrosulfides.
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Incorporation of phosphine donors into tridentate pincer type ligands is a popular theme in

modern coordination chemistry. Not surprisingly then, such ligands have been used to support
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well-defined hydrosulfide complexes. The Ni compounds 236a-c described above constitute the
first examples of hydrosulfide compounds bearing pincer ligands. In more recent work,
compounds [(YPNP)Ni(SH)] (243) and [(PONOP)NIi(SH)] (244) have been prepared in the
context of studies dealing with formation and rupture of C-S bonds mediated by nickel (Scheme
80). Tonzetich reported the synthesis of 243 through the protonolysis of the anilide precursor,
[(YPNP)Ni(NHPh)], with H2S.348 In line with many of the compounds discussed above, the
hydrosulfide ligand of 243 gave rise to an upfield shifted 'TH NMR resonance at —2.26 ppm and a
vsH mode near 2540 cmrl. In complementary work by Chen and Zhang, the Ni(ll) thiolate complex,
[(PONOP)Ni(SCH2Ph)], was found to undergo C-S bond cleavage when treated with two
equivalents of BH3-THF to generate [(PONOP)Ni(SH)] (244).2%°% Spectroscopic and structural
features of 244 were similar to those of 243, including a *H NMR resonance for the S-H proton at

—1.56 ppm.
Scheme 80. Preparation of pincer-containing Ni-SH species.
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A hydrosulfide complex of a Rh(l) pincer has recently been reported by Braun and co-workers
during studies of SFe activation. The [(POP)Rh(SH)] (245) product was isolated in tandem with

[(POP)RN(H)(F)2] from the reaction of [(POP)Rh(H)] with SFe in the presence of HSiEts (Scheme
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81).350 The compound could also be prepared directly from [(POP)Rh(H)] by treatment with H2S
in similar fashion to reactions discussed in Section 4.2.2. IR and NMR data for the SH ligand of

245 were comparable to those of 243 and 242.

Scheme 81. Synthesis of a pincer-containing Rh hydrosulfide.
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Outside of pincer chemistry, the simple phosphine-ligated Ir(11l) hydrosulfide, 246, has been
generated by the treatment of trans-[IrCL(PMe2Ph)s(OH2)]* with H2S (Scheme 82). Compound
246 displayed a characteristic hydrosulfide resonance at —1.08 ppm as a doublet of triplets.
Although a vs4 stretch was not reported, the molecular structure was confirmed by X-ray

crystallography.

Scheme 82. Generation of an Ir-SH complex.
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3.4.2 Complexes of N-donor ligands. Harder Lewis basic nitrogen-donor ligands do not appear

to the same extent in the coordination chemistry of HS™ and H2S as those of softer phosphines.
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Nonetheless, several notable complexes have been prepared using these types of ligands, most
frequently as components of chelates. The simplest representative of this class is the coordination
complex [Ru(SHz2)(NHs)s]>* (247) reported by Taube in 1976.3%! This species was generated by
treatment of the corresponding aqua complex, [Ru(OH2)(NH3)s]2* with H2S and isolated as its BF4
salt (Scheme 83). Compound 247 was found to be very susceptible to oxidation resulting in
extrusion of Hz. The compound was even observed to decompose in a matter of days in a nitrogen-
filled glovebox. The related species, 248, containing an isonicotinamide ligand, was also described
and proved more stable toward oxidation than 247. Ligand exchange processes involving both
compounds were scrutinized in detail, as was their electrochemical behavior. From these
experiments, an equilibrium constant for substitution of H2O by H2S in [Ru(OH2)(NHz)s]>* was
calculated at 1.5 x 102 M1, In addition, the pKa of the bound H.S ligand was determined to be 4.0,

dropping to —10 upon oxidation to Ru(lll).

Scheme 83. Synthesis of Ru-SH2 complexes.
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Since Taube’s report of 247, most investigations of hydrosulfide complexes containing N-
donor ligands have focused on chelating variants. Pohl and coworkers employed the macrocyclic
chelate, cyclam (1,4,8,11-tetraazacyclotetradecane), to stabilize a series of Co(ll) and Ni(ll)
hydrosulfide complexes.3°2 The linear coordination polymer [Cu(cyclam)(SH)2]n (249) was

obtained from the reaction of Co(ClO4)2-6MeCN and one equivalent of HS™ in the presence of
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cyclam (Scheme 84). Use of two equivalents of HS™ under similar reaction conditions, however,
produced the bimetallic species [Cuz(cyclam)2(u-SH)2][SH]2 (250). Compound 250 contains
hydrosulfide counterions, which form hydrogen bonding contacts with the NH groups of the
cyclam ligand in the solid state (Figure 7). The isostructural dinickel analog [Niz(cyclam)z(u-

SH)2J[SH]. (251) was also prepared, but from the thermal decomposition of the polymeric
trimetallic species 252. Much like 250 and 251, the solid-state structure of 252 features hydrogen

bonding interactions between the NH groups of the cyclam ligand and a hydrosulfide moiety.

Scheme 84. Preparation of cyclam-containing Co and Ni hydrosulfides.
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Figure 7. Solid-state structure of 250 showing hydrogen bonding interactions between the cyclam
NH groups and the hydrosulfide counterion. Imaged generated from crystallographic data in

reference 352.

In more recent work, Kersting has used an expanded macrocyclic ligand based on a hexaaza-
dithiophenolate motif to prepare the bridging hydrosulfide complex 253 (Scheme 85).3%3 The
compound was synthesized through either the reaction of elemental sulfur with the borohydride
precursor, [Ni2L(u-BHa4)]*, or through treatment of the perchlorate complex, [Ni2L(u-ClO4)]*, with
sodium sulfide. The nickel(ll) ions of 253 were found to display ferromagnetic exchange resulting
in an a pentet (S = 2) ground state for the complex. Electronic absorption studies on 253 along with
analogs containing bridging Se>~ and PhS~ ligands permitted a ranking of o-donor ability whereby

hydrosulfide was found to be the weakest.
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Scheme 85. Synthesis of a bimetallic Ni-SH complex featuring a macrocyclic N6S2 ligand.
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Non-macrocyclic N-donor ligands too have found use in the synthesis of hydrosulfide
complexes. The simple Cu(ll) coordination complex, 254, was isolated by Gupta and Bhattacharya
via the solvent assisted decomposition of the heterometallic Cu-Pb cluster, [(PPh3)sCus(u-
SPh)7Pb] (Scheme 86).3%4 Also in the area of Cu(ll) chemistry, Kurup and co-workers disclosed
the use of a chelating nns ligand derived from a pyridine thiosemicarbazone to generate the
copper(ll) hydrosulfide complex 255 (Scheme 86).3%% Curiously, compound 255 was isolated from
a reaction targeting the dimeric complex, [Cuz(nns)2]%*. A decade later, Arndiz and Javier Garcia-
Tojal reported a related bimetallic copper(ll) complex, 256, from the desulfurization reaction of a
similar thiosemicarbazone ligand (nns*).3%¢ Thus, the original synthesis of 255 by Kurup and
coworkers most likely involved an analogous desulfurization process. The monometallic nature of

255 versus 256 is probably a consequence of the bulkier pyrrolidine substituent in the case of nns.

Scheme 86. Cu(ll) hydrosulfide complexes containing N-donor ligands.
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Desulfurization has been applied as well to the preparation of a cobalt(ll) hydrosulfide
compound. Anacona and co-workers observed the formation of the tetrahedral complex
[Co(quinolone)2(SH)2] (257), from the reaction of hydrated CoCl. with sulfathiazole in the
presence of the N-donor quinoline (Scheme 87).357 The blue paramagnetic complex was obtained
in high yield and shown to have superoxide dismutase activity by inhibiting the reduction of

nitroblue tetrazolium.

Scheme 87. Synthesis of a Co bis-hydrosulfide complex containing quinoline ligands.
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Holm has reported the generation of Ni(ll) hydrosulfide complexes supported by tridentate
pincer type ligands incorporating a central pyridine donor and flanking acyl units. Employing an
SNS type ligand with thiocarboxylate donors, the nickel complex 258 was generated by cleavage
of the thiolate bridges of a dimeric precursor (Scheme 88).358 Refluxing 258 in air led to formation
of an unusual u3-sulfide-bridged trinickel species. Also described were hydrosulfide complexes
259 and 260, which contain a reduced version of the SNS ligand. These species were made through
identical bridge-cleavage reactions of the corresponding dimeric precursors. Compounds 258-260
all displayed *H NMR resonances for the SH ligand upfield of 0 ppm, similar to the phosphorus-
based pincer complexes discussed above. Additional work by Holm concerned with modeling the
bimetallic Ni-Fe site of the C-cluster of CO dehydrogenase enzymes reported the nickel

hydrosulfide complex 261, which contains an NNN pincer ligand. This compound was prepared
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by simple ligand exchange with the terminal hydroxide precursor.3>® Unlike the hydroxide

analogue, however, compound 260 was not used further to construct bimetallic Ni-Fe assemblies.

Scheme 88. Preparation of Ni hydrosulfide complexes with amine ligand scaffolds.
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Yet another N-based chelate used to stabilize a hydrosulfide complex is the tris-pyrazolyl
borate ligand (Tp). Theopold prepared the terminal iron(11) hydrosulfide complex [TpBuMeFe(SH)]
(262), bearing a sterically encumbering Tp®“Me Jigand by protonolysis of the methoxy analog
[TpB“MeFe(OMe)] with H2S (Scheme 89).360 The paramagnetic compound displayed an effective
solution magnetic moment of 5.7(1) us consistent with high-spin iron(Il). In contrast to other three-
fold symmetric hydrosulfide species discussed in prior sections, the vsi mode of 262 was detected
by IR spectroscopy as a strong band at 2551 cmt. Crystallographic analysis of 262 confirmed the

pseudo-tetrahedral geometry about Fe, revealing an Fe-S bond distance of 2.293 A.

Scheme 89. Synthesis of a TpBu“Me Fe-SH complex.
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3.4.3 Complexes of S-donor ligands. The final series of coordination complexes to be discussed
are those featuring S-donor ligands. One of the most fascinating members of this class of
compounds is the homoleptic Au(l) hydrosulfide, (PPN)[Au(SH)2] (263) reported by Vicente.361
The only example of a homoleptic hydrosulfide other than [Fe(SH)4]~ (15), compound 263 was
synthesized by addition of H2S to (PPN)[Au(acac)2] in dichloromethane. The crystal structure of
263 displayed the expected linear coordination about gold with no significant aurophilic
interactions.

Other simple S-bound hydrosulfide complexes include the thiometallate species [W(S)3(SH)]~
(264) and [Nb(S)3(SH)]>~ (266). The tungsten congener 126 was reported by Miiller and co-
workers in 1977 by the action of 40% HF(aq) on WS4~ and isolated as both its PPhs* and AsPhs*
salts.352 Nearly two decades later Coucouvanis and co-workers reported the niobium analog (266)
from reaction of the oxo-disulfide species [Nb(S2)2(SH)(O)]?~ (265), with PEts (Scheme 90).363
Both 265 and 266 displayed assignable 'H NMR resonances for the sulfhydryls, although only in
the case of 265 was a vsy band identified. Crystal structures for 264-266 were determined and each
showed the expected tetrahedral geometry about the metal center.364 A shorter Nb-S bond distance
was noted for 265 than 266, but the molecule was also found to crystallize on a two-fold axis

preventing unambiguous assignment of the H atom to a single S center.

Scheme 90. Synthesis of S-ligated W and Nb hydrosulfides.
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Hydrosulfide complexes containing more sophisticated S-bound ligands are also known. Early
work by DeSimone and co-workers described the synthesis of several molybdenum complexes
containing the macrocyclic polythioether ligand, 1,5,9,13-tetrathiacyclohexadecane ([16]-
ane[S4]).36° Of these complexes, the hydrosulfide species, 267 and 268, were isolated from the
reaction of [Mo2(OH2)a(OTH)2]>* with [16]-ane[Ss] in EtOH (Scheme 91). As in the case of
compounds similar to 255 mentioned above, desulfurization of the [16]-ane[Ss4] ligand was
invoked to explain the origin of the hydrosulfide groups in 267 and 268. The identity of each
compound was obtained through X-ray crystallography,36® but solution characterization of both
complexes was limited due to the inability to observe vsi modes and the complexity of the 'H
NMR spectra. Both compounds displayed one-electron cathode processes by cyclic voltammetry,

with 268 demonstrating a quasi-reversible couple.

Scheme 91. Synthesis of Mo-SH species containing macrocyclic [16]-ane[S4] ligands.
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In other work with molybdenum, the hydrosulfide complex [Mo(SH)(S2CNEt2)z] 269 was
isolated by Jordanov and co-workers as one of the products of the reaction of [CpaFesSes] with

[Mo(CO)2(S2CNEt2)2] (Scheme 92).367 Compound 269 was found to be paramagnetic at room
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temperature (S = 1), but displayed a diagnostic vsu stretch of 2480 cm! by IR spectroscopy.
Crystallographic analysis of 269 confirmed its general composition but could not definitively rule
out the possibility that the sulfhydryl group was in fact a terminal sulfide. The identity of 269 as a
terminal sulfide complex, however, was argued against on the basis of the aforementioned IR band
and the lack of a strong trans influence in the Mo-S distance of the dithiocarbamate ligand directly

opposite the putative hydrosulfide.

Scheme 92. Generation of Mo complexes containing terminal SH ligands.
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The molybdenum trishydrosulfide complex, 270, was similarly isolated from a complex
mixture by Kamenar and co-workers during investigations of the thiodipivaloylmethane ligand
(tpdm). Prolonged reaction of [M0203(OAc)4] and tdpm was found to generate small quantities of
270 in addition to an oxo-bridged complex after 25 days at ambient temperature (Scheme 92).368
The origin of the hydrosulfide ligands in 270 as well as the dithiolylium counterion was ascribed
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to reactivity with H2S generated by hydrolysis of tpdm by the acetic acid byproduct. Support for
the composition of 270, which represents a very rare example of a Mo(V) hydrosulfide, included
an IR peak at 2600 cm! assigned to vs+ and an X-ray crystal structure. Notable in the structure of
270 was a hydrogen bonding contact between one of the hydrosulfide ligands and a sulfur atom of
the dithiolylium cation.

Examples of hydrosulfide complexes containing non-chelating S-donor ligands are quite
uncommon. Aside from the complexes discussed at the beginning of this section, additional
examples of such compounds include those possessing thiourea-derived ligands. Braun reported
the synthesis and crystal structure of the silver(l) hydrosulfide, 271, which features the 1,1-diethyl-
3-benzoylthiourea ligand (Chart 3).36° In more recent work, Hadjikakou prepared the copper
hydrosulfide(l), 272, which contains 2-mercaptopyrimidine.3’ The pseudo-tetrahedral geometry
about copper observed in the solid-state structure of 272 is similar to that of [Cu(SH)(py)(PPh3)]
(273) prepared earlier by Strauch via photolysis of [Cu2(PPhs)a(u-C2S30)].37* Complexes 272-273
each feature four-coordinate univalent Group 11 ions with a terminal SH ligand unengaged in any
intermolecular interactions. Compound 293 was further shown to inhibit the peroxidation of

linoleic acid by lipoxygenase.

Chart 3. Ag and Cu hydrosulfide species.
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3.5 Roles in Cluster Chemistry

Sulfide ligands form the basis of numerous metal cluster compounds found naturally and
produced synthetically. It is not surprising then, that the conjugate acid of sulfide, hydrosulfide,
also finds a great deal of use in the area of cluster science. Biologically relevant cluster compounds
containing hydrosulfide ligands have already received mention in previous sections, as have
several synthetic examples relating to the chemistry of organometallic compounds. As the
hydrosulfide ion is frequently encountered as a precursor to sulfides in the preparation of metal
clusters, this section will focus primarily on those cluster species containing a SH ligand. Metal
organic frameworks (MOFs) and coordination polymers containing hydrosulfide ligands will also
be treated briefly at the end of this section. In parallel fashion to the sections dealing with
organometallic compounds and coordination complexes, the metal clusters will be considered
according to their principal supporting ligands.

3.5.1 Metal cyclopentadienyl clusters. As noted earlier, the preparation of compound
[Cp2Ti(SH)2] (70a) by Kopf and Schmidt represented a watershed moment in the development of
metal hydrosulfide chemistry. Since that initial report, metallocene hydrosulfide compounds have
provided a fertile starting point for more elaborate clusters. Rauchfuss reported the use of 70a and
its CpMe analog, [CpMe,Ti(SH)2] (70c), to prepare several heterobimetallic Ti-M (M = Mo, W)
compounds containing a double hydrosulfide bridge (274 and 275, Scheme 93).372 These species
were synthesized in straightforward fashion from the reaction of 70a and 70c with equimolar [(7*-
norbornadiene)M(CO)4] in toluene. 'H NMR analysis of 274a indicated a 2:1 mixture of syn to
anti isomers, which were found to interconvert with an activation barrier of 18 kcal/mol. This
interconversion process could also be catalyzed by addition of EtsN. Treatment of 274a with base

led to formation of the putative dianion [Cp2Ti(-S)2Mo(CO)4]?~. This sulfide-bridged species
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underwent facile alkylation with Mel to generate [Cp2Ti(x~SMe).Mo(CO)4] and protonation with
HCI to regenerate 274a. Other transformations observed with 274a include base-catalyzed
reactions with Sg and Ph2E2 (E = S, Se) to generate a variety of mononuclear titanocene species,
and S-H insertion of methyl acrylate to generate compound a heterobimetallic thiolate bridged

species.

Scheme 93. Synthesis of bimetallic hydrosulfides from Cp2Ti(SH)2 derivatives.
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In subsequent work by Bottomley with 70a, the titanium cluster 276 was isolated as one of the
components of the reaction mixture generated upon reduction with Zn powder.3’3 Fractional
crystallization of 276 from the complicated mixture and analysis by X-ray diffraction permitted
identification of this trititanium species, which was formed in tandem with at least four other Ti-

sulfide clusters. The genesis of the oxygen atom in 276 was proposed to be the oxide coating of
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the Zn powder used in reduction. Interestingly, the mixture of products obtained by reduction of
70a was similar to that observed upon treatment of [Cp2Ti(CO)2z] with H2S in the presence of water
(vide supra).

Oro and coworkers have utilized 139 to prepare a series of early-late heterobmetallic clusters
featuring Rh and Ir. In an early report, the reaction of 70a with [Rhz2(u-OMe):(tfbb)z] (thb =
tetrafliorobenzobarrelene) to give [CpTi-(us-S)3-(Rh{tfbb})s] was described.®’* Exposure of
[CpTi-(us-S)s-(Rh{tfob})s] to CO produced [CpTi-(us-S)3-(RH{CO}2)3], which was found to
undergo further ligand exchange at Rh with PPhs. Identical treatment of 70a with [Rh2(u-
OMe)2(COD)2] led to the analogous cyclooctadiene-bound cluster, [CpTi-(us-S)s-
(R{COD})3].37® In the absence of rigorously anhydrous conditions, preparation of [CpTi-(u3-S)s-
(Rh{COD})s] was accompanied by the formation of the hexametallic cluster [(CpTi-{us-S}2-
{Rh(CO)2}{Rh(CO)}2)2-us-0O] (Scheme 94). An analog of this hexametallic cluster containing
COD ligands on Rh has also been reported recently.376

Generalized syntheses for tetrametallic clusters similar to [CpTi-(us-S)3-(Rh{ttbb})s] were
later developed by employing [(CpTi{S})2-(u2-S)2]*~, which is generated by deprotonation of 70a
(Scheme 94).377 Reaction of [(CpTi{S})2-(u2-S)2]> with [M2(u-Cl)2(5*-diolefin)2] afforded clusters
of the type [CpTi-(u3-S)s-(M{s/*-diolefin})s] (M = Rh, Ir; diolefin = tfob, COD, dbd), all of which
could be further derivatized with CO and PRs.3’8 Work by Oro and coworkers also demonstrated
the preparation of the trimetallic clusters through reaction of 70a with [M(L,)(/*-diolefin)] (L, =
acac, 8-oxyquinolinate). Subsequent derivation with CO and PR3 proceeded in identical fashion to

clusters of the type [CpTi-(us-S)s-(M{*-diolefin})s].3"®

Scheme 94. Generation of multimetallic products from Cp2Ti(SH)2.
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In addition to titanium, Oro and coworkers have explored analogous transformations of a Zr
hydrosulfide precurosr.38® In contrast to the chemistry observed with 70, reaction of
[Cp2tB2Zr(SH)2] (71c) with [Rh(acac)(;*-diolefin)] was found to produce a series of trimetallic
clusters retaining both cyclopentadienyl ligands (Scheme 95).381 Curiously however, reactions of
71c with the Ir congener, [Ir(acac)(;*-diolefin)], resulted in loss of HCp'®2 and formation of
[CptB2Zr(acac)-(u2-S)2-(Ir{COD})2]. The Ir analog containing both Cp'®2 ligands could be
accessed, but only through prior treatment of 71c with BuLi followed by addition of [Ir2(u-Cl)2(*-
COD)2]. A putative intermediate species, 277, containing a bridging hydrosulfide ligand, was
detected by 'H NMR spectroscopy during preparations of the trimetallic Rh cluster. This species
demonstrated a resonance for the sulfhydryl group downfield of 2 ppm. As with Ti, each of the
ZrMz clusters could be further elaborated by substitution of the diolefin ligands for CO and
phosphines. In the case of the Rh, phosphine-bound derivatives of [Cp2BU2Ti-(u3-S)2-(Rh{nbd})-]

demonstrated activity toward the hydroformylation of 1-octene.
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Scheme 95. Synthesis of substituted cyclopentadienyl Zr-SH species.
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Hidai has also employed 70a for the preparation of heterobimetallic clusters. Compound 70a
was found to react with the tetraruthenium species, [Cp*sRus(us-Cl)4], to give 278 (Scheme 96)382
The S-H groups of 278 were detected spectroscopically by both IR and 'H NMR and
crystallographic analysis of the compound evinced a syn disposition for the H atoms of the
sulfhydryls. Further treatment of 278 with EtsN generated the cuboidal cluster [(CpTi)z-(us-S)4-
(RuCp*)2. Follow-up studies by Hidai on cluster on this cuboidal cluster demonstrated facile
oxidation by ferrocenium and HCI to give [(CpTi)2-(us-S)a-(RuCp*)2]>* and [(CpTi)(CpTiCk)-
(u3-S)a-(RuCp*)2], respectively, as well as Cp elimination from the latter to yield [(CpTi)(TiCl)-
(us-S)a-(RuCp*)2] (Scheme 96).383

Compound 278 has also been demonstrated to serve as a starting point for trimetallic clusters
containing TiRuz and TiRuM motifs.38* Hidai and co-workers reported the reaction of 278 with
EtzN in the presence of [RuCL(PPhs)3] to generate [CpTi-(u3-S)2-(u-Cl)-Ru(PPhs)2-(u-CI)-RuCp*.
The synthesis of this trimetallic cluster resembles that of [(CpTi)2-(u3-S)s-(RuCp*)2] but is thought
to involve capture of an unsaturated intermediate cluster by [RuCl2(PPhs)s]. A similar strategy
involving [M2(u-Cl)2(;*-COD)2] (M = Rh, Ir) and [M(PPhs)s] was therefore utilized to prepare

clusters as shown in Scheme 96.
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More recently, Bhattacharya has reported the synthesis of a tin hydrosulfide cluster through
reaction of 70a with n-BuSnCI(OH)2.38> Two products were isolated form the reaction, 279 and
280, each an anion featuring a [CpsTisOsg]?* counterion. Crystallographic analysis of the clusters

demonstrated similar compositions differing in the ratio of S to Cl.

Scheme 96. Cluster syntheses stemming from [Cp2Ti(SH)2].
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Although not prepared directly from 70a, additional examples of hydrosulfide clusters
incorporating a Group 4 metallocene motif include compounds 281 and 282 reported by Roesky
(Scheme 97).386 These species were synthesized by treatment of the sulfide-bridged compounds,
[(A'nacnac)Al(u-S)2MCp2] (M = Ti, Zr), with water. Both compounds were characterized
crystallographically, and in the case of 282, a small quantity of the bishydrosulfide (283) was
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modeled into the final refinement. Such a species is the presumed intermediate preceding

formation of 282.

Scheme 97. Aluminum-containing hydrosulfide complexes.
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Beyond [Cp2Ti(SH)2] and its derivatives, metallocene hydrosulfides of other metals have been
applied to the synthesis of cluster compounds. Hidai and co-workers demonstrated that Green’s
Group 6 metallocenes, [Cp2Mo(SH)2] (131a) and [Cp2W(SH)2] (132a), could be used to prepare
bimetallic complexes containing Group 9 metals (Scheme 98).387 Reaction of either 131a or 132a
with [Ir(H)2(PPhs)2(acetone)2]* under an atmosphere of H> was found to generate compounds 284
and 285. Both species demonstrated spectroscopic features consistent with the presence of bridging
hydrosulfide ligands, although crystallographic analysis of 284 did not locate the sulfur-bound H
atoms precluding its assignment as a syn or anti isomer. Analogous reactions of 131a and 131b
with the Rh dihydride, [Rh(H)2(PPhs)2(acetone)(EtOH)]*, resulted in two different bimetallic
species. In the case of 131a, the bridging hydrosulfide compound 186 was produced. The solid-
state structure of 286 demonstrated a syn disposition for the sulfhydryl groups, which appeared as
a singlet resonance by H NMR. In contrast to 131a, reaction of the rhodium dihydride with 132a
afforded the sulfide-bridged complex, [Cp2W-(u2-S)2-Rh(PPhs)2]*. Exposure of this sulfide-bridge
species to 10 atm of Hz produced small quantities of the tungsten congener of 286 as judged by

NMR spectroscopy, although the compound was not isolated. Compounds similar to [Cp2W-(ue-
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S)2-Rh(PPhs)2]*were also detected when 131a and 132a were allowed to react with the Rh and Ir
dihydrides in the absence of added hydrogen. All four bimetallic complexes, 284-286 and [Cp2W-

(u2-S)2-Rh(PPhs)2]*, were found to be active catalysts for the hydrogenation of alkynes.

Scheme 98. Chemistry of Cp2Mo/W(SH)2 species.
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Prior to the work by Hidai with 131a and 132a, Curtis and coworkers isolated the unusual
cluster species, 287, which also features a CpMo unit. Compound 287 was obtained in small
quantities from the mixture of species produced in the reaction of thiophene with the tetranuclear
cluster, [CpMe2Mo2Fe2S2(CO)s], at 150 °C. Evidence for the composition of 287 was provided by

X-ray crystallography although no vs4 was detected by IR spectroscopy (Chart 4).

Chart 4. A Mo/Fe hydrosulfide cluster

Mo Mo = (n3-CsH4Me)Mo
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Much like 131a, a number of homobimetallic hydrosulfides undergo transformations resulting
in new cluster compounds. As already noted, thermolysis of [Cp*2Ruz2(u-SH)2Ck] (154) produces
the cuboidal cluster, [Cp*sRua(u3-S)s]?* (Scheme 59). If instead 154 is treated with [RhCI(PPhs)s],
the trimetallic cluster, [{(Cp*Ru)2(u-H)}-(u3-S)2-RuCk(PPhs)], is obtained.2®® In subsequent
work, Hidai also showed that 154 reacts with main group chlorides, MCls (M = Sb, Bi), to afford
tetrametallic cubanes tetrametallic cubanes displayed in Scheme 99.388 By employing an analog of
154 containing the ethyltetramethylcyclopentadineyl ligand (CpEtMe), Hidai later demonstrated
that stepwise addition of MCls was possible permitting isolation of the hydrosulfide clusters, 288
and 289.389 Both an IR and 'H NMR signature was identified for the hydrosulfide groups of 288
and 289. In the case of NMR, this resonance was found downfield of 5 ppm. Further elaboration

of 288 with [Pd(PPhs)4] produced a mixture of species containing Ru2SbPd and RuSbPd: cores.

Scheme 99. Synthesis of hydrosulfide clusters employing [Cp*2Ru2(u-SH)2Ch].
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Compounds [Cp*2Mz(u-SH)2Ck] (M = Rh, Ir) take part in reactions very similar to those of

154. Indeed, both species are observed to give to rise to cuboidal clusters and heterometallic
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species as shown in Scheme 61. The trishydrosulfide species, 166, can be engaged similarly in the
preparation of homo- and heterometallic clusters, after treatment with excess hydrosulfide
(Scheme 100).3%° Compound 166 was found to react with (EtsN)(SH) to generate the diiridium
tetrahydrosulfide 290. Thermolysis of 290 in solution produced the trimetallic cluster 291, which
underwent further decomposition to give [Cp*alra(us-S)s]. The crystal structure of 291
demonstrated interesting aggregation behavior in the solid state stemming from intermolecular S-
H-S hydrogen bonding. Both syn and anti isomers of 291 were noted in solution giving rise to 'H
NMR resonances between —1.40 and +0.42 ppm. Subsequent reactions of 291 with [Cp*2lr2(u-
H):Ck] and [Pd(PPhs)s] generated the new cluster compounds 293 and 292, respectively.
Compound 293, which could also be prepared by treating 166 with EtsN, was the subject of a
follow up study by Mizobe and coworkers.3% The compound was shown to undergo reaction with
antimony and bismuth chlorides to produce heterometallic sulfide clusters. Treatment of 293 with

[Pd(PPhs)4], however, led to formation of 294, which retained a hydrosulfide ligand.

Scheme 100. Synthesis of Ir cluster species from hydrosulfide precursors.
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Monometallic hydrosulfides of Rh and Ir have also proved valuable as starting materials in

cluster synthesis. Beginning from Rh and Ir complexes Cp*M(PMe)(SH)2 (M = Rh, 295; Ir, 157a),
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Hidai and Ishii reported a variety of heterometallic clusters featuring Ti, V, Mo, W and Rh,392-3%4
Of these compounds, only the clusters 296 and 297, generated from reactions with
[Mo(CO)s(nbd)], were found to retain hydrosulfide ligands (Scheme 101). Crystallographic
characterization of 297 demonstrated a syn orientation of the sulfhydryl groups and no fluxional

behavior was noted for either cluster in solution.

Scheme 101. Synthesis of heterometallic hydrosulfide clusters of Rh, Ir, and Mo.
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Two additional examples of metallocene type clusters bearing hydrosulfide ligands are
compounds 298 and 299. The first of these, 298, was reported by Angelici in the context of studies
on iridathiabenzene (Scheme 102).3%° Reduction of an iridathiabenzene moiety by superhydride
resulted in ring contraction and formation of 298. The fidelity of the hydrosulfide ligand was
confirmed by both X-ray crystallography and *H NMR spectroscopy. The second cluster, 299, was
prepared by Tatsumi by protonation of a bimetallic sulfide-bridged RuGe complex.3% Although
no crystal structure was obtained for either 299a or 299b, vibrational (IR and Raman) and NMR
data supported the presence of a sulthydryl. In the case of the latter, the resonance at -0.33 ppm

assigned to the SH ligand was observed to disappear upon treatment with D2O.

Scheme 102. Metallocene-based hydrosulfide complexes.
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299a R = Et
299b R = Ph

3.5.2 Metal carbonyl clusters. Carbonyl ligands feature prominently in the chemistry of d-
block clusters, so it is therefore unsurprising that they are also found in the context of metal
hydrosulfides as well. Numerous examples of cluster compounds containing carbonyl groups,
especially of the Group 6 and 8 metals, have been described in earlier parts of this review. Not yet
mentioned are clusters [Mnz(u-H)(u-SH)(CO)es(u-P~P)] (PP = dppm, 300a; tedip, 300b), which
were prepared by Garcia Alonso and coworkers from the reaction of [Mn2(u-H)2(CO)e(u-P"P)]
(PAP = dppm, tedip) with elemental sulfur (Scheme 103).3%7 Both compounds were found to exist
as a mixture of syn and anti isomers in solution corresponding to the orientation of the SH group
with respect to the bridging phosphine. Deprotonation of 300a with thallium(l) acetate and

treatment with [AuCI(PPhs)] also afforded the trimetallic cluster 301.

Scheme 103. Generation of Mn carbonyl clusters with bridging hydrosulfide ligands.
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Cluster 301 is reminiscent of the bishydrosulfide species, 192, originally synthesized by
Vahrenkamp (vide supra). In this same vein, Huang reported the trishydrosulfide 303 from the
reaction of [Mn2(CO)10] and Na2S2.3% Compound 303 was actually the secondary product obtained
from the reaction, the initial being the trimanganese cluster, 302. Both 302 and 303 were
characterized crystallographically, but only in the case of 303 were peaks attributable to vsi modes
detected.

In another example from Group 7 chemistry, Hursthouse described the pentarhenium cluster
304 (Chart 5).39° Compound 304 was generated by the photochemical reaction of [Re2(CO)10] with
tetramethylthiourea and isolated in modest yield. Also produced in this reaction was the analogous
cluster containing hydroxide in place of hydrosulfide. No IR stretch was reported for the
hydrosulfide ligand of 304, but a singlet resonance was observed at 1.85 ppm by NMR
spectroscopy. Crystallographic analysis revealed a slightly asymmetry in the Re-S bond lengths
involving the bridging hydrosulfide.

Contemporary with the report of 304, Shapley communicated the synthesis of the heptarhenate
cluster 305 (Chart 5).49°0 This species was prepared by the action of H2S on solutions of the
analogous carbidoheptarhenate cluster containing a capping Hg-OH group. The bicapped

octahedral structure of 305 was found to be similar to that of other Re7C(CO)21MLn clusters,
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although it represented the first instance of a crystallographically characterized terminal

hydrosulfide of mercury.

Chart 5.
o
MezN\ MezN\

CNMe, LC—NMe, / S /
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/ /Re\\ //Re

Re Re

304 305

Re = fac-Re(CO)3

Miguel and coworkers produced a series of homobimetallic and heterobimetallic M2 clusters
(M = Mn, Re) containing hydrosulfide by the reductive cleavage of the phosphinoxanthate ligand
of [M2(CO)s(u-S2CPR3)] (R = Cy, 'Pr) (Scheme 104).401. 402 The initial product of reduction in the
case of the heterobimetallic system, 306, was found to be unstable, isomerizing to 309. Ligand
substitution for ammonia in 307-309 led to modified clusters containing phosphine or isocyanide
(310-312). Intermediate 306 could also be stabilized by similar substitution of the NHs ligand for
the stronger phosphine and isocyanide donors (313a,b). 'H NMR spectra of all compounds
displayed a resonance for the SH group upfield of zero and in those compounds characterized
crystallographically, the sulfhydryl was found in a syn orientation with respect to the S2CHPRs

ligand.

Scheme 104. Synthesis of Group 7 carbonyl hydrosulfide clusters derived from a

phosphinoxanthate ligand.
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Three additional examples of metal carbonyl clusters containing hydrosulfide ligands involve
metals of Group 8. Cockerton and Deeming isolated the hexaruthenium cluster, 314, in low yield
from the thermolysis of [Rua(u-H)(u3-pyS)(CO)se] (pyS = pyridine-2-thione) under CO (Chart 6).403
Crystallography provided the means of identifying 314 although no resonance for the SH group
was detected by *H NMR spectroscopy. In related work with a triosmium cluster, Wong described
the synthesis of 315a and 315b from the reaction of [0s3(CO)10(MeCN)2] with 4,6-
dimethylpyrimidine-2-thione  and  bis(4.6-dimethylpyrimidin-2-yl)disulfide,  respectively  (Chart
6.404. 405 Both syntheses were accompanied by the formation of other osmium clusters. The solid-
state structures of 315a and 315b were found to be similar and both compounds were reported to

exhibit a 'H NMR resonance for the SH group at 2.25 ppm. More recently, Rosales-Hoz and

coworkers have prepared 315a from the reaction of [Oss(u-H)2(CO)10] with 1,3,5-trithiane.4%6
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3.5.3 Metal phosphine clusters. Much like CO, phosphines are common supporting ligands in
metal clusters and several instances of PR3 coordination to multimetallic species containing
hydrosulfide ligands have already received attention in this review, primarily in the context of H:
chemistry. The trinickel cluster, 316, was reported by Ghilardi and coworkers by bubbling of H2S
through a solution of [Ni(C2Ha)(PPhs)2] in the presence of PEts (Scheme 105).407 The cluster was
crystallized as its BPhs salt and subjected to crystallographic analysis. In addition, *H NMR
spectroscopy of 317 demonstrated a doublet resonance for the hydrosulfide group at —1.85 ppm,
consistent with a terminal SH bound to a Ni center bearing only one phosphine. Ghilardi and
coworkers subsequently reported a related trimetallic cluster of cobalt, 317, from the reaction of
hydrated cobalt(ll), PHEt2, and H2S (Scheme 105).4%% 'H NMR spectroscopy again identified a
resonance upfield of 0 ppm for the sulfhydryls, this time as a multiplet consistent with the bridging

nature of the SH ligands established by X-ray crystallography.

Scheme 105. Synthesis of homotrimetallic Niand Co hydrosulfide clusters.
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Puddephatt and coworkers obtained NMR evidence for a putative tripalladium cluster, 318,
during reactions of H2S with [Pd3(u3-CO)(u-dppm)]?*.4°° Although not structurally characterized,

318 did display a 'TH NMR resonance at —2.6 ppm, consistent with a hydrosulfide ligand. Later
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work by Chen described two closely related Ms(u-P”P)s motifs in cations 319 and 320, both of
which contain a pair of capping hydrosulfide groups (Chart 7).410. 411 Compound 320 was prepared
from [Cuz(u-Ph2PNHPPh2)(MeCN)2](PFs)2 and the sodium salt of mercaptoacetic acid. Evidence
for the composition of 319 and 320 came primarily from X-ray crystallography, as no NMR or IR
data was reported for the SH ligands. Superficial similarities between 318, 319, and 320 suggest
that the former may in fact contain a triply-bridging hydrosulfide ligand. However, the multiplicity
of the resonance at —2.6 ppm in 318 corresponding to the sulfhydryl was observed to be a triplet,
inconsistent with a symmetrically capping SH ligand. More recently, Zhao has communicated the
structure of the tetracopper cluster 321, which features both triply- and doubly-bridging SH
groups.*1? The synthesis of 321 was carried out in similar fashion to that of 320 but with Li>S as
the sulfur source. Chen and co-workers have also described a pair of heterometallic clusters
featuring the M3z(P”~P)z unit (322 and 323).413 Both 322 and 323 were isolated as minor species
from the reaction of [Pt(bpy)(tdt)] and [Mz(u-dppm)2(MeCN)2]>* (M = Cu, Ag). Each compound
was characterized crystallographically and was further shown to display intense emission in the

solid state and in frozen glass at 77 K.

Chart 7.
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Trimetallic clusters of hydrosulfide have also been accessed by simple salt metathesis reactions
of halide species. Llusar and Feliz recently disclosed the synthesis of 324, a relative of cluster 77,
by reaction of [M03Sa(dmpe)sCk]* with NaSH (Scheme 106).#14 The gas phase interaction of 324
with ethanol was examined by mass spectrometry, but no intrinsic reactivity was observed. In prior
work, Hidai utilized a similar salt metathesis approach to prepare the heterotrimetallic RhMo:2

cluster 325 from the corresponding chloride precursor.41>

Scheme 106. Synthesis of trimetallic Mo and Mo/Rh hydrosulfide clusters.
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As seen with earlier examples of metallocene bis-hydrosulfides, such well-defined species are
effective building blocks for more complex cluster compounds. Hidai and Mizobe demonstrated
reactions of 58b and 59b with Rh and Ir dihydride complexes under an Hz atmosphere to generate
clusters 326-329 (Scheme 107).#16 The preference of Ir(11l) and Rh(l) in these clusters is identical
to that observed previously with compounds built from Mo-based components. Crystallographic
analysis of 326-329 failed to locate the H atoms bound to sulfur, but NMR spectra of each

compound demonstrated a single multiplet resonance for the hydrosulfide ligands upfield of O

ppm.
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Scheme 107. Synthesis of heterobimetallic bridging hydrosulfides.
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In more recent work, Mizobe has reported the preparation of the Mo(ll) bishydrosulfide, 330,
and examined its use for the production of trimetallic clusters (Scheme 108).417 The synthesis of
330 was accomplished by formal oxidative addition of H2S to a Mo(0) precursor in very similar
fashion to that described for 173 (vide supra). Compound 330 was found to display rare trigonal
prismatic geometry in the solid state, and unlike many hydrosulfide compounds of Mo, the SH
groups of 330 appeared upfield of 0 ppm by *H NMR spectroscopy. Reactions of 330 with [M2(u-
CD2(C0O)4] (M = Rh, Ir) afforded the corresponding MoMz. The Rh analog was isolated in two
isomeric forms, both of which were identified by X-ray crystallography. Rapid interconversion of
the isomeric forms was found in solution, but resonances for each isomer could be detected at low
temperature by 31P NMR spectroscopy. In both the Rh and Ir clusters, the trigonal prismatic

geometry about Mo(Il) was maintained.

Scheme 108. Synthesis of heterobimetallic Mo and RNIr clusters.
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Several additional examples of phosphine-bound metal clusters containing hydrosulfide are
known (Chart 8). Fenske and Wirth reported the isolation of 331, which features six palladium
atoms and two hydrosulfide bridges.41® This cluster was constructed from the reaction of
[Pd(acac)2] and PPhs in ethanol employing (S)P(SSiMe3)s as a sulfur source. The simpler dicopper
hydrosulfide, 332, was reported by Ahmad and coworkers through the treatment of CuCl with
PPhs using mercaptopropanoic acid as the sulfur source.*’® Both 331 and 332 were primarily
characterized crystallographically, and no spectroscopic signatures for the hydrosulfide ligands

were reported.

Chart 8.
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3.5.4 Other cluster compounds. Ligands other than Cp, CO, and PR3, have been used to support
metal clusters bearing hydrosulfide groups, although examples are less numerous. Nonetheless,
these species warrant mention since they add to the rich diversity of hydrosulfide clusters. One of
the earliest reports of a metal hydrosulfide cluster was put forward by Morgan and coworkers in
1970.420  They described the synthesis of 333 from the reaction of H2S with
“sulfatobis(trimethylplatinum(IV))” (Chart 9). Detailed solution characterization of 333 was
provided including a *H NMR resonance for the SH group at —3.29 ppm (2Jpth = 15.2 Hz) and an
IR stretch of 2537 cmrl. The structure of 333 was assumed by analogy to the hydroxide analog,

[Pts(CH3)12(13-OH)a].
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Sécheresse and coworkers reported the isolation of cluster 334 through acidification of [WS4]?~

(Chart 10).421 The origin of the oxo ligand in 334 was not explained although the synthesis was

conducted aerobically without exclusion of water. The crystal structure of 334 was obtained and

the H atoms were assigned to the terminal sulfide groups based on unreported NMR evidence.

However, definitive assignment of the H atoms as belonging to terminal hydrosulfides was

probably not possible based on the available data. Subsequent work by Sécheresse described the

synthesis of the related cluster, [W2(S)2(SH)(S2)(u-S2)]~ (335), through a very similar acidification

process of tetrathiotungstate (Chart 9).422 As with 334, no diagnostic spectral features were

detected for the SH group and crystallography was unable to determine the precise location of the

lone H atom.

Chart 10.
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Working with Mo, Wentworth and Huffman prepared the bimetallic cluster, 336, by addition

of trifluoroacetic acid to the cubane precursor, [Moa4(u3z-S)4a(NCsHsCHz)a(S2P{OEt}2] (Scheme
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109).423 Similar reaction of the cubane with acetic acid did not lead to an analogous cluster
demonstrating that the SH group of 336 is somewhat acidic. Crystallographic analysis of 336
demonstrated an anti disposition of the sulfhydryl group relative to the imido ligands, which was

supported by low temperature NMR spectroscopy, where a 9:1 mixture of isomers was observed.

Scheme 109. Synthesis of a bimetallic Mo cluster with bridging hydrosulfide ligand.
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The strategy of protonation of a sulfur vertex was also utilized by Holm to prepare compounds
337a-c from the corresponding [ResSsXs]*~ (X = CI, Br, 1) clusters (Chart 11).4>4 Each compound
was characterized crystallographically confirming the addition of a single proton. The pKa of the
bromide derivative, 337b, was estimated to be ca. 20 in acetonitrile making it significantly less

acidic than 336.

Chart 11.
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A final example of a hydrosulfide cluster is 338 reported by Jin.#2> This species features a
carborane-derived thiolate ligand and was isolated from the 1:1 reaction of the carborane precursor
and [Rhz(u-Cl)2(COD)2] (Scheme 110). Notably, this compound is formed by complete extrusion
of the Cp*Ir fragment from carborane precursor, which was not observed when the reaction was
carried out at different molar ratios of the starting materials. Crystallographic analysis of 338
confirmed its composition but could not delineate the relative orientation of the hydrosulfide ligand
with respect to the thiolate. Solution *H NMR characterization of 338 identified a resonance at

0.86 ppm for the hydrosulfide ligand.

Scheme 110. Synthesis of Rh hydrosulfide cluster containing a carborane-appended thiolate.
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3.5.5 Coordination polymers and MOFs. The last class of compounds that will be treated in
this review belong to the subset of materials referred to as coordination polymers and metal organic
frameworks. Interest in such compounds has exploded over the last two decades, but representative
examples containing hydrosulfide ligands remain scarce. One of the first reports of such a species
was the cadmium coordination polymer 339 (Chart 12). This species was prepared by Tian and
coworkers through a self-assembly process beginning from CdCl;, succinic acid, and
thiosemicarbazide.*?® The polymer demonstrated nonlinear optical properties in the form of a

strong second harmonic generation response.
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Chart 12.

Zamora and coworkers also reported a 1D coordination polymer (340) built from metal
hydrosulfide units.#?” In this case, the monomeric unit consisted of a monocationic cage of nine
Cu(l) centers bridged by pyridine-2-thione ligands, in which eight of the metal centers contain a
terminal hydrosulfide group (Chart 13). The polymer was prepared by S-S and C-S cleavage of
2,2’-dipyridyldisulfide by Cu(ll) under solvothermal microwave heating. X-ray photoelectron
spectroscopy of 340 confirmed the monovalent state of each copper center and magnetic
measurements were further consistent with a diamagnetic substance. Room temperature
measurements on 340 evinced a high electrical conductivity of 1.6 x 102 S-cm! placing the

polymer among a small group of such materials that display conductivity in the solid state.

Chart 13.

340
py = 2-pyridyl

In addition to 1D coordination polymers, cadmium hydrosulfide species have also found use

in the construction of metal organic frameworks (MOFs). Feng described a three-dimensional
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MOF framework possessing a four-connected node based on a N4Cd(SH)2 unit, where the N4
ligation arises form meso-4-pyridylporophyrins.#28 Han reported two related MOF structures
containing a N4Cd(SH)s4 node built from eclipsed and staggered conformations of
tetrapyridylbenzene linker (341a and 341b, Figure 8).42° The N4Cd(SH)> motif was also observed
in an anionic boron imidazolate MOF synthesized by Bu and coworkers, where N ligation is
provided by imidazole units.43 In the case, however, the sulfhydryl groups adopt a cis disposition
with respect to one another. In addition to these examples, the N4M(SH)2 unit has appeared in
MOFs reported by Du, where the metal can be Cd, Mn, Fe, or Co.%31 In this case, use of the
tetrakis(4-pyridyloxymethylene)methane linker permitted the isolation of a variety of such MOFs

which displayed a PtS topology.
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Figure 8. Solid-state structures of the N4Cd(SH)2 nodes in MOFs 341a and 341b showing the

eclipsed and staggered conformations of the tetraphydridylbenzene unit.

Outside of the N4M(SH). motif, frameworks containing more complex nodes have also been
reported in the form of species 342 and 343 (Figure 9).432. 433 |n the case of 342, the framework is
built from a fourteen-connected node composed of [Cuisla(pdt)12(SH)3] units, which give rise to a
superoctahedral cluster. The hydrosulfide groups are generated by C-S cleavage of 4-pyridinethiol

(pdt) providing an interesting homology to the preparation of copper coordination polymer 340
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from 2,2’-dipyridyldisulfide discussed above. In the case of 343, the framework is best described
as a 2D superlattice comprised of capped-supertetrahedral cadmium clusters of the form [Cd17(S-
4-tolyl)27(SH)J>~. The lone hydrosulfide ligand is believed to originate from the co-solvent, carbon
disutfide. For both frameworks 342 and 343, the presence of the suflhydryl group was inferred

from X-ray crystallography and charge balance as no IR signature could be identified in either

instance.
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Figure 9. Solid-state structures of the cluster nodes comprising frameworks 342 and 343. Asterisks
denote hydrosulfide groups. Carbon atoms are displayed in wireframe. Atom scheme: Cd — beige,

Cu —orange, | —purple, N —blue, S — yellow.

4. Characterization of Transition Metal Hydrosulfides
One significant challenge in understanding the chemistry of metal hydrosulfide compounds is

the inherent difficulty in characterizing the bound hydrosulfide. As discussed for many of the
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compounds described in this review, few metal hydrosulfide compounds are characterized by
complementary structural and spectroscopic methods. The most robust method of characterization
is structural analysis using X-ray crystallography. Such crystallographic methods, however, are
not without difficulties. Crystallographic methods prior to the 1990’s often were unable to
explicitly observe hydrogen atoms due to experimental limitations. In such structures, the presence
of hydrogen atoms was often assumed or inferred based on charge balance but may not have been
definitively observed in the difference maps. An additional challenge that persists even with more
modern diffraction equipment is differentiating -SH from -Cl without complementary
spectroscopic evidence to support hydrosulfide formation. Although anomalous dispersion X-ray
crystallography experiments can be used to unambiguously identify sulfur from chlorine atoms,
such experiments are uncommon for routine structural characterization experiments. To aid
researchers in characterizing both terminal and bridging hydrosulfide complexes, we have
tabulated the M-S bond distances from structural data described in this review. These data are
displayed in Figure 10a and are separated by element and also by bridging/terminal hydrosulfide
residues. For certain elements the reported M-S bond distances fit within a fairly narrow range and
demonstrate the expected trends in bond length associated with changes in the ionic radii of the
metal centers. However, for other elements, in particular Co and Ni, this range can be quite large.
This variation, especially for terminal hydrosulfide units, likely reflects the larger uncertainty of
experimental M-SH bond distances reported in the literature, which can suffer from both
misidentification of the SH group and unassigned partial occupancies. We therefore caution
against using these bond distance metrics as sole evidence for the formation of M-SH complexes,

especially for elements with larger bond distance distributions.
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Complementing structural data, IR spectroscopy often provides a useful method to confirm
metal hydrosulfide formation through identification of the wvsy fundamental. One significant
limitation of this approach, however, is the apparent infrared inactivity of many, if not most,
hydrosulfide complexes. To the best of our knowledge, the origins of this phenomena in metal
hydrosulfides have not been investigated in detail, but theoretical studies with simple thiols have
demonstrated the overall weaker intensities of S-H oscillators versus C-H and O-H.*3* This factor
most likely accounts for part of the difficulty in observing vss modes of bound hydrosulfide.
Notwithstanding the sparse nature of this vibrational data, we have assembled SH infrared
stretching values for both terminal and bridging metal hydrosulfides from compounds described
in this review (Figure 10b). To better clarify the data, SH stretches for compounds in which the S-
H unit is well-established to be strongly hydrogen-bonded to nearby acceptors have been omitted.
With a few exceptions, the data are clustered about the region 2550 — 2600 cnr!, which is as
expected given the value for the vsi mode in typical thiols (ca. 2700 cmt). Variation within the
data, even without accounting for terminal vs. bridging SH coordination, is still less pronounced
than that observed for either M-S distances or *H NMR chemical shifts (vide infra). Furthermore,
the compatibility of IR spectroscopy with paramagnetic compounds ensures that the information
in Figure 10b captures a broader swath of known hydrosulfide complexes without an implicit bias
towards certain elements, oxidation states, and geometries which favor diamagnetic ground states.
Thus, whenever possible, infrared data should be acquired for transition metal hydrosulfide
complexes as it provides one of the most unequivocal means of identifying bound SH units.

As a final reference point, we include a comparison of known SH *H NMR resonances arranged
by element (Figure 10c). We have excluded most compounds in which the SH proton is

significantly shifted (>20 ppm) due to the paramagnetism of the metal center. Unlike the structural
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and infrared data discussed above, NMR chemical shifts are subject to a variety of factors that
mitigate their usefulness in drawing broad trends. However, two important observations merit
discussion. Firstly, diamagnetic complexes containing metals with formally non-zero d electron
counts are most likely to display chemical shifts for the sulfhydryl H atom upfield of 0 ppm
(typically between —1 and —4 ppm). In these instances, the H resonance serves as a reliable
diagnostic marker for the bound hydrosulfide ligand. Moreover, the presence of additional H-X
coupling can provide added information such as the dynamic motion and relative orientation of
the S-H group with respect to other ligands in the complex as discussed for several systems in prior
sections of this review. Secondly, for formally d® complexes the sulfhydryl resonance is more
likely to be found downfield of 0 ppm. Such species comprise a smaller subset of hydrosulfide
complexes and are mainly relegated to early metal systems in their highest formal oxidation state.
Ranges for the sulfnydryl H resonance in these complexes are not as predictable as those for non
d® species and tend to display greater chemical shift dispersion. Taken together, we hope that
tabulated metrics in Figure 10 aid researchers in characterizing future metal hydrosulfide
complexes, but we again emphasize the importance of obtaining multiple lines of spectroscopic

evidence whenever possible.

162



Page 163 of 195

2.2

Chemical Society Reviews

(a) 30 Terminal SH
Bridging SH [J
< 2.8- -
3 : -0
§ 2.6 B La®
g | [P é ‘ LT
22.4—)’& D H@%* é Dé . @aﬂ&uﬂ ﬁ . ﬂ% ?Q“‘”ﬁwmm

'ﬁ Clr i\}ln Fle C|:o I\Ili Clu Zln er I\ib IVIIo Rlu Fih Pld A'\g Cld Sln 'Ila W R;e 63 Ilr Fl’t A:u I-'lg U

(b)
2800
| Terminal SH
2700 4 Bridging SH
& 1 *
£ g
gl o e .0 g W il ) g
< - | [
S 2500 . 5 D ﬂ[ﬁ i H ol mHO.
q) Ll
=]
» 2400 -
I }
& 2300 -
2200 A
2100 T T T T T T T T T T T T T T 1] T T T T T T T T T T T
Ti Cr Mn Fe Co Ni Cu Zn Zr Nb Mo Ru Rh Pd Ag Cd Sn Ta W Re Os Ir Pt Au Hg U
(c) s
Terminal SH
6. Bridging SH
g- J
a 44
> d
t -
'_UE) 2]e = 5 3 H .
T o] !
: 0 | [:]
I : D i J . @@
-2 ] o | 1
(/I) - H pe T D% K H 4 U* D ﬁ ¥
= . |

1
SN
L

'
D

T T T T T T T

Ti Cr Mn Fe Co Ni Cu Zn Zr Nb Mo Ru Rh Pd Ag Cd Snh Ta W Re Os Ir Pt Au Hg U

Figure 10. (a) Tabulated terminal (red) and bridging (blue) M-SH bond distances for metal

hydrosulfides. (b) Tabulated terminal (red) and bridging (blue) M-S-H bond stretches for metal

hydrosulfides. (c) Tabulated terminal (red) and bridging (blue) *H NMR resonances for metal
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hydrosulfides. S-H chemical shifts that are significantly shifted (>20 ppm) due to coordination to
paramagnetic metals are excluded for clarity. The box and whisker plots show the individual
parameters with solid points. The average is denoted with an open square, and the box corresponds

to the middle two quartiles of the pooled data.

6. Summary and Outlook

As presented in this Review, molecules containing transition metal hydrosulfide linkages
are quite diverse, spanning many elements, coordination environments, and redox states. Through
this variety, the hydrosulfide ligand carries out multiple roles across several fields of chemistry.
These roles encompass structural motifs and sites of reactivity in compounds ranging from
proteins, to small molecule organometallics, to metalloclusters and larger coordination polymers.
While early work with metal hydrosulfide complexes focused on simply generating coordination
compounds and probing their basic reactivity, more recent chemistry has highlighted the role of
these species in biological systems and their potential application in the design of new materials.
Despite the disparate nature of these fields and the myriad roles played by the hydrosulfide ion,
many aspects of M-SH chemistry remain constant. First and foremost, the hydrosulfide ligand
presents unique challenges to both synthesis and characterization not commonly encountered with
its lighter congener hydroxide. Therefore, special care must be taken when identifying the presence
of M-SH units. Secondly, the inherent redox activity of sulfur renders metal hydrosulfide
complexes more amenable to electron-transfer reactions. This facet of M-SH chemistry contributes
to the challenges associated with handling these compounds but has also been leveraged to design
unique preparative means (e.g. oxidative addition, migratory insertion of Sg) and novel

functionality relevant to biological identification (sensors). Lastly, it should also be mentioned that
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fortuity has played a prominent role in the development of metal hydrosulfide chemistry. Many of
the compounds discussed in preceding sections were identified from reactions not designed to
create hydrosulfide ligands or even M-S bonds. Nonetheless, these discoveries have helped
uncover some of the myriad factors at play in the formation of M-SH units and the corresponding
chemistry they are capable of. We anticipate that future research will uncover additional important
roles for metal hydrosulfide compounds that bring to bear the unique structural and electronic

properties of this class of molecules.
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