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1.1 Iron–sulfur 

1.1.1 Iron–sulfur clusters in proteins and their role in metabolism 

Iron-sulfur (Fe-S) clusters are ubiquitous cofactors composed of iron and inorganic sulfur, 

and proteins that contain [Fe-S] clusters, referred to as [Fe-S] proteins, are critical components in 

the key life processes with varied functions that include electron transport, regulation of gene 

expression, substrate binding and activation, radical generation, and DNA repair.1-3 They are found 

in all life forms.3,4 Since the discovery of ferredoxins in the early 1960s, the number of identified 

[Fe-S] proteins have greatly proliferated. More than 120 distinct types of enzymes and proteins 

are known to contain [Fe-S] clusters, and the discovery of new types of [Fe-S] proteins and [Fe-S] 

clusters has resulted in an appreciation of their remarkable functional and structural diversity.1,5,6  

It is now clear that several rare and seemingly dissimilar human diseases are attributable to 

defects in the basic process of Fe-S cluster biogenesis, including Friedreich’s ataxia (FRDA), 

ISCU myopathy, and multiple mitochondrial dysfunctions syndrome.2 Although those disease 

affect different tissues, all of them seem to be caused by mutations in proteins which causes defect 

in the main [Fe-S] cluster biogenesis pathway.2-4 

1.1.2 Common types of clusters 

Multiple types of nature [Fe-S] clusters were discovered, of which the most common type of 

biological [Fe-S] clusters in proteins are [4Fe-4S] clusters, followed by [2Fe-2S] clusters and [3Fe-

4S] clusters (Figure 1.1).2 Others in which a single iron atom was tetrahedrally coordinated by four 
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cysteines known as rubredoxin, and more complex structures were found in enzymes such as 

nitrogenase and hydrogenase.1,5 In most of the case, the iron atoms ligated by protein-derived 

cysteine thiols and inorganic sulfide ions in tetrahedral geometry to form the clusters, nevertheless, 

histidine and arginine ligation has also been observed in some kinds of proteins, for example, 

mitoNEET.1,12-31   

 

Figure 1.1 Common types of [Fe-S] clusters found in proteins. 

Started from 1970s, many structural analogues of [Fe-S] clusters were able to synthesize and 

characterize, leading us go insight into how the active sites in metalloenzymes operate at the 

molecular level (Figure 1.2).5 
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Figure 1.2 Synthetic analogues of protein sites containing one (9), two (10a), three (11, 12), and 

four (13ab) iron atoms. Adapted from Rao VP, Holm RH, Chem Rev. 2004, 104, 527–559. 

1.1.3 Synthetic Analogues of [Fe-S] Cluster 

The synthetic analogue approach to the metal sites in iron-sulfur proteins was initiated in the 

early 1970s, and after decades of development it is now a mature research area.1,5-9 The preparation 

method and the stability of these clusters as a function of their nuclearity and of the nature, size, 

and reactivity of terminal ligands was investigated by the Holm group and by many others, with a 

variety of excellent reviews having appeared.5,6 We are now reaching a stage where the laboratory 

synthesis of Fe-S-based clusters with different nuclearities, topologies, and composition are known 

and the common synthetic methodologies are established for these clusters. Here, we introduce 

four methodologies that are considered to possess significant pragmatic value. 
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A. Self-Assembly 

The term self-Assembly here refers to the spontaneous reaction in which the assembly of the 

product clusters is from simple mononuclear precursors (metal salt, core ligand, and terminal 

ligand precursors).7 In general, the most popular binuclear and tetranuclear type of [Fe-S] clusters 

are prepared from methanolic mixtures of FeCl3, RS-, and HS-, and the clusters being isolated in 

high yields after the addition of [NR4]+ salts to the reaction mixture.7-9 Reaction 1-4 are common 

methods for synthesizing simple [2Fe-2S] and [4Fe-4S] clusters. 

2𝐹𝑒𝐶𝑙! + 4𝑅𝑆" + 2𝐻𝑆" + 2𝑀𝑒𝑂" → [𝐹𝑒#𝑆#(𝑆𝑅)$]#" + 6𝐶𝑙" + 2𝑀𝑒𝑂𝐻	                (1) 

4𝐹𝑒𝐶𝑙! + 6𝑅𝑆" + 4𝐻𝑆" + 4𝑀𝑒𝑂" → [𝐹𝑒$𝑆$(𝑆𝑅)$]#" + RSSR + 12𝐶𝑙" + 4𝑀𝑒𝑂𝐻 (2) 

4𝐹𝑒𝐶𝑙# + 10𝑅𝑆" + 4𝑆 	 → [𝐹𝑒$𝑆$(𝑆𝑅)$]#" + 3RSSR + 8𝐶𝑙"	                                      (3) 

4𝐹𝑒𝐶𝑙! + 14𝑅𝑆" + 4𝑆 → [𝐹𝑒$𝑆$(𝑆𝑅)$]#" + 5RSSR + 12𝐶𝑙"	                                     (4) 

B. Fragment Condensation 

In this method, a preexisting cluster is combined with itself or with another mononuclear or 

polynuclear species to form (usually) higher nuclearity clusters; ideally, product composition and 

structure are predictable from precursors.5,7 

2[𝐹𝑒#𝑆#(𝑆𝑅)$]#" → [𝐹𝑒$𝑆$(𝑆𝑅)$]#" + 2𝑅𝑆" + 4𝑅𝑆𝐻                                                        (5)               

2[𝐹𝑒(𝑆𝑅)$]#" + 2𝑆 → [𝐹𝑒#𝑆#(𝑆𝑅)$]#" + 𝑅𝑆𝑆𝑅 + 2𝑅𝑆"                                                    (6)                               

2[𝐹𝑒(𝑆𝑅)$]" + 2𝑆 → [𝐹𝑒#𝑆#(𝑆𝑅)$]#" + 2𝑅𝑆𝑆𝑅                                                                    (7)                           
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Since [Fe4S4]2+ is evidently more stable structure than [Fe2S2]2+, with monodentate thiolates, 

reaction 2 is always more preferred than reaction 1, leading to the formation of [Fe4S4(SR)4]2-, 

reactions 6 and 7 are more useful method to obtain [Fe2S2(SR)4]2-.5,10 

C. Ligand Substitution  

In general, ligand substitution involves the exchange of one kinds of terminal ligands for 

another, with no change at the cluster core center structure.  Ligand substitution is usually an 

equilibrium reaction but it can be fully displaced to product by a sufficient excess of reactant thiol 

and/or removal of product thiol from the reaction mixture.5 

[𝐹𝑒#𝑆#(𝑆𝑅)$]#" + 4𝑅′𝑆𝐻 ⇌ [𝐹𝑒#𝑆#(𝑆𝑅′)$]#" + 4RSH                                                 (8) 

[𝐹𝑒#𝑆#𝑋$]#" + 4𝑅𝑆" ⇌ [𝐹𝑒#𝑆#(𝑆𝑅)$]#" + 4𝑋"                                                           (9) 

[𝐹𝑒$𝑆$(𝑆𝑅)$]#" + 4𝑅′𝑆𝐻 ⇌ [𝐹𝑒$𝑆$(𝑆𝑅′)$]#" + 4RSH                                               (10) 

[𝐹𝑒$𝑆$𝑋$]#" + 𝑛𝑅𝑆" ⇌ [𝐹𝑒$𝑆$𝑋$"&(𝑆𝑅)&]#" + n𝑋"                                                 (11)  

Reaction 8-11 has proven extremely useful in expanding the scope of synthetic [2Fe-2S] and 

[4Fe-4S] analogues. 

D. Core Rearrangement and Fragmentation 

Core rearrangement method allows the transformation of a preexisting cluster to a different 

core geometry while retaining the original nuclearity using thermal treatment, oxidation−reduction, 

or ligand substitution or addition (Figure 1.3).5,7 
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Figure 1.3 Core rearrangement of EBDC 41b to the PN-type cluster 62 by reaction with the 

external nucleophiles HQ− (Q = S, Se). Adapted from Sonny C. Lee et al. Chem. Rev. 2014, 114, 

3579−3600. 

Fragmentation, as the name suggests, means the transformation of a preexisting cluster to a 

lower nuclearity product. This reaction type is the reverse of fragment condensation. However, 

since high nuclearity cluster is usually the desired objective in cluster synthesis, fragmentation is 

not commonly used compared with the methods mentioned before.5,8,9 

1.1.4 Cluster Conversions 

One important property of iron-sulfur cluster species is their unusual ability to interconvert 

between structures, which means in a single or multistep process, an iron−sulfur cluster core can 

convert to another core without retention of composition and nuclearity.1,5-9 The first observed 

example of cluster conversion was the spontaneous binuclear to tetranuclear conversion 
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[Fe2S2(SPh)4]2- → [Fe4S4(SPh)4]2- during the study of removal of cores from holoproteins in the 

form of their benzenethiolate analogues, and with the further study, many different types of 

synthetic cluster conversion processes have been identified and explained.6,11 Synthetic cluster 

conversion reactions are schematically summarized in Figure 1.4. 

 

Figure 1.4 Cluster conversion scheme for [Fe-S] cluster. Adapted from Rao VP, Holm RH, 

Chem Rev. 2004, 104, 527–559. 
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Clusters containing the cubane-type Fe4S4 core play a central role in conversion chemistry. 

Among all the reactions listed, conversions [Fe2S2]2+ ↔ [Fe4S4]2+, the first established iron−sulfur 

core conversions of any type, are also the most common and important of core conversions in 

biological functions.5,6 Interconversion between tetranuclear and binuclear conversion is 

widespread and has been well documented for a number of proteins, including nitrogenase protein, 

the FNR transcription factor etc.11 

1.2 Reactivity of Fe-S Cluster with Signaling Molecule 

The inherent chemical properties of Fe-S clusters uniquely position them as sensors for stress 

induced by reactive oxygen species and reactive nitrogen species (Figure 1.5). These Fe-S clusters, 

integral to a multitude of enzymatic processes, exhibit a profound sensitivity to changes in the 

cellular redox environment.1,5,12-17 Their interactions with O2 and NO not only underscore the 

dynamic nature of cellular metabolic pathways but also highlight the delicate balance organisms 

maintain in response to oxidative and nitrosative stresses.13,17 
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Figure 1.5 E. coli FNR and its reaction with O2 and NO. Obtained from Jason C. Crack et al. 

Acc. Chem. Res. 2014, 47, 3196−3205 

1.2.1 Conversion of [4Fe-4S] to [2Fe-2S] by O2 in FNR 

Iron−sulfur clusters are susceptible to damage from redox reactions with reactive oxygen 

species, like molecular oxygen (O2), which can lead to cluster interconversion or partial or 

complete loss of iron.1,5,13,17 This property is utilized by several regulatory proteins that function 

as sensors of reactive oxygen species, enabling cells to respond to changing external conditions. 

J.C Crack et al. used a combined strategy of in vivo and in vitro studies to explore O2 reaction 

mechanism of iron−sulfur cluster in an O2-sensing DNA-binding protein called FNR.13 

Experiments show that when expose to O2, the [4Fe-4S] cluster within the DNA-binding dimeric 

FNR quickly converts to a persulfide-coordinated [2Fe-2S] form, leading to protein 
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monomerization and the loss of DNA binding ability. Spectroscopic evidence suggests that the 

cluster conversion involves two-step process via a transient formation of [3Fe-4S]+ intermediate 

as shown in Figure 1.6.13,18  

 

Figure 1.6 O2 sensing by FNR. Obtained from Jason C. Crack et al. Current opinion in chemical 

biology, 2012, 16(1-2), 35-44. 

Synthetic modeling of FNR's cluster conversion by O2 is a difficult task because most [Fe-S] 

clusters decompose in aerobic conditions. The first example came from Holm and coworkers using 
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an outer sphere oxidant, ferricenium, to convert model cluster [Fe4S4Cl4]2− to [Fe2S2Cl2]2− (Scheme 

1.1A).19 More recently, a report by Tatsumi showed that the conversion between [4Fe-4S]0 and 

[2Fe-2S]0 is possible with clusters bearing amide ligands: 2 [Fe2S2{N(SiMe3)2}2(py)2]  « 

[Fe4S4{N(SiMe3)2}4] + 4 py, where py = pyridine. In this reaction, both species remain all-ferric 

and the cluster interconversion is facilitated by reversible binding of pyridine (Scheme 1.1B).20 

 

Scheme 1.1 Synthetic cluster conversions 

1.2.2 NO Sensing by [Fe-S] proteins 

Nitric oxide (NO), a reactive, membrane permeable radical, plays important roles in many 

biological processes.13-15 As signaling molecule in living organisms, the major targets for NO are 

metal cofactors, and iron−sulfur proteins are especially susceptible to NO-induced damage. A 

number of iron−sulfur regulators have evolved to function as NO sensors.12-20 Normally, the 
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reaction of [Fe-S] cluster and NO will lead to the cluster degradation, converting to various iron 

nitrosyl species. 

1.2.2.1 Nitrosylation of Protein-Bound Fe-S Clusters 

SoxR is a transcriptional regulator protein that contains a [2Fe-2S] cluster.  Upon reaction 

with nitric oxide (NO), SoxR undergoes a transformative activation process.21 This process is 

characterized by a direct modification of the [2Fe-2S] centers within SoxR, leading to the 

formation of protein-bound dinitrosyl-iron adducts, [Fe(NO)2(RS)2]− (DNIC), where RS- are 

cysteine residues (Table 1.1).21,22 This chemical modification plays a pivotal role in the functional 

activation of SoxR, propelling it to express a robust assembly of over 40 defense genes that encode 

proteins with antioxidant, metabolic, and repair functions.22-25  
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Table 1.1 Regulatory [Fe-S] proteins and the identified Fe species after nitrosylation. 

Dinitrosyl iron complex [Fe(NO)2(RS)2]− (DNIC), have been widely reported in previous 

literatures as the product of [Fe-S] cluster nitrosylation.21,25,26 This mainly because the intrinsic 

paramagnetic characteristics of DNICs, which exhibit a magnetic moment (S=1/2) that results in 

a distinct and readily detectable electron paramagnetic resonance (EPR) signal at g=2.03.26 

However, in the case of [4Fe-4S] protein, quantification of the EPR after the nitrosylation indicates 

DNIC is only a minor product and there other EPR silent iron nitrosyl species exist.13,18 EPR and 

spectroscopic studies on the [4Fe−4S] cluster-containing Wbl proteins, WhiD from S. coelicolor 

and WhiB1 from M. tuberculosis, shows that the stepwise nitrosylation reaction on additions up 
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to 8 equivalent NO, yielding an EPR-silent product, [Fe2(NO)4(SR)2], known as Roussin’s red 

ester (RRE) as final product (Table 1.1).27 The reaction of NO with E. Coli FNR [4Fe-4S] cluster 

gives similar spectra.30 In the case of WhiD, it was proposed that if two RRE species are formed 

in close proximity, two RRE could dimerize affording a tetranuclear species composed of 4 irons 

bridged by cysteine residues and each iron bound by 2 NO.27 The formation of RRE can also be 

observed during the reaction of NO with [2Fe-2S] ferredoxin from spinach in the presence of trace 

amounts of O2.23,24 In this scenario, oxygen plays a pivotal role by effectively trapping the thiolates 

that are liberated during the dimerization of two DNICs, leading to the formation of a RRE.23,30,42 

Another EPR silent iron nitrosyl species, Roussin’s Black Salt (RBS [Fe4(NO)7(S)3]-), has 

been identified as the principal product from the nitrosylation of P. furiosus [4Fe-4S] ferredoxin, 

as confirmed by Nuclear Resonance Vibrational (NRV) spectroscopic studies (Table 1.1).31 Recent 

investigations employing a combination of Mössbauer spectroscopy, NRVS, and Density 

Functional Theory (DFT) on WhiD and NsrR (both sourced from S. coelicolor) have confirmed 

the formation of multiple products that bear structural resemblances to RRE and RBS upon 

nitrosylation.27 However, in these instances, the absence of 32S/34S shifts in the Fe-S regions of the 

NRVS spectra negated the formation of authentic RBS. Instead, a novel Roussin’s Black Ester 

(RBE) species was proposed, characterized by the substitution of one or more bridging sulfides of 

RBS with Cys thiolates (Table 1.1). This intricate interplay of structural modifications sheds light 

on the diverse array of products resulting from the nitrosylation of iron-sulfur clusters. 
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1.2.2.2 Nitrosylation of Synthetic model Fe-S Clusters 

NO reactivity with both synthetic small molecule thiolate bound [2Fe-2S] and [4Fe-4S] 

models have been reported.14,32 With synthetic [2Fe-2S] systems, the reaction with reaction of 

excess NO in the present of at least 2 equivalent of thiolate is sufficient to allow full conversion to 

the corresponding DNIC (Scheme 1.2 Top).14 In the case of [4Fe-4S] cluster, although 

[Fe4S4(NO)4]– species was observed as an intermediate with the site differentiated models, the 

reaction between NO and [4Fe-4S] complexes formed RBS in all cases without adding thiolate 

(Scheme 1.2 Bottom). With additional thiolate are present, the corresponding DNIC is observed 

as the sole nitrosylated product.14 During these reported nitrosylation, the bridging sulfide could 

get oxidized form S2– to S0, giving elemental sulfur (Sx) side products or just released as sulfide 

(S2–).   Recently, our group reported H2S is also a likely reaction product generated from 

nitrosylation of synthetic [2Fe-2S] clusters in the precent of H· (e-/H+) donor (Scheme 1.2 Top). 

These results were interpreted as evidence for the possibility that crosstalk exists between the 

biological signaling of NO and H2S, the latter being a gaseous signaling molecule that is coming 

to be implicated in a growing number of biological processes.15 
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Scheme 1.2 Synthetic Fe-S clusters with NO reaction 

1.3 Repair of Fe-S Cluster 

As described above, high level of O2 can convert the [4Fe-4S] cluster in FNR to a [2Fe-2S] 

cluster, triggering a protein conformational change.13,33-36 The [2Fe-2S]-FNR slowly degrades 

further to form apo-protein which can import a newly biosynthesized [4Fe-4S] cluster. However, 

a direct repair from [2Fe-2S]-FNR to [4Fe-4S] is also possible (Scheme 1.3 Top). It's observed 

that after O2 exposure, bridging sulfides from the [4Fe-4S] cluster, remain intact within the 

persulfide-coordinated [2Fe-2S]-FNR. This arrangement is conducive to a direct repair back to the 

[4Fe-4S] cluster, facilitated by addition of Fe2+ and dithiothreitol (DTT).13,37 
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Scheme 1.3 Examples of Fe-S protein repair 

Much less is known about the repair of nitrosylated [Fe-S] clusters. The nitrosylated SoxR, 

DNIC-SoxR, exhibits pronounced stability under in vitro conditions.21 However, it reverts 

efficiently to its original SoxR form, maintaining the [2Fe-2S] cluster in vivo upon NO removal 

(Scheme 1.3 Botttom).21 But the exact mechanisms of SoxR repair, be it through a de novo 

synthesis of the [2Fe-2S] cluster or via a direct repair like FNR, remain elusive. Dedicated 

biochemical studies on another [2Fe-2S] protein, ferredoxin (Fdx), indicate that DNIC-Fdx can be 

restored to its pristine [2Fe-2S]-Fdx form using L-cysteine, O2, and cysteine desulfurase (IscS) in 

vitro, without the need for supplemental Fe.24,38,39 These results suggest that a direct repair pathway 

for DNIC-SoxR, along with other nitrosylated [Fe-S] proteins, might indeed be feasible. 

1.4 Research Objectives 

While a considerable effort has been made to identify iron nitrosyl products derived from the 

reaction of Fe-S proteins with NO, the fate of the bridging sulfides during the reaction has been 

rarely investigated. Furthermore, the precise nature of the iron-nitrosyl products generated from 
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NO-sensing [4Fe-4S] regulatory proteins still remain a mystery. The work presented in this thesis 

focus on synthetic modeling systems designed to proffer molecular insights into pivotal 

biochemical transformations involving Fe-S clusters. Chapter 3 describes the construction of Fe-

S core by persulfide using Salen-supported model system. Chapter 4 pivots towards the ability of 

persulfide in repairing NO-damanged Fe-S cluster. Proceeding to chapter 5, an exploration of the 

NO chemistry of [4Fe-4S] clusters is undertaken. Finally, chapter 6 unravels the intricacies of the 

conversion of [4Fe-4S] clusters to [2Fe-2S] under the influence of oxidation.  
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2.1 Mononuclear molybdenum enzymes 

People interested in molybdenum chemistry because of its large number of accessible 

oxidation states as well as its ability to form stable complexes with oxygen, nitrogen and sulfur 

containing ligands with diverse coordination numbers and stereo chemistries.1-6 Perhaps this 

versatility is what qualifies it for use by nature in various essential life processes as constituent 

part of several metalloenzymes.1-11 In fact, Mo is the only essential trace element of second-row 

transition metal it is required by nearly all organisms (Archaea, Bacteria and Eukaryota).1-6 More 

than 50 molybdenum-containing enzymes have been purified and biochemically characterized 

until now.6,7 Three large families of molybdenum and tungsten enzymes have been identified and 

classified by Hille according to their unique active site structures (Scheme 2.1), namely sulfite 

oxidase/dehydrogenase (SO/SDH), xanthine oxidase (XO) and DMSO reductase (DMSOR).6,11,12 

The structures of the three canonical molybdenum centers in their oxidized Mo(VI) states are 

shown in Figure 1. The active site of molybdenum enzymes typically features a square-pyramidal 

or trigonal prismatic geometry, coordinate with sulfurs from protein bidentate enedithiolate 

ligand.6,12 Remaining coordination sites at molybdenum(VI) are filled by one an apical Mo=O 

ligand and an oxido, sulfido or hydroxido ligands as well as Cystine residues. 6,11,12 
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Figure 2.1 Structures of the oxidized active sites of the three families of mononuclear 

molybdenum enzymes and associated catalyzed reactions. Adapted from Heinze, K. et al. Coord. 

Chem. Rev. 2015, 300, 121–141. 

Mo-containing enzymes play essential roles in the biological carbon, nitrogen and sulfur 

cycles.6,7 Sulfite oxidase and xanthine oxidase family specialize in facilitating oxygen atom 

transfer (OAT) reactions efficiently, interacting with substrates such as xanthine, formate, and 

sulfite using water as an oxygen atom donor.6,13-15 DMSO reductases, which carry out analogous 

reverse reactions, employing DMSO as an oxygen donor, producing DMS and oxygenated product, 
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water.6-11 Following OAT, the regeneration of the molybdenum active site necessitates electron 

transfer (ET) and proton transfer (PT), processes supported by configurations involving iron-sulfur 

clusters, hemes, and other redox-active units that facilitate the electron flow.6,12 It’s proposed that 

the coupling of ET and PT could lower activation barriers, enhancing the enzyme’s efficiency in 

various biological cycles.16,17 

2.2 Synthetic Mo systems and their OAT Reactivity 

2.2.1 Bioinspired dioxido Mo(VI) complexes 

Molybdenum complexes featuring oxidation states from IV to VI, particularly those with a 

chalcogen-rich coordination sphere, are of interest since they resemble features of the active sites 

of the molybdenum containing enzyme. Dioxido molybdenum(VI) complexes with thiocarbamato 

chelating ligands are notable for mimicking the dual molybdopterin ligands in the DMSO 

reductase enzyme family. MoVI complex MoVI(dtc)2O2 with dialkyldithiocarbamato (dtc) ligand 

was first synthesized and it is able to transfer one of its terminal oxygen atoms to phosphanes 

(Scheme 2.1).16,19 The resulting monooxido MoIV(dtc)2O can be reoxidized to MoVI(dtc)2O2 by 

various oxidant. These systems are complicated to an extent by the reversible formation of a oxo-

bridged MoV complex u-O-[MoO(dtc)2]2 (Scheme 2.1).16,21,22 This dinucleation is frequently 

observed in oxido molybdenum chemistry. Normally, this μ-oxo-MoV binuclear species are 

classified as abiological species and inactive for oxygen atom transfer.16,22  
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Scheme 2.1 OAT reactivity of MoVI(dtc)2O2 

Forward and backward OAT reactions have been effectively replicated in various instances 

using simple coordination dioxido MoVI model compounds and PR3 substrate as oxygen 

accepter.7,23 Although phosphoryl intermediates have long been hypothesized in these reactions, 

their detection and isolation remained elusive until Smith et al. reported the detection of 

Tp*MoOX(OPPh3) (X=Cl–,Br–,OPh–,SPh–) in   gas-phase   OAT   reactions   and   the   isolation   

of TpiPrMoO(OPh)(OPEt3) resulting from “incomplete” OAT between TpiPrMoO2(OPh) and PEt3 

(Scheme 2.2A).24 These findings, alongside further research by Basu and Young, have enriched 

our understanding of the OAT reactions involving dioxido-MoVI complexes.25-29 They have led to 

the hypothesis that the oxygen atom transfer from TpXMoO2X to phosphanes occurs via a two-

step mechanism, with the initial step yielding isolable phosphoryl complexes, TpXMoOX(OPR3), 

which exhibit a range of stabilities (Scheme 2.2B).30-32 The second step in the OAT reactions 

involves the solvolysis of Tp*MoOX(OPR3) to form Tp*MoOX(solvent) and OPR3. 
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Scheme 2.2 A. Synthesis of TpiPrMoO(OPh)(OPEt3). B. The two steps involved in OAT from 

Tp*MoOX(OPR3) to PR3. Adapted from Young, C. G. et al. Eur. J. Inorg. Chem. 2016, 2016 

(15–16), 2357–2376. 

2.2.2 Reactivity of μ-oxo-MoV dinuclear species 

To suppress the dinucleartion, Holm et al. developed Mo model system using a sterically 

demanding pyridine-dithiolato ligand (L-NS2)2−, where (L-NS2)2− = 2,6-bis(2,2-diphenyl-2-

mercaptoethyl)pyridine(2–).33-37 OAT from MoVIO2(L-NS2)2 to oxygen-acceptors is successful 

and the mononuclear oxido molybdenum(IV) complex MoIVO(L-NS2)2 could be isolated (Scheme 

2.3 Top). This MoIV(L-NS2)2O species proved to be a more robust oxo acceptor than the monooxo 
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Mo dtc species and could even achieve the reduction of nitrate to nitrite, a reaction unachievable 

by the dtc system. Despite the use of bulky phenylgroups, the oxo-bridged dimer μ-O-[MoO(L-

NS2)]2. was still detected and contrary to expectations that the active catalyst would be monomeric, 

Young and coworkers demonstrated that the active catalyst was actually this μ-oxo dimer μ-O-

[MoO(L-NS2)]2.37,38 Remarkably, this μ-oxo-MoV dinuclear species, previously thought to be 

inactive, showed saturation kinetics in OAT reactions, with a proposed mechanism involving 

substrate pre-equilibrium binding to the dimer, followed by concerted oxygen transfer and O-X 

and (μ-O)-Mo bond cleavage.38 This idea also supported by Holm's another report of nitrate 

reduction using a different dinuclear molybdenum(V) complex, μ-O-[MoO(ssp)]2, (ssp = 2-

(salicylideneamino)benzenethiolato(2-)) (Scheme 2.3 Bottom).39 
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Scheme 2.3 OAT reactivity of μ-oxo-MoV dinuclear species μ-O-[MoO(L-NS2)]2 and μ-O-

[MoO(ssp)]2 
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2.2.3 OAT reaction with MoIVO/MoIV systems 

 

Scheme 2.4 OAT with dithiolene ligand supported Mo complexes 

Another important structure analogous of DMSO reductase is prepared use two dithiolene 

ligand in conjunction with sterically hindered axial ligands to stabilize mononuclear square 

pyramidal structures.8,40 As depicted in Scheme 2.4 the [MoIV(OR)(S2C2Me2)2]- type, efficiently 

abstract one oxygen atom from (CH3)2SO and Me3NO converting to the corresponding 
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[MoVIO(OR)(S2C2Me2)2]-.8,9 Holm et al. have also described molybdenum- and tungsten-catalyzed 

nitrate reduction systems employing  [MIV(QR)(S2C2Me2)2]-.41 The proposed pathway for nitrate 

reduction, illustrated in Scheme 2.5, initiates with the coordination of the substrate cis to the axial 

QR ligand. Sarkar and coworkers achieved catalytic nitrate reduction by employing phosphine to 

reduce the MoVI back its original MoIV state.42 

 

Scheme 2.5 Proposed reaction pathway for nitrate reduction using [MIV(SR)(S2C2Me2)2]-. 

Adapted from Holm, R. H. et al. Inorg. Chem. 2005, 44 (4), 1068–1072. 

2.3 Sulfur Atom Transfer Reaction 

2.3.1 Significance and impact 

Sulfur compounds, prevalent as impurities in crude oil extracts, are a significant 

environmental concern due to their conversion into sulfur dioxide (SO2) and sulfate particulate 

matter (SPM) upon combustion.43 The release of sulfur oxides into the atmosphere can lead to the 

formation of sulfates and acid rain, with SO2 emissions additionally linked to adverse health effects, 

including respiratory illnesses.43,44 The persistence of such impurities, particularly from ongoing, 

large-scale activities like petroleum extraction, poses considerable risks to public health and the 

environment. As a remedial measure, sulfur atom transfer (SAT) systems designed for 

desulfurization could mitigate these issues by transferring sulfur atoms from pollutants to form 

benign byproducts, thereby reducing SO2 and SPM emissions.45 Further, research into SAT 



 

 
45 

systems holds promise not only for environmental applications but also for enhancing the synthetic 

efficiency of sulfur-containing pharmaceuticals, demonstrating the dual utility of this field in both 

ecological and medicinal chemistry.  

Another possible application of SAT is the activation of elemental sulfur. Catalytic systems 

and synthetic methods frequently seek to utilize elemental sulfur, due to its non-toxicity, 

abundance, and cost-effectiveness. But the chemical inertness of elemental sulfur makes it hard to 

make any use. A catalytic system that effectively employs elemental sulfur as a source would 

facilitate in situ sulfur activation. With the global production of elemental sulfur currently 

exceeding 70 million metric tons annually—far outstripping demand—there is a pressing need to 

develop methods that utilize this excess.46 Moreover, the incorporation of elemental sulfur could 

reduce the costs associated with catalyst usage and capitalize on a readily available and non-toxic 

source of sulfur. 

2.3.2 Oxosulfido-Mo(VI) species 

Mononuclear oxosulfido-Mo(VI) complexes [MoVI(O)(S)]2+ are desirable synthetic models 

for xanthine oxidase enzyme family, due to their similarity to the enzyme's active site. However, 

the synthesis of these [MoVI(O)(S)]2+ models is challenging due to instability of the Mo=S moiety, 

which readily undergoes redox reactions, often resulting in the formation of bi- or polynuclear μ-

sulfido-Mo(V) species.11,47-49 

Despite these challenges, successful synthesis strategies for the desired oxosulfido-Mo(VI) 

species with Tpx ligands have been reported by Young et al., using sulfur atom transfer (SAT).50-

52 The reactions of Tp*MoO(S2PR2) (R = Pri, Ph) with the sulfur atom donor propylene sulfide 
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produce red Tp*MoOS(S2PR2) (Figure 2.2 Top). The terminal sulfido ligand introduced is 

stabilized by a weak S···S interaction between the Mo=S and an uncoordinated sulfur atom from 

the monodentate dithiophosphinate ligand (Figure 2.2 Bottom). Such complexes not only mimic 

the active site of xanthine oxidase but are also capable of engaging in sulfur atom transfer reactions. 

These reactions can facilitate the transfer of a sulfur atom to cyanide, forming thiocyanate and 

yielding compounds such as Tp*MoO(S2PR2) under anaerobic conditions or Tp*MoO2(S2PR2) in 

the presence of oxygen.52  

 

Figure 2.2 top: SAT between Tp*MoO(S2PR2) and Tp*MoOS(S2PR2). Bottom: Molecular 

structure of Tp*MoOS(S2PR2). Adopted from Young, C. G. et al. Inorganic chemistry, 2007, 46 

(3), 939–948. 
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Oxosulfido-Mo(VI) complexes with non-interacting sulfido groups were synthesized using 

the sterically bulky TpiPr ligand.50,53-55 Analytical techniques, including physical, spectroscopic, 

and electrochemical analyses, corroborated the structure of these compounds, confirmed the 

monomeric, oxosulfido-Mo(VI) configuration for the complex TpiPrMoOS(OPh). However, these 

complexes were found to exist in a monomer-dimer equilibrium, with both forms being isolable in 

solid states (Scheme 2.6).50 In a separate advancement, Holm reported oxidosulfido-Mo(VI) 

complexes that evade dimerization by employing bulky auxiliary ligands (Figure 2.3).56 The 

complexes [MoOS(OSiPh3)2(L-L)], with L-L being a phenanthroline or bipyridyl ligand, were 

synthesized through the silylation of [MoO3S]2- in the presence of L-L. Furthermore, the complex 

[MoOS(OSiPh3)2(Me4phen)] reacts with PPh3 in dichloromethane to produce 

[MoVOCl(OSiPh3)2(Me4phen)], with the pathway for sulfur versus oxygen abstraction being 

influenced by the relative bond energies of Mo=O and Mo=S, a factor that is likely to be a general 

determinant in such reactions.56  

 

Scheme 2.6 Monomer-dimer equilibrium of TpiPrMoOS(OPh). Adapted from Young, C. G. et al. 

J. Inorg. Biochem. 2007, 101 (11–12), 1562–1585. 
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Figure 2.3 Structures of  [MoOS(OSiPh3)2(phen)]  (left)  and  [MoOS(OSiPh3)2(Me4phen)] 

(right). Adapted from Holm, R. H. et al. Inorg. Chem. 1999, 38 (18), 4104–4114. 

More recently, Itoh et al. successfully generated the MoVIO(S) with dithiolene ligand 

framework that identical to the enzyme active site coordination site environment.57 The 

MoVIO(S)L (L = 1,2-dicarbomethoxyethylene-1,2-dithiolate) complex was synthesized through 

the reaction of (Et4N)[MoVIO(OSiBuPh2)L2] with SH- at temperatures below -20°C (Scheme 2.7). 

This complex requires careful handling at low temperatures, and warming to room temperature 

triggers an intramolecular redox reaction that results in the loss of the terminal sulfido ligand, 

producing (Et4N)2[MoIVOL2]. The terminal sulfide group displays high reactivity towards PPh3 at 

−40 °C, leading to the formation of SPPh3 and corresponding Mo(IV)(O) species.  

http://www.chemspider.com/Chemical-Structure.18610.html
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Scheme 2.7 Synthesis of MoVIO(S)L from (Et4N)[MoVIO(OSiBuPh2)L2]. Adapted from Itoh, S. 

et al. Chem. Commun. 2013, 49 (39), 4358–4360. 

2.3.3 Mo catalyzed SAT reaction 

Exploring the realm of molybdenum-catalyzed sulfur atom transfer (SAT) reactions, Adam 

found that the MoIVO(dtc)2 complex could effectively catalyze the transfer of sulfur atoms to 

various olefinic substrates in refluxing acetone, using elemental sulfur as the donor to regenerate 

the active catalyst.58 They were able to isolate a disulfur complex MoVIO(dtc)2(η2-S2) under 

stoichiometric conditions as sulfur-transferring agent (Scheme 2.8).58,59 It is hypothesized that the 

next step involves sulfur atom abstraction from the disulfur bridge, forming an oxosulfido-Mo(VI) 

intermediate, MoVIO(dtc)2(η 2-S2), that subsequently transfers sulfur to the substrate. While 

propylene sulfide was also tested as a sulfur source, it did not seem to observe a disulfur 

intermediate in the oxidative half of the catalytic cycle.58,59 Adam's investigations further led to 

the synthesis of isothiocyanates, demonstrating sulfur atom transfer to isonitriles.59 For this 

reaction, when elemental sulfur was used as the sulfur source, reflux in acetone was necessary, 

whereas propylene sulfide allowed the reaction to proceed at room temperature.59 
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Scheme 2.8 Proposed catalytic cycle for MoIVO(dtc)2 atalyzed SAT. Adapted from Adam, W. et 

al. Chemical Communications 2000, No. 19, 1910–1911. 

Building on this foundation, a metal catalyst screening was performed to find a more effective 

catalyst, highlighting the molybdenum oxo complex MoIVO(S2P(OEt)2)2 as a more reactive system 

for the episulfidation of alkenes, particularly when paired with styrene sulfide as the sulfur donor.60 

They also proposed a oxosulfido-Mo(VI) complexes as the active form of catalyst, though isolation 

of the active intermediate has not been successful so far. 

More recently, Sita et al. reported a series of mono-cyclopentadienyl, mono-amidinate 

(CPAM) Mo(II) bis(isonitrile) complexes, Cp*Mo[N(iPr)C(Ph)N(iPr)](CNR)2 (where Cp* = η5-

C5Me5; R=Me, tBu, 2,6-(CH3)2C6H3), to facilitate the catalytic sulfur atom transfer for the 

production of isothiocyanates.61 Unlike previous systems that alternate between Mo states IV and 
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VI, these complexes function through a Mo(II)/Mo(IV) redox couple, demonstrating that SAT can 

be successfully executed using elemental sulfur under mild conditions, with an increased reaction 

rate upon heating (Scheme 2.9).  

 

Scheme 2.9 Catalytic cycle for Cp*Mo[N(iPr)C(Ph)N(iPr)] (CNR)2 catalyzed SAT. Adapted 

from Sita, L. R. et al. Organometallics 2016, 35 (14), 2361–2366. 

2.3.4 SAT reaction catalyzed by other transition metal 

Catalytic SAT has also been reported for transitional metal system other than Mo. Espenson 

et al. have reported on rhenium-catalyzed desulfurization of thiiranes, where MeReO3 is first 

activated by Ph3P through oxygen atom abstraction reaction, generating a highly reactive ReV 

species capable of efficiently extracting sulfur from olefin sulfides (Scheme 2.10).62 The Ph3P then 

abstracts sulfur from the resultant ReVII product to form phosphine sulfide and regenerate the active 

ReV species. 



 

 
52 

 

Scheme 2.10 Catalytic cycle for rhenium-catalyzed SAT. Adopted from Espenson et al. Chem. 

Commun. 1999, No. 11, 1003–1004. 

Moreover, Young et al. have explored the catalytic SAT reactions between Ph3P and 

propylene sulfide using tungsten complex Tp*WS2Cl. With a catalyst loading of 10 mol %, this 

tungsten complex can achieve a 95% conversion to Ph3PS and propylene over three days (Scheme 

2.11).63 The active catalyst in this system is remain unclear as the products of the reactions of 

Tp*WS2Cl with phosphines are unstable even in the presence of coordinating solvents. 

Nevertheless, it was observed that the S2PPh2− auxiliary ligand stabilizes the products of the 

reactions of Tp*WS2(S2PPh2) with phosphines, giving Tp*WS(S2PPh2). Those data suggesting the 

active, reduced form of the catalyst may be a similar W(IV) monosulfido complex. 
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Scheme 2.11 SAT between propylene sulfide and PPh3 catalyzed by Tp*WS2Cl. Adapted from 

Donahue, J. P. Chem. Rev. 2006, 106 (11), 4747–4783. 

Recently, Young and team have furthered their work in this area by developing a novel 

dinuclear tungsten(V) system for SAT reactions.64 Complexes W2(μ-S)(μ-S2)(dtc)2(dped)2 proved 

capable of catalyzing SAT from propylene sulfide to triphenylphosphine with up to 17 turnovers 

per hour using 5 mol % catalyst loading. However, the catalyst is prone to rapid deactivation upon 

exposure to air, attributed to the formation of a terminal tungsten-oxo bond. 

 

Scheme 2.12 SAT between propylene sulfide and PPh3 catalyzed by W2(μ-S)(μ-S2)(dtc)2(dped)2. 

Adapted from Young, C. G. Inorg. Chem. 2020, 59 (23), 16824–16828. 
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2.4 Research Objectives 

Despite various practical application of sulfur atom transfer, this reactivity remains rare in 

comparison to the numerous examples of OAT. In addition, catalytic reactivity is even more 

uncommon and has only been reported with a handful of cases. Among those cases, many of 

them require required heated conditions to proceed reactivity. Moreover, this reaction condition 

was incompatible for substrates containing hydroxy, ester and acetal functional groups. In this 

work, dinuclear Mo(V) thiosemicarbazone catalyst was prepared for challenging oxygen and 

sulfur atom transfer reactivates under mild condition. The active reaction intermediate and 

catalytic mechanism was carefully reviewed in chapter 7.  



 

 
55 

2.5 References 

(1) De Renzo, E. C.; Heytler, P. G.; Kaleita, E. Further Evidence That Molybdenum Is a 

Co-Factor of Xanthine Oxidase. Arch Biochem. Biophys 1954, 49, 242–244. 

(2) Mahler, H. R.; Mackler, B.; Green, D. E.; Bock, R. M. STUDIES ON 

METALLOFLAVOPROTEINS: III. ALDEHYDE OXIDASE: A 

MOLYBDOFLAVOPROTEIN. Journal of Biological Chemistry 1954, 210, 465–480. 

(3) Nicholas, D. J. D.; Nason, A.; Mcelroy, W. D. Molybdenum and Nitrate Reductase: I. 

Effect of Molybdenum Deficiency on The Neurospora Enzyme. Journal of Biological Chemistry 

1954, 207 (1), 341–351. 

(4) Cohen, H. J.; Fridovich, I.; Rajagopalan, K. V. Hepatic Sulfite Oxidase: A Functional 

Role for Molybdenum. Journal of Biological Chemistry 1971, 246 (2), 374–382. 

(5) Richert, D. A.; Westerfeld, W. W. Isolation and Identification of the Xanthine Oxidase 

Factor as Molybdenum. J. Biol. Chem. 1953, 203 (2), 915–923. https://doi.org/10.1016/s0021-

9258(19)52361-4. 

(6) Hille, R.; Hall, J.; Basu, P. The Mononuclear Molybdenum Enzymes. Chem. Rev. 2014, 

114 (7), 3963–4038. https://doi.org/10.1021/cr400443z. 

(7) Holm, R. H. Metal-Centered Oxygen Atom Transfer Reactions. Chem. Rev. 1987, 87 

(6), 1401–1449. https://doi.org/10.1021/cr00082a005. 



 

 
56 

(8) Enemark, J. H.; Cooney, J. J. A.; Wang, J.-J.; Holm, R. H. Synthetic Analogues and 

Reaction Systems Relevant to the Molybdenum and Tungsten Oxotransferases. Chem. Rev. 

2004, 104 (2), 1175–1200. https://doi.org/10.1021/cr020609d. 

(9) Sugimoto, H.; Tsukube, H. Chemical Analogues Relevant to Molybdenum and Tungsten 

Enzyme Reaction Centres toward Structural Dynamics and Reaction Diversity. Chem. Soc. Rev. 

2008, 37 (12), 2609–2619. https://doi.org/10.1039/b610235m. 

(10) Elrod, L. T.; Kim, E. Lewis Acid Assisted Nitrate Reduction with Biomimetic 

Molybdenum Oxotransferase Complex. Inorg. Chem. 2018, 57 (5), 2594–2602. 

https://doi.org/10.1021/acs.inorgchem.7b02956. 

(11) Young, C. G. Scorpionate Complexes as Models for Molybdenum Enzymes: 

Scorpionate Complexes as Models for Molybdenum Enzymes. Eur. J. Inorg. Chem. 2016, 2016 

(15–16), 2357–2376. https://doi.org/10.1002/ejic.201501387. 

(12) Hille, R. The Mononuclear Molybdenum Enzymes. Chem. Rev. 1996, 96 (7), 2757–

2816. https://doi.org/10.1021/cr950061t. 

(13) Feng, C.; Tollin, G.; Enemark, J. H. Sulfite Oxidizing Enzymes. Biochim. Biophys. 

Acta 2007, 1774 (5), 527–539. https://doi.org/10.1016/j.bbapap.2007.03.006. 

(14) Johnson-Winters, K.; Tollin, G.; Enemark, J. H. Elucidating the Catalytic Mechanism 

of Sulfite Oxidizing Enzymes Using Structural, Spectroscopic, and Kinetic Analyses. 

Biochemistry 2010, 49 (34), 7242–7254. https://doi.org/10.1021/bi1008485. 



 

 
57 

(15) Metz, S.; Thiel, W. Theoretical Studies on the Reactivity of Molybdenum Enzymes. 

Coord. Chem. Rev. 2011, 255 (9–10), 1085–1103. https://doi.org/10.1016/j.ccr.2011.01.027. 

(16) Heinze, K. Bioinspired Functional Analogs of the Active Site of Molybdenum 

Enzymes: Intermediates and Mechanisms. Coord. Chem. Rev. 2015, 300, 121–141. 

https://doi.org/10.1016/j.ccr.2015.04.010. 

(17) Huynh, M. H. V.; Meyer, T. J. Proton-Coupled Electron Transfer. Chem. Rev. 2007, 

107 (11), 5004–5064. https://doi.org/10.1021/cr0500030. 

(18) Lebrun, E.; Brugna, M.; Baymann, F.; Muller, D.; Lièvremont, D.; Lett, M.-C.; 

Nitschke, W. Arsenite Oxidase, an Ancient Bioenergetic Enzyme. Mol. Biol. Evol. 2003, 20 (5), 

686–693. https://doi.org/10.1093/molbev/msg071. 

(19) Barral, R.; Bocard, C.; de Roch, I. S.; Sajus, L. Activation de l’oxygene Moleculaire 

En Phase Liquide Homogene Par Des Complexes Oxo Du Molybdene Oxydation Catalytique 

Selective Des Phosphines Tertiaires. Tetrahedron Lett. 1972, 13 (17), 1693–1696. 

https://doi.org/10.1016/s0040-4039(01)84723-7. 

(20) Reynolds, M. S.; Berg, J. M.; Holm, R. H. Kinetics of Oxygen Atom Transfer 

Reactions Involving Oxomolybdenum Complexes. General Treatment for Reactions with 

Intermediate Oxo-Bridged Molybdenum(V) Dimer Formation. Inorg. Chem. 1984, 23 (20), 

3057–3062. https://doi.org/10.1021/ic00188a007. 

(21) Young, C. G. Oxomolybdenum Chemistry: An Experiment. J. Chem. Educ. 1995, 72 

(8), 751. https://doi.org/10.1021/ed072p751. 



 

 
58 

(22) Reynolds, M. S.; Berg, J. M.; Holm, R. H. Kinetics of Oxygen Atom Transfer 

Reactions Involving Oxomolybdenum Complexes. General Treatment for Reactions with 

Intermediate Oxo-Bridged Molybdenum (V) Dimer Formation. Inorganic Chemistry 1984, 23 

(20), 3057–3062. 

(23) Schultz, B. E.; Hille, R.; Holm, R. H. Direct Oxygen Atom Transfer in the Mechanism 

of Action of Rhodobacter Sphaeroides Dimethyl Sulfoxide Reductase. J. Am. Chem. Soc. 1995, 

117 (2), 827–828. https://doi.org/10.1021/ja00107a031. 

(24) Smith, P. D.; Millar, A. J.; Young, C. G.; Ghosh, A.; Basu, P. Detection, Isolation, and 

Characterization of Intermediates in Oxygen Atom Transfer Reactions in Molybdoenzyme 

Model Systems. J. Am. Chem. Soc. 2000, 122 (38), 9298–9299. 

https://doi.org/10.1021/ja0008362. 

(25) Doonan, C. J.; Millar, A. J.; Nielsen, D. J.; Young, C. G. Cis-Dioxomolybdenum (VI) 

and Oxo (Phosphine Oxide) Molybdenum (Iv) Complexes: Steric and Electronic Fine-Tuning of 

Cis-[MoOS] 2+ Precursors. Inorganic chemistry 2005, 44 (13), 4506–4514. 

(26) Malarek, M. S.; Evans, D. J.; Smith, P. D.; Bleeker, A. R.; White, J. M.; Young, C. G. 

Π-Acid/π-Base Carbonyloxomolybdenum(IV) Complexes and Their Oxomolybdenum(VI/IV) 

Precursors. Inorg. Chem. 2006, 45 (5), 2209–2216. https://doi.org/10.1021/ic0510314. 

(27) Hill, L. M.; Taylor, M. K.; Ng, V. W. L.; Young, C. G. Toward Multifunctional Mo 

(VI− IV) Complexes: Cis-Dioxomolybdenum (VI) Complexes Containing Hydrogen-Bond 

Acceptors or Donors. Inorganic chemistry 2008, 47 (3), 1044–1052. 



 

 
59 

(28) Ng, V. W.; Taylor, M. K.; White, J. M.; Young, C. G. Cis-Dioxo-and Cis-(Hydroxo) 

Oxo-Mo (V) Complexes Stabilized by Intramolecular Hydrogen-Bonding. Inorganic chemistry 

2010, 49 (20), 9460–9469. 

(29) Basu, P.; Kail, B. W.; Adams, A. K.; Nemykin, V. N. Quantitation of the Ligand Effect 

in Oxo-Transfer Reactions of Dioxo-Mo (VI) Trispyrazolyl Borate Complexes. Dalton 

Transactions 2013, 42 (9), 3071–3081. 

(30) Basu, P.; Nemykin, V. N.; Sengar, R. S. Substituent Effect on Oxygen Atom Transfer 

Reactivity from Oxomolybdenum Centers: Synthesis, Structure, Electrochemistry, and 

Mechanism. Inorg. Chem. 2009, 48 (13), 6303–6313. https://doi.org/10.1021/ic900579s. 

(31) Kail, B. W.; Pérez, L. M.; Zarić, S. D.; Millar, A. J.; Young, C. G.; Hall, M. B.; Basu, 

P. Mechanistic Investigation of the Oxygen-Atom-Transfer Reactivity of Dioxo-Molybdenum 

(VI) Complexes. Chemistry-A European Journal 2006, 12 (28), 7501–7509. 

(32) Basu, P.; Kail, B. W.; Young, C. G. Influence of the Oxygen Atom Acceptor on the 

Reaction Coordinate and Mechanism of Oxygen Atom Transfer From the Dioxo-Mo (VI) 

Complex, Tp i PrMoO2 (OPh), to Tertiary Phosphines. Inorganic chemistry 2010, 49 (11), 

4895–4900. 

(33) Berg, J. M.; Holm, R. H. Synthetic Approach to the Mononuclear Active Sites of 

Molybdoenzymes: Catalytic Oxygen Atom Transfer Reactions by Oxomolybdenum (IV, VI) 

Complexes with Saturation Kinetics and without Molybdenum (V) Dimer Formation. Journal of 

the American Chemical Society 1984, 106 (10), 3035–3036. 



 

 
60 

(34) Berg, J. M.; Holm, R. H. Model for the Active Site of Oxo-Transfer Molybdoenzymes: 

Synthesis, Structure, and Properties. J. Am. Chem. Soc. 1985, 107 (4), 917–925. 

https://doi.org/10.1021/ja00290a029. 

(35) Berg, J. M.; Holm, R. H. Model for the Active Sites of Oxo-Transfer 

Molybdoenzymes: Reactivity, Kinetics, and Catalysis. J. Am. Chem. Soc. 1985, 107 (4), 925–

932. https://doi.org/10.1021/ja00290a030. 

(36) Caradonna, J. P.; Reddy, P. R.; Holm, R. H. Kinetics, Mechanisms, and Catalysis of 

Oxygen Atom Transfer Reactions of S-Oxide and Pyridine N-Oxide Substrates with 

Molybdenum (IV, VI) Complexes: Relevance to Molybdoenzymes. Journal of the American 

Chemical Society 1988, 110 (7), 2139–2144. 

(37) Craig, J. A.; Holm, R. H. Reduction of Nitrate to Nitrite by Molybdenum-Mediated 

Atom Transfer: A Nitrate Reductase Analog Reaction System. J. Am. Chem. Soc. 1989, 111 (6), 

2111–2115. https://doi.org/10.1021/ja00188a026. 

(38) Doonan, C. J.; Slizys, D. A.; Young, C. G. New Insights into the Berg−Holm 

Oxomolybdoenzyme Model. J. Am. Chem. Soc. 1999, 121 (27), 6430–6436. 

https://doi.org/10.1021/ja9900959. 

(39) Craig, J. A.; Harlan, E. W.; Snyder, B. S.; Whitener, M. A.; Holm, R. H. 

Oxomolybdenum (IV, V, VI) Complexes: Structures, Reactivities, and Criteria of Detection of 

Binuclear (. Mu.-Oxo) Molybdenum (V) Products in Oxygen Atom Transfer Systems. Inorganic 

Chemistry 1989, 28 (11), 2082–2091. 



 

 
61 

(40) McMaster, J.; Tunney, J. M.; Garner, C. D. Chemical Analogues of the Catalytic 

Centers of Molybdenum and Tungsten Dithiolene-Containing Enzymes. In Progress in 

Inorganic Chemistry; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2004; pp 539–583. 

(41) Jiang, J.; Holm, R. H. Reaction Systems Related to Dissimilatory Nitrate Reductase: 

Nitrate Reduction Mediated by Bis(Dithiolene)Tungsten Complexes. Inorg. Chem. 2005, 44 (4), 

1068–1072. https://doi.org/10.1021/ic040109y. 

(42) Majumdar, A.; Pal, K.; Sarkar, S. Chemistry of [Et4N][MoIV(SPh)(PPh3)(Mnt)2] as 

an Analogue of Dissimilatory Nitrate Reductase with Its Inactivation on Substitution of Thiolate 

by Chloride. J. Am. Chem. Soc. 2006, 128 (13), 4196–4197. https://doi.org/10.1021/ja0586135. 

(43) Chandra Srivastava, V. An Evaluation of Desulfurization Technologies for Sulfur 

Removal from Liquid Fuels. RSC Adv. 2012, 2 (3), 759–783. 

https://doi.org/10.1039/c1ra00309g. 

(44) Adam, W.; Bargon, R. M. Synthesis of Thiiranes by Direct Sulfur Transfer: The 

Challenge of Developing Effective Sulfur Donors and Metal Catalysts. Chem. Rev. 2004, 104 

(1), 251–261. https://doi.org/10.1021/cr030005p. 

(45) Donahue, J. P. Thermodynamic Scales for Sulfur Atom Transfer and Oxo-for-Sulfido 

Exchange Reactions. Chem. Rev. 2006, 106 (11), 4747–4783. 

https://doi.org/10.1021/cr050044w. 

(46) Nguyen, T. B. Recent Advances in Organic Reactions Involving Elemental Sulfur. 

Adv. Synth. Catal. 2017, 359 (7), 1066–1130. https://doi.org/10.1002/adsc.201601329. 



 

 
62 

(47) Inscore, F. E.; McNaughton, R.; Westcott, B. L.; Helton, M. E.; Jones, R.; Dhawan, I. 

K.; Enemark, J. H.; Kirk, M. L. Spectroscopic Evidence for a Unique Bonding Interaction in 

Oxo-Molybdenum Dithiolate Complexes: Implications for σ Electron Transfer Pathways in the 

Pyranopterin Dithiolate Centers of Enzymes. Inorg. Chem. 1999, 38 (7), 1401–1410. 

https://doi.org/10.1021/ic981126o. 

(48) McNaughton, R. L.; Helton, M. E.; Rubie, N. D.; Kirk, M. L. The Oxo-Gate 

Hypothesis and DMSO Reductase: Implications for a Psuedo-σ Bonding Interaction Involved in 

Enzymatic Electron Transfer. Inorg. Chem. 2000, 39 (20), 4386–4387. 

https://doi.org/10.1021/ic000474z. 

(49) Roberts, S. A.; Young, C. G.; Kipke, C. A.; Cleland, W. E., Jr; Yamanouchi, K.; 

Carducci, M. D.; Enemark, J. H. Dioxomolybdenum(VI) Complexes of the Hydrotris(3,5-

Dimethyl-1-Pyrazolyl)Borate Ligand. Synthesis and Oxygen Atom Transfer Reactions. Inorg. 

Chem. 1990, 29 (19), 3650–3656. https://doi.org/10.1021/ic00344a007. 

(50) Young, C. G. Facets of Early Transition Metal–Sulfur Chemistry: Metal–Sulfur Ligand 

Redox, Induced Internal Electron Transfer, and the Reactions of Metal–Sulfur Complexes with 

Alkynes. J. Inorg. Biochem. 2007, 101 (11–12), 1562–1585. 

https://doi.org/10.1016/j.jinorgbio.2007.06.040. 

(51) Eagle, A. A.; Laughlin, L. J.; Young, C. G.; Tiekink, E. R. An Oxothio-Molybdenum 

(VI) Complex Stabilized by an Intramolecular Sulfur-Sulfur Interaction: Implications for the 

Active Site of Oxidized Xanthine Oxidase and Related Enzymes. Journal of the American 

Chemical Society 1992, 114 (23), 9195–9197. 



 

 
63 

(52) Laughlin, L. J.; Eagle, A. A.; George, G. N.; Tiekink, E. R.; Young, C. G. Synthesis, 

Characterization, and Biomimetic Chemistry of Cis-Oxosulfidomolybdenum (VI) Complexes 

Stabilized by an Intramolecular Mo (O) S⊙⊙⊙ S Interaction. Inorganic chemistry 2007, 46 

(3), 939–948. 

(53) Ng, V. W. L.; Taylor, M. K.; Young, C. G. Reactivity Studies of Oxo-Mo (IV) 

Complexes Containing Potential Hydrogen-Bond Acceptor/Donor Phenolate Ligands. Inorganic 

Chemistry 2012, 51 (5), 3202–3211. 

(54) Smith, P. D.; Slizys, D. A.; George, G. N.; Young, C. G. Toward a Total Model for the 

Molybdenum Hydroxylases: Synthesis, Redox, and Biomimetic Chemistry of Oxo-Thio-Mo (vi) 

and-Mo (v) Complexes. Journal of the American Chemical Society 2000, 122 (12), 2946–2947. 

(55) Doonan, C. J.; Nielsen, D. J.; Smith, P. D.; White, J. M.; George, G. N.; Young, C. G. 

Models for the Molybdenum Hydroxylases: Synthesis, Characterization and Reactivity of Cis-

Oxosulfido-Mo (VI) Complexes. Journal of the American Chemical Society 2006, 128 (1), 305–

316. 

(56) Thapper, A.; Donahue, J. P.; Musgrave, K. B.; Willer, M. W.; Nordlander, E.; Hedman, 

B.; Hodgson, K. O.; Holm, R. H. The Unperturbed Oxo−Sulfido Functional Group Cis-MoVIOS 

Related to That in the Xanthine Oxidase Family of Molybdoenzymes: Synthesis, Structural 

Characterization, and Reactivity Aspects. Inorg. Chem. 1999, 38 (18), 4104–4114. 

https://doi.org/10.1021/ic990440v. 

(57) Sugimoto, H.; Tatemoto, S.; Toyota, K.; Ashikari, K.; Kubo, M.; Ogura, T.; Itoh, S. 

Oxo-Sulfido- and Oxo-Selenido-Molybdenum(vi) Complexes Possessing a Dithioleneligand 



 

 
64 

Related to the Active Sites of Hydroxylases of Molybdoenzymes: Low Temperature Preparation 

and Characterisation. Chem. Commun. (Camb.) 2013, 49 (39), 4358–4360. 

https://doi.org/10.1039/c2cc35345h. 

(58) Adam, W.; Bargon, R. M. Molybdenum-Catalyzed Episulfidation of (E)-Cycloalkenes 

with Elemental sulfurThis Work Was Presented at the XIXth International Symposium on the 

“Organic Chemistry of Sulfur.” Chemical Communications 2000, No. 19, 1910–1911. 

(59) Adam, W.; Bargon, R. M.; Bosio, S. G.; Schenk, W. A.; Stalke, D. Direct Synthesis of 

Isothiocyanates from Isonitriles by Molybdenum-Catalyzed Sulfur Transfer with Elemental 

Sulfur. J. Org. Chem. 2002, 67 (20), 7037–7041. https://doi.org/10.1021/jo026042i. 

(60) Adam, W.; Bargon, R. M.; Schenk, W. A. Direct Episulfidation of Alkenes and Allenes 

with Elemental Sulfur and Thiiranes as Sulfur Sources, Catalyzed by Molybdenum Oxo 

Complexes. J. Am. Chem. Soc. 2003, 125 (13), 3871–3876. https://doi.org/10.1021/ja029292p. 

(61) Farrell, W. S.; Zavalij, P. Y.; Sita, L. R. Catalytic Production of Isothiocyanates via a 

Mo(II)/Mo(IV) Cycle for the “Soft” Sulfur Oxidation of Isonitriles. Organometallics 2016, 35 

(14), 2361–2366. https://doi.org/10.1021/acs.organomet.6b00302. 

(62) Jacob, J.; Espenson, J. H. Stereospecific Rhenium Catalyzed Desulfurization of 

Thiiranes. Chem. Commun. (Camb.) 1999, No. 11, 1003–1004. https://doi.org/10.1039/a901708i. 

(63) Eagle, A. A.; Gable, R. W.; Thomas, S.; Sproules, S. A.; Young, C. G. Sulfur Atom 

Transfer Reactions of Tungsten(VI) and Tungsten(IV) Chalcogenide Complexes. Polyhedron 

2004, 23 (2–3), 385–394. https://doi.org/10.1016/j.poly.2003.11.026. 



 

 
65 

(64) Ward, J. P.; Lim, P. J.; Evans, D. J.; White, J. M.; Young, C. G. Tungsten Ligand-

Based Sulfur-Atom-Transfer Catalysts: Synthesis, Characterization, Sustained Anaerobic 

Catalysis, and Mode of Aerial Deactivation. Inorg. Chem. 2020, 59 (23), 16824–16828. 

https://doi.org/10.1021/acs.inorgchem.0c02915. 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.1021/acs.inorgchem.0c02915


 

 
66 

 

Chapte 3 Construction of Fe-S Core by Persulfide 
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3.1 Abstract 

The repair chemistry of oxidatively-damaged [Fe-S] clusters is involved in numerous biological 

processes. Biophysical and biochemical studies showed the presence of cysteine persulfide during 

the cluster repair in FNR and Fdx. However, the mechanism of the persulfide-mediated repair 

remains unknown. In order to gain chemical insights into the biological roles of persulfide in [Fe-

S] cluster repairing, we have studied the reactivity of in situ generated organic persulfides with a 

series of ferric and ferrous iron complexes supported by N,N’-Ethylenebis(salicylimine) (salen) 

and its analogs. The mononuclear [FeII(salen)] and [FeIII(salen)Cl] complex are converted to a µ-

sulfidyl dimer species, [FeIII(Salen)]2S. This conversion was not able to achieve by other reactive 

sulfur species (RSS) or other commonly used organic sulfur donors. This present system implies 

that cellular persulfides might be able to repair damaged [Fe-S] clusters in cells serving as a source 

of bridging sulfide. 
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3.2 Introduction 

Iron-sulfur (Fe-S) clusters are ancient and ubiquitous cofactors found in a wide range of 

proteins that perform essential functions in many cellular processes, including electron transfer, 

enzymatic catalysis, gene regulation.1-3,9,45 The inherent redox chemistry of [Fe-S] cluster makes 

them particularly vulnerable to the damage by small molecule oxidants (like O2, NO, O2
-, H2O2 

etc.), which enables regulatory proteins using [Fe-S] clusters to access the surrounding 

environment of cells. 4-6 Recent studies suggest that hydrogen sulfide (H2S) and related reactive 

sulfur species like persulfide (RSSH/RSS-) are protective against oxidative and nitrosative stress 

in cells during infection.25,42-45 In Escherichia coli, [Fe-S] protein Fumarate and nitrate reductase 

(FNR) is used to control gene expression in response to environmental O2 level.7-13 Exposure to air 

converts the [4Fe-4S] cluster in FNR to a [2Fe-2S] cluster, leading to a protein conformational 

change from DNA-binding dimer to monomer which can no longer bind to DNA (Scheme 

3.1A).13,14 Resonance Raman and structural studies indicate that in this cluster degradation, the 

bridging sulfides of the [4Fe-4S] cluster are stored in the form of [2Fe-2S] cluster-bound cysteine 

persulfides.16,17 Thus, persulfide-ligated [2Fe-2S] clusters can be recycled back to [4Fe-4S] clusters 

with iron source and reductant in the absence of exogenous sulfide. Biochemical studies on another 

[2Fe-2S] protein, ferredoxin (Fdx), showed that NO damaged Fdx, DNIC-Fdx could be repaired 

to its original [2Fe-2S]-Fdx by incubation with cysteine, cysteine desulfurase, and O2 (Scheme 

3.1B).17,18,20 Cysteine desulfurase can convert cysteine to protein bound persulfide, which serves 

as the sulfur source for the [2Fe-2S] cluster bridging sulfide.19,20,26 
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Scheme 3.1 In Vitro [Fe-S] cluster repair in FNR and ferredoxin 

 

Scheme 3.2 Synthetic [2Fe-2S] cluster repair by MMP 

We previously reported the repair chemistry of small molecule thiolate ligated mononitrosyl 

iron complexes (MNICs) to [2Fe-2S] clusters by the addition of nothing other than a cysteine 

analog methyl 3-mercaptopropionate (MMP) (Scheme 3.2).21,22 The sulfur atom that forms the 

bridging sulfide in the [2Fe-2S] cluster was shown to be derived from MMP. Since cysteine 

persulfide is a better nucleophile than cysteine for metal binding,23 and the S-S bond is easier to 
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break than the C-S bond providing the source for the bridging sulfide, we hypothesize that RSS- 

would be a more efficient agent in the [Fe-S] repair than cysteine. 

Despite the biological relevance, there have been no synthetic model systems for species with 

Fe-S core that can evaluate the role(s) of persulfides in the biosynthesis and the formation of Fe-S 

bridge. Due to the intricate and nuanced nature of the Fe-S core coupled with the cross-reactivity 

of the bounded thiolate ligand, interaction of persulfides and [Fe-S] cluster are difficult to detect 

directly.2,3 Another challenge in conducting detailed studies on persulfides is their inherent 

instability.24,27,28,36 Recently, Ming et al. reported a group of disulfide species with 

9-Fluorenylmethyl (Fm) protecting group, which could degrade in response to base and lead to a 

reliable in situ release of persulfide (RSS-) (Scheme 3.3).29 Herein, reported the first synthetic 

example for the Fe-S core construction by in situ generated small molecule persulfide using known 

N,N’-Ethylenebis(salicylimine) (salen) supported mononuclear iron complexes as model system. 

The redox-innocent salen ligand simplifies the reaction and the well-studied [FeIII(salen)]2S 

binuclear species makes it easier to monitor the Fe-S core assembly progress.30, 31 

3.3 Results and Discussion 

3.3.1 [Fe-S] cluster construction by persulfide 

The base-sensitive persulfide donor FmSSPhF was synthesized through a slightly modified 

literature procedure.29 When treated with 1 equiv of DBU, the Fm protecting group of FmSSPhF 

will be removed within 20 min, leading to the formation of 4-fluorophenyl persulfide (PhFSS-) as 

reactive species (Scheme 3.3). Without any trapping reagent, RSS- are unstable species in solution. 

1H NMR study of the reaction solution showed the exist of protecting group fragment (9-
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Vinylfluorene) and the formation of disulfide (PhFSSPhF) which is the typical decomposition 

product of persulfides.36 

 

Scheme 3.3 In situ generation of persulfide from base sensitive precursor. 

Introduction of equal molar amount of FmSSPhF and base (DBU) in the solution of 

(NEt4)2[Fe(SPh-F)4] at 0℃ led to a rapid color change from yellow to purple, indicating the 

formation of (NEt4)2 [Fe2S2(SPhF)4], which was further confirmed by UV-Vis and 1H NMR. After 

the purification of the reaction mixture, the organic products are identified as corresponding 

thiolate (PhFS-) and disulfide (PhFSSPhF) by 1H NMR (Eq (1)). 

[Fe(SPhF)4]2- + PhFSS- → 1/2 [Fe2S2(SPhF)4]2- + 1/2 PhFSSPhF + 2 PhFS-            (1) 

[Fe(SPhF)4]2- + S → 1/2 [Fe2S2(SPhF)4]2- + 1/2 PhFSSPhF + PhFS-                        (2) 

In general, synthetic assemble of binuclear [2Fe-2S] clusters always utilize sulfur as a source 

of bridging sulfide, the clusters being isolated in high yields from the reaction mixture of 

[Fe(RS)4]2- and element sulfur (S8) as shown in Eq. (2). While elemental sulfur is a typical 

decomposition product of persulfide, we questioned that whether persulfide is the one responsible 

F-Ph-SH
base

F-Ph-S-S-F-Ph-S-S Fm
Fm-S*

Fm-  : Fm-S* :
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for the construction of [2Fe-2S]. Thus, analogous reaction with (NEt4)2[Fe(SPhF)4] using element 

sulfur as sulfur source was also studied under same reaction condition, and this parallel experiment 

exhibited a significantly lower reaction rate than reaction starting from persulfide. Therefore, the 

hypothesis that the role of persulfide in [2Fe-2S] assembly is originated from its decay product 

element sulfur was ruled out. Addition of other possible decomposition product of persulfide, such 

as thiol or disulfide to (NEt4)2[Fe(SPhF)4]2-  did not lead to the formation of [2Fe−2S] clusters. 

Under the reaction condition above, the in situ generated persulfide group served as an immediate 

sulfur donor for the following synthesis of [2Fe-2S] diamond core.  

Persulfide is also involved in equilibrium ligand substitution reaction (Figure 3.1). Incubation 

of (NEt4)2[Fe2S2(SPh)4] with persulfide (PhFSS-) generating from base-sensitive precursor and 

DBU will result in [2Fe-2S] cluster bearing F containing ligands confirmed by 19F NMR spectrum. 

The 1H NMR spectrum of the reaction solution features resonances in the 8.97 and 4.75 ppm, 

attributable to (NEt4)2[Fe2S2(SPhF)4]. Control experiment of (NEt4)2[Fe2S2(SPh)4] with same 

amount of thiolate (PhFS-) gave similar result but with a much slower ligand substitution rate. This 

result matches with the fact that the persulfide is more acidic than corresponding thiol. 
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Figure 3.1 1H NMR of (NEt4)2[Fe2S2(SPh)4] with persulfide and thiolate reaction. 

Overall, persulfide possess different personality than other reactive sulfur species (RSS) 

found in biological systems (thiol/thiolate, disulfide and elemental sulfur), which makes it 

promising in some harder reaction which cannot be achieve by other RRS. 

3.3.2 Persulfide Reactivity with Salen Supported Iron 

While the construction of biorelevant [2Fe-2S] cluster is interesting, the thiol ligands of the 

mononuclear Fe source and the resulting cluster confuse the further study due to its redox non 

innocent. Moreover, considering the instability of persulfide, the fact that its decomposition 

products also involve in the reaction makes things more complicated.  

In order to gain chemical insights into how persulfide can form a [Fe-S] cluster, we studied 

the reactivity of organic persulfides with ferrous iron complex supported by a more simplified 

ligand system, N,N′-Ethylenebis(salicylimine) (Salen). [FeII(Salen)] was prepared by mixing equal 

mol amount of Fe(OAc) and Salen ligand in MeCN solution as reported previously. Addition of 1 
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equiv in situ generated persulfide, PhF-SS- to [FeII(Salen)] led to slightly color change to dark red. 

UV-vis monitor suggested the formation of a new species within 1h at room temperature. The 

reaction is very clean and even crude reaction mixture exhibit well-resolved paramagnetic NMR 

signals, which matches with pervious reported µ-sulfidyl dimer species, [FeIII(Salen)]2S (Figure 

3.2).30 KBr IR of the product showed a µ-sulfidyl structure, which further confirmed the formation 

of [FeIII(Salen)]2S. Quantitative (96%) [FeIII(Salen)]2S formation could be achieved using excess 

amount of persulfide (1eq. with respected to [FeII(Salen)]). When stoichiometric amount of 

persulfide (0.5 eq with respected to [FeII(Salen)]) is using, the reaction could also been performed, 

with a lower yield.  

 

Figure 3.2 In situ MNR spectrum of [FeII(salen)] with persulfide reaction. 
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Addition of thiol PhFSH or thiolate [NEt4](SPhF) to [FeII(salen)] did not lead to the formation 

of [FeIII(Salen)]2S. Instead, a new set of paramagnetic NMR signals were generated from the 

reaction mixture, which were assigned as [FeII(salen)(SPhF)]-. This observation also aligns with 

previous studies showing that [FeII(Salen)] can accept monoanionic ligands (L- = F-, Cl-, OH-, NCS-, 

CN-, SH-) at axial position to generate purplish five-coordinate [FeII(salen)L]- complexes.40 While 

the ability of [FeII(salen)] binding axial ligands L- was recognized, a feasible reaction pathway of 

Fe-S core construction was proposed with deprotonated persulfide binding to ferrous center as the 

first step (Scheme 3.4). 

 

Scheme 3.4 Proposed reaction pathway for persulfide construction of  [FeIII(Salen)]2S 

Low-temperature UV-vis was used to capture the possibly formed intermediate. As shown in 

Figure 2, [FeII(Salen)] was pre mixed with base-sensitive persulfide donor, and the addition of 

DBU at -40℃ result in an rapid color change from light red to purple. The [FeII(Salen)] feature at 

479 nm disappear immediately after the generation of persulfide, confirming the formation of 

intermediate species. At -40℃, the intermediate species is stable for 10 min. As the system warm 

to room temperature, a new feature at 504 nm start growing, which matches the absorption brand 

of authentic [FeIII(Salen)]2S that independently synthesized form the oxo for sulfido exchange with 

[FeIII(Salen)]2O. (Figure 3.3) 
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Figure 3.3 UV monitoring of [Fe(Salen)] with persulfide reaction at -40 ℃  The [FeII(salen)] 

feature at 479 nm disappear immediately after the generation of persulfide, indicating the 

formation of a new intermediate species. 

One advantage of using ferrous salen as Fe source is its inertness toward other commonly 

used sulfur donors (Scheme 3.5). Treatment of elemental sulfur or (Me3Si)2S to [FeII(Salen)] under 

similar reaction condition will not lead to any reaction. This helps to eliminate the influence of 

persulfide decay product on the Fe-S core generation, and thus the in situ generated persulfide 

itself is fully responsible for the [FeII(Salen)] to [FeIII(Salen)]2S conversion.  

 

Scheme 3.5 Synthesis of authentic [FeIII(Salen)]2S 
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In situ generated persulfide were also able to convert [FeIII(Salen)Cl] to [FeIII(Salen)]2S, 98% 

conversion could be achieved within 2h when using excess amount of persulfide confirmed by 1H 

NMR. (Scheme 3.6) Different from reaction started from [FeII(Salen)], at least 1 eq. of persulfide 

per [FeIII(Salen)Cl] is required to perform this reactivity. Insufficient persulfide (less than 1 eq. per 

Fe center) lead to the generation of new unknow species on 1H NMR spectra. Analyzing the 

pentane wash of equal molar amount [FeIII(Salen)Cl] with persulfide reaction suggests disulfide 

(PhF-SS-PhF) as the organic product of this reaction. Again, this reactivity shows its distinctiveness 

towards persulfide, and the conversion could not be achieved by other reactive sulfur species, like 

thiol, thiolate, or elemental sulfur. Sulfur donor like (Me3Si)2S is also ineffective. 

 

Scheme 3.6 Conversion of [FeIII(Salen)Cl] to [FeIII(Salen)]2S upon addition of persulfide 

Overall, the reaction of in situ generated persulfide with Salen supported FeII and FeIII 

complexes could be summarized as Eq. (3) and Eq. (4). In the case of [FeII(Salen)], the in situ 

generated persulfide donates its sulfane sulfur (S0) as source of bridging sulfide (S2−) to generate 

the Fe-S-Fe core structure. The FeII center was then oxidized by one electron and giving 

[FeIII(Salen)]2S as the final product. (Eq. (3)). On the other hand, for the reaction start with 

[FeIII(Salen)Cl], the oxidation states remain unchanged for the Fe site, so excess amount of 

persulfide is needed as a source of electron, and the reaction proceed following Eq. (4) where the 
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redox reaction takes place with the persulfide to yield the [FeIII(Salen)]2S bridging sulfide (S2−), 

along with elemental sulfur (S0) and disulfide (S-1).   

2 [FeII(Salen)] + R-SS- → [FeIII(Salen)]2S + RS-                                                                     (3) 

2 [FeIII(Salen)Cl] + 2 R-SS- → [FeIII(Salen)]2S + R-SS-R + S + 2 Cl-                                     (4) 

3.3.3 Conclusion 

Persulfide are universally important species in the biosynthesis and repairing of damaged [Fe-

S] clusters. In situ generated small molecule persulfide from the base-sensitive precursor FmSSPhF 

were able to serve as a sulfur source for the assemble of [Fe2S2(SPhF)]2- with Fe(SPhF)4
2- as the 

source of iron. Treatment of persulfide to [FeII(salen)] and [FeIII(salen)Cl] generates a µ-sulfidyl 

dimer species, [FeIII(salen)]2S, analogous to the formation of bridging sulfide by cysteine 

persulfide in FNR and Fdx. Furthermore, it was shown that it is specifically the persulfide achieves 

this conversion and not a thiol, providing evidence for the first time that persulfide RSS- is an 

effective reagent for the formation of [Fe-S] cores in discrete complexes.  

3.4 Experimental Section 

General Considerations. All synthesized products were assumed to be air- and moisture-

sensitive. They were manipulated under argon on a standard Schlenk line or in an atmosphere of 

purified nitrogen in an MBraun Labmaster SP glovebox (O2 < 1 ppm; H2O < 1 ppm). Solvents 

were purified by passing through a series of two activated alumina columns (MBraun solvent 

purification system) under an Ar atmosphere and stored over 4 Å molecular sieves. Reagents 4-

fluorothiophenol, bis-4-fluorodisulfide, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), 9-
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Fluorenylmethylthiol (FmSH), 4,4’- dithiodipyridine (PySSPy) were purchased from Sigma at the 

highest available purity and used as received. UV-Vis spectra were recorded on a Varian Cary 50 

Bio spectrometer. NMR spectra were recorded at 400 MHz on a Bruker UltraShield spectrometer 

and residual solvent signals were used as an internal reference.  

Synthesis and Reactivity Studies. Authentic (NEt4)2[Fe(SPhF)4],32,33 (Et4N)2[Fe2S2(SPhF)4],33 

(Et4N)2[Fe2S2(SPh)4],33 [FeII(salen)],30 [FeIII(salen)Cl],34 [FeIII(Salen)]2S,30 and FmSSPy29 were 

prepared as described in literature with slight modifications. 

Synthesis of FmSSPhF. FmSSPy (91 mg, 0.284 mmol) was added into a stirred solution of 4-

fluorothiophenol (PhFSH, 40 mg, 0.312 mmol) in 3.5 mL DCM at room temperature. The color of 

the reaction immediately became yellow and the reaction was allowed to stirred for 1h at room 

temperature. The mixture was diluted with DCM and washed with water and brine. A flash column 

chromatography using a mixture of EtOAc and hexanes on silica gel gave the corresponding 

products. 1H NMR (400 MHz, CDCl3) δ 7.79 (d, 2H), 7.65 (d, 2H), 7.53 (m, 2H), 7.43 (t, 2H), 

7.34 (t, 2H), 7.06 (t, 2H), 4.33 (t, H), 3.30 (m, 2H) 
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Figure 3.4 1H NMR of FmSSPhF. 

Reaction of (NEt4)2[Fe(SPhF)4] with FmSSPhF and DBU. A solution of (NEt4)2[Fe(SPhF)4] 

(24.4 mg, 0.03 mmol) in 2.0 mL of MeCN was transferred to a 10 mL Schlenk flask, to which 1 

mL stock solution of FmSSPhF (0.03 M in DCM) was added.  The mixture was cooled in ice bath 

and DBU (1 mL of 0.03 M stock solution in DCM) was injected at 0℃. The reaction mixture was 

turned to a purplish color immediately. The reaction was allowed to be stirred for 1h and the 

solvent was then removed under vacuum. The solid was washed with pentane for 3 times to afford 

(Et4N)2[Fe2S2(SPhF)4] which was confirmed by 1H NMR and UV-vis spectroscopy. Further 

analyzation of the pentane wash by 1H NMR showed the formation of corresponding thiolate (PhFS-) 

and disulfide (PhFSSPhF). 
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Figure 3.5 1H NMR of (NEt4)2[Fe(SPhF)4] with FmSSPhF and DBU reaction. 

Reaction of (Et4N)2[Fe2S2(SPh)4] with FmSSPhF and DBU. A solution of (Et4N)2[Fe2S2(SPh)4] 

(6.44 mg, 0.0075 mmol) in 2.0 mL of MeCN was transferred to a 10 mL Schlenk flask, to which 

1 mL stock solution of FmSSPhF (0.03 M in DCM) was added followed by the addition of DBU 

(1 mL, 0.03 M in DCM).  The reaction was allowed to be stirred for 30 min and the solvent was 

then removed under vacuum. 1H NMR indicated the formation of (Et4N)2[Fe2S2(SPhF)4] 
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Figure 3.6 1H NMR of (Et4N)2[Fe2S2(SPh)4] with FmSSPhF and DBU reaction 

Reaction of Fe(salen) with FmSSPhF and DBU. To a stirred solution of [FeII(salen)] (19.0 mg, 

0.06 mmol) in 2.0 mol of DCM was added 1 mL stock solution of FmSSPhF (0.03 M in DCM), 

followed by DBU (1 mL of 0.03 M stock solution in DCM). The reaction was allowed to procced 

for 1h at room temperature, over which time the color of the reaction mixture was changed to dark 

red. The solvent was removed under vacuum and a crude NMR was collected in CD2Cl2. 1H NMR 

and other physical characterization (UV-vis and IR spectroscopy) was in agreement with that 

previously reported for [FeIII(Salen)]2S.30,31 

Control reaction of [FeII(salen)] with other RSS.  

a. Reaction with (NEt4)(SPhF). To a stirred solution of [FeII(salen)] (19.0 mg, 0.06 mmol) in 2.0 

mol of DCM was added 1 mL stock solution of (NEt4)(SPhF) (0.03 M in DCM). The color 

of the solution was turned into dark purple within 10s. The reaction was allowed to procced 

for 1h at room temperature. The solvent was removed under vacuum and a crude NMR was 
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collected in CDCl2. 1H NMR indicated the formation of a new paramagnetic species which 

was assigned as (NEt4)[Fe(salen) (SPhF)]. 

b. Reaction with S8 or (Me3Si)2S. To a stirred solution of [FeII(salen)] (80 mg, 0.24 mmol) in 

5.0 mol of DCM was added (Me3Si)2S (51𝜇L, 0.12 mmol) or elemental S (7.68 mg, 0.24 

mmol). The reaction was allowed to procced for 1h at room temperature. No reaction was 

observed by 1H NMR. 

Reaction of [FeIII(salen)Cl], with excess FmSSPhF and DBU. To a stirred solution of 

[FeIII(salen)Cl] (10.6 mg, 0.06 mmol) in 1.0 mol of DCM was added 2 mL stock solution of 

FmSSPhF (0.03 M in DCM), followed by DBU (2 mL of 0.03 M stock solution in DCM). The 

reaction was allowed to procced for 1h at room temperature, over which time the color of the 

reaction mixture was changed to dark red. The solvent was removed under vacuum. 1H NMR and 

other physical characterization (UV-vis and IR spectroscopy) of the product matches with that 

previously reported for [FeIII(Salen)]2S.30,31 
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Chapte 4 Persulfide reactivity in the repair of NO-

damaged Fe center 
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4.1 Abstract 

Over the years, the restoration of NO-damanged [2Fe-2S] clusters from protein-bound 

dinitrosyl iron complexes (DNICs) have been reported in both in vivo and in vitro studies. 

However, the underlying mechanism remains elusive. Recent studies have suggested persulfide as 

a potential candidate for modifying and repairing nitrosylated iron species. Building on chapter 3's 

exploration of persulfide's ability to construct the Fe-S-Fe core from mononuclear Fe species, this 

chapter investigates persulfide's efficacy in repairing nitrosylated iron centers using the {Fe(NO)}7 

model complex, [Fe(Salen)](NO). Here, persulfide demonstrated capability in extracting NO from 

the iron center, as indicated by the disappearance of the characteristic NO feature in the IR 

spectrum, suggesting the formation of [Fe(Salen)]2S. The research further examined the reactivity 

of persulfide with iron-nitrosylated products from the Fe-S cluster's reaction with NO, particularly 

focusing on the dinitrosyl iron complex (DNIC) and the mononitrosyl iron complex (MNIC) 

species. Persulfide showed effective in modifying the NO coordination in these complexes, 

indicating its potential role in addressing NO-related iron center damages. The findings highlight 

persulfide's significance in regulating nitrosylated iron species.  



 

 
94 

4.2 Introduction 

Nitric oxide (NO) plays a pivotal role in numerous physiological and pathological processes, 

often interacting with iron-containing proteins and enzymes, leading to the formation of iron-

nitrosyl complexes.1,2 These interactions can modify the functionality of these metalloproteins, 

potentially causing cellular impairments.3-5 Therefore, understanding the regulation and repair of 

nitrosylated iron centers is of paramount importance. 

As described in chapter 3.2, NO damaged ferredoxin (Fd), DNIC-Fd, could be repaired to its 

original [2Fe-2S]-Fd by L-cysteine, O2, and cysteine desulfurase (IscS) in vitro without having to 

add exogenous Fe (Scheme 3.1B).7-9 Biochemical analyses of another [2Fe-2S] protein, SoxR, 

revealed that while nitrosylated SoxR (DNIC-SoxR) remains stable in vitro, it reverts to its intact 

[2Fe-2S] cluster form in vivo upon NO removal.10 The exact mechanism—whether SoxR repair 

necessitates the de novo synthesis/insertion of the [2Fe-2S] cluster or if a direct repair route 

exists—is yet to be determined. Nevertheless, the observed repair process for DNIC-Fd implies 

that a direct restoration of DNIC-SoxR and other nitrosylated [Fe-S] proteins could be feasible. 

The precise chemical mechanisms underlying the DNIC-Fd repair remain elusive, highlighting the 

need for a deeper molecular understanding.8,9 

 

Scheme 4.1 Synthetic [2Fe-2S] cluster repair by MMP 
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We previously reported the repair chemistry of small molecule thiolate ligated mononitrosyl 

iron complexes (MNICs) to [2Fe-2S] clusters by the addition of nothing other than a cysteine 

analog methyl 3-mercaptopropionate (MMP) (Scheme 4.1).11,12 The sulfur atom that forms the 

bridging sulfide in the [2Fe-2S] cluster was shown to be derived from MMP. Since cysteine 

persulfide is a better nucleophile than cysteine for metal binding,13 and the S-S bond is easier to 

break than the C-S bond providing the source for the bridging sulfide, we hypothesize that RSS- 

would be a more efficient agent in the [Fe-S] repair than cysteine. 

In Chapter 3.3, we successfully demonstrated that persulfide alone can assemble the Fe-S 

core using a Salen-supported mononuclear iron complex. While the Salen-supported Fe species 

provides a reliable model for investigating persulfide reactivity, we synthesized the analogous 

{Fe(NO)}7 complex, [Fe(Salen)](NO), to initiate our study on persulfide reactivity towards NO-

damaged Fe centers.14,15 This research was subsequently extended to DNIC and MNIC species.  

4.3 Results and Discussion 

4.3.1 Persulfide Reactivity with Salen-Supported Iron Nitrosyl Complexes 

The {Fe(NO)}7 model complex [Fe(Salen)](NO) was synthesized by reacting NO with 

[FeII(Salen)], using a modified literature procedure. When 1 equivalent of Ph3CSNO, serving as 

the NO donor, was added to a methanol suspension of [FeII(Salen)], a color change to dark red-

brown could be observed over 3 hours at room temperature. NMR analysis of the reaction mixture 

suggested the formation of a new paramagnetic species (Figure 4.1B bottom). After the 

nitrosylation, a distinct IR band around 1700 cm-1 appeared (Figure 4.1A black), differing from 

the starting reactant [FeII(Salen)]. This band is assigned to the N≡O stretching frequency and 
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aligns with previous literature, confirming the generation of [Fe(Salen)](NO).14-16 However, as 

shown in Figure 4.1A, the relatively weak IR signal from the NO band suggests potential 

incomplete reactions, implying the presence of unreacted residual [Fe(Salen)] in the crude product. 

[Fe(Salen)](NO) is highly sensitive to oxygen; exposure to air rapidly transforms it into 

[Fe(Salen)]2O, consistent with the literature.14 

 

Figure 4.1 Reaction of [Fe(Salen)](NO) with persulfide.  A. IR spectra (KBr pellet) of the 𝜐NO 

(cm-1) region comparing of [Fe(Salen)](NO) + 1 equiv. FPh-SS-  (red) to [Fe(Salen)](NO) 

(black).  B. 1H NMR (DCM-d2) spectra comparing of [Fe(Salen)](NO) + 1 equiv. FPh-SS-   to 

authentic [Fe(Salen)](NO) and [Fe(Salen)2]S. Key: * = authentic [Fe(Salen)2]S 

The efficacy of persulfide in repairing NO damage was evaluated using crude 

[Fe(Salen)](NO). When in situ generated persulfide (FPh-SS-) was introduced to a DCM solution 
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containing [Fe(Salen)](NO), the characteristic NO feature in the IR spectrum vanished within 2 

hours, as depicted in Figure 4.1A. This suggests that persulfide can effectively extract NO from 

the Fe center. The subsequent NMR spectrum, presented in Figure 4.1B, reveals the formation of 

[Fe(Salen)]2S, indicating a Fe-S-Fe core construction. Given the faint NO signal in the starting 

[Fe(Salen)](NO), the actual amount of active [Fe(Salen)](NO) might be limited, making the added 

persulfide significantly in excess. Using enough persulfide is essential to effectively repair Fe 

damaged by NO and convert it into an Fe-S-Fe structure. Importantly, it's specifically persulfide 

driving this change, not thiol or thiolate, as control reactions under analogous conditions remained 

unchanged in the IR spectrum (Figure 4.8). 

Various experimental conditions were explored to enhance the NO coordination rate and 

improve the purity of the synthesized [Fe(Salen)](NO). However, NO coordination to Fe with a 

Salen ligand proved challenging. To enhance the NO-binding capability of Fe(II) center, the 

H2(SalenOMe) ligand, bearing an electron-donating -OMe group, was developed. With new ligand, 

the metal center becomes more electron-rich and hopefully the Fe(II) center can more readily 

donate electron density to the antibonding orbitals of NO, facilitating the bonding between the 

metal and NO. Analogous complexes like [Fe(SalenOMe)], [Fe(SalenOMe)]2O, and [Fe(SalenOMe)]2S 

were synthesized similarly to their Salen counterparts.17 

As expected, the reaction between [Fe(SalenOMe)] and Ph3CSNO yielded a prominent band at 

1735 cm-1 (Figure 4.2), suggesting a superior NO coordination yield. The formation of 

[Fe(SalenOMe)](NO) was also confirmed by 1H NMR (Figure 4.9). Upon treating synthesized 

[Fe(SalenOMe)](NO) with 2 equivalents of in-situ-generated persulfide, the IR spectra after 2 hours 

showed a significant decrease in intensity of the 1735 cm-1 band, as illustrated in Figure 4.3 left. 
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A new band at 1689 cm-1 appeared, also attributed to NO related species. This implies that the 

added persulfide modified the coordinated NO. For the reaction product, partial conversion to 

[Fe(Salen-OMe)]2S could be confirmed by NMR (Figure 4.3).  

 

Figure 4.2 Reaction of [Fe(SalenOMe)](NO) with persulfide.  Left. IR spectra (KBr pellet) of the 

𝜐NO (cm-1) region comparing of [Fe(SalenOMe)](NO) + 2 equiv. FPh-SS-  (blue) to 

[Fe(Salen)](NO) (black).  Right. IR spectra (KBr pellet) of the 𝜐NO (cm-1) region comparing of 

[Fe(SalenOMe)](NO) + 5 equiv. FPh-SS-  (red) to [Fe(Salen)](NO) (black). 
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Figure 4.3 1H NMR (DCM-d2) spectra of [Fe(SalenOMe)](NO) (green), [Fe(SalenOMe)](NO) + 2 

equiv. FPh-SS- (red) and [Fe(SalenOMe)](NO) + 5 equiv. FPh-SS- (blue). Key: * = authentic 

[Fe(SalenOMe)2]S 

To achieve complete conversion, an additional excess of persulfide was introduced to drive 

the reaction. Combining [Fe(SalenOMe)](NO) with 5 equivalents of in situ generated persulfide 

resulted in the near-complete disappearance of the NO feature at the 1700 cm-1 region in IR spectra 

within 2 hours at room temperature (Figure 4.2 Right). NMR analysis of the reaction mixture 

revealed a decrease in the [Fe(SalenOMe)](NO) signal (Figure 4.3). However, instead of forming 

the anticipated [Fe(SalenOMe)]2S, a distinct NMR signal emerged, suggesting the creation of a new 

entity, species A (Figure 4.3 Bottom). To understand the connection between species A and the 

expected product [Fe(SalenOMe)]2S, a control reaction involving [Fe(SalenOMe)]2S and persulfide 

was conducted. The IR spectra distinctly indicated that, after a 2-hour reaction with 2 equivalents 

of persulfide, the spectra of [Fe(SalenOMe)]2S transformed to closely match that of species A 

(Figure 4.4 Right). Consequently, the hypothesized reaction pathway, depicted in Figure 4.4 left, 
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suggests that persulfide can extract NO from [Fe(SalenOMe)](NO) and introduce a bridging sulfide 

to produce [Fe(SalenOMe)]2S. This compound, upon further interaction with an excess of persulfide, 

evolves into species A. The structure of species A will be further investigated. 

 

Figure 4.4 Hypothesized reaction pathway of [Fe(SalenOMe)](NO) with excess amount of 

persulfide 

4.3.2 Persulfide reactivity with iron-nitrosylated products from Fe-S cluster with NO 

reaction 

4.3.2.1 Persulfide reactivity with DNIC 

While the capacity of persulfide to repair Salen-supported {Fe(NO)}7 model species has been 

established, we also delved into the reactivity of persulfide with iron-nitrosylated products 

resulting from the Fe-S cluster's interaction with NO.3-5 As hinted at in Chapter 1, NO is believed 

to play a role in the disassembly of Fe-S clusters, leading to the formation of the dinitrosyl iron 

complex (DNIC).10,18 As a final product of the reaction between [2Fe-2S] and [4Fe-4S] clusters 

with NO in the presence of thiolate, the DNIC species Fe(SPh)2(NO)2- was the primary subject of 

our persulfide tests. The reaction of thiolate DNIC, (NEt4)[Fe(SPh)2(NO)2], with persulfide 
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precursor and DBU lead to significantly change in NO region of the IR spectra, indicating of 

modified NO binding (Figure 4.5). 1H MNR spectra also confirmed the formation of an 

unidentified species with a broad signal centered around 10.1 ppm (Figure 4.10). 

 

Figure 4.5 IR spectra (KBr pellet) of the 𝜐NO (cm-1) region comparing of (NEt4)[Fe(SPh)2(NO)2] 

+ 2 equiv. FPh-SS-  (red) to (NEt4)[Fe(SPh)2(NO)2] (black). 

4.3.2.2 Persulfide reactivity with MNIC 

The spectral shifts, when combined with the redox-active nature of the thiolate ligand, 

introduce complexity. To simplify the reaction and focus more on the Fe-NO interaction change, 

the MNIC species, (PPN)[FeCl3(NO)] (PPN = Bis(triphenylphosphoranylidene)ammonium), was 

synthesized.20 This species features Cl ligands, facilitating clearer NMR and IR spectral analyses, 

and incorporates only a single NO molecule. The compound (PPN)[FeCl3(NO)] was derived from 

the reaction of tetrachloride (PPN)2[FeCl4] with the NO donor, Ph3CSNO. The IR spectra of the 
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resultant green solid displayed a distinct signal at 1793 cm-1, consistent with the NO stretch 

previously reported for (PPN)[FeCl3(NO)].20  

 

Figure 4.6 IR spectra (KBr pellet) of the 𝜐NO (cm-1) region of (PPN)[FeCl3(NO)] + 2 equiv. PhF-

SS- reaction (blue) and (PPN)[FeCl3(NO)] + SPh- (purple) reaction to (PPN)[FeCl3(NO)] (red). 

Introducing 2 equivalents of in-situ generated persulfide PhFSS- to (PPN)[FeCl3(NO)] 

triggered a color shift from green to brown within two hours. Subsequent IR spectra of the mixture 

revealed the disappearance of the characteristic peak at 1793 cm-1 and the formation of fainter 

peaks around the 1600-1700 cm cm-1 range, specifically at 1739, 1691, and 1645 cm-1 (Figure 4.6 

left). The UV-vis spectral data gathered for this mix bears resemblance to that of [FeCl4]2- (Figure 

4.11). A control experiment, mixing (PPN)[FeCl3(NO)] with equal amount of thiolate (NEt4)(SPh), 

leading to the formation of the corresponding thiolate DNIC, (PPN)[Fe(SPh)2(NO)2] (Figure 4.6 

right).21 The DNIC NO band in 1739 and 1691 cm-1 aligned with the weak IR bands observed in 

the MNIC-persulfide reaction. Given these findings, we hypothesis that in reactions with limited 

persulfide, a portion of the MNIC might be transformed into the tetrachloride species [FeCl4]2-, 

while the remainder converted to DNIC. 
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[FeCl3(NO)]- + RSS- → RSSNO + [FeCl4]2- + [Fe(RS)2(NO)2]- 

4.3.3 Proposed synthesis of persulfide-bound dinitrosyl iron complexes 

A recent mass spectrometry analysis of the NO-sensing protein, NsrR, identified various iron 

nitrosyl products, one of which is a proposed persulfide-bridged RRE-type cluster [Fe2(NO)4(𝜇-S-

Cys)(𝜇-SS-Cys)].22 Inspired by these findings, we aim to synthesize a persulfide-bound RRE 

cluster and investigate the repair mechanisms of these entities. The synthesis strategy for the 

persulfide-bridged compound involves reacting [Fe2(NO)4(μ-I)2] with persulfide at low 

temperature, which is a known synthetic method for analogous RREs.23 The compound 

[Fe2(NO)4(𝜇-I)2] was obtained from the reaction of Ph3CSNO, FeI2 and Fe, with two characteristic 

NO stretch in the IR spectra at 1747 and 1735 cm-1 (Figure 4.7 left).24  

 

Figure 4.7 IR spectra (KBr pellet) 𝜐NO (cm-1) region change of [Fe2(NO)4(𝜇-I)2]  + 2 equiv. PhF-

SS- reaction (left), (PPN) [FeI2(NO)2]  + 1 equiv. PhF-SS- reaction (middle) and the comparison 

of the reaction products (right). 
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As shown in Figure 4.7 left, the preliminary experiment of [Fe2(NO)4(𝜇-I)2] react with two 

equivalents of in situ generated persulfide at room temperature led to a shift in the IR signal, with 

the NO band moving to 1737 and 1685 cm-1. Notably, significant peaks at 1643 and 1606 were 

attributed to the persulfide precursor FmSSPhF in conjunction with DBU. Intriguingly, a control 

reaction, using the related DNIC species (PPN) [FeI2(NO)2] and persulfide, yielded an identical 

IR spectrum after stirring overnight at room temperature (Figure 4.7). This suggests the potential 

formation of the same product. NMR analysis of the reaction mixture of (PPN) [FeI2(NO)2] with 

persulfide revealed a new species at 9.72 ppm (Figure 4.12). 

Further experiment will involve reacting persulfide with [Fe2(NO)4(𝜇-I)2] at -40 ºC, targeting 

the synthesis of [Fe2(NO)4(𝜇-SSPhF)2] (Scheme 4.2). The resultant compound will be subjected to 

comprehensive characterization using NMR and IR spectroscopy, mass spectrometry, and X-ray 

crystallography to validate our hypothesis. Moreover, the repair chemistry of [Fe2(NO)4(𝜇-SSPhF)2] 

will be studied in conjunction with iron porphyrin complexes, specifically [FeIII(TPP)Cl] and 

[FeII(TPP)], where TPP = tetraphenylporphyrinate(2–). Literature precedence shows NO transfer 

by DNICs (in the form of NO or NO–) to these porphyrin complexes.26,27 As shown in Scheme 4.2, 

when [Fe2(NO)4(𝜇-SSPhF)2] is warmed to room temperature conditions in the presence of an 

excess of thiolate and iron porphyrins, the formation of [Fe(TPP)(NO)] can be tracked using UV-

Vis, IR, and EPR spectroscopy,  and the generation of [Fe-S] clusters can be detected using 19F-

NMR spectroscopy. We anticipate that [Fe-S] clusters will form without requiring an external 

sulfur source, as the sulfur atom from the persulfide undergoes transformation into a bridging 

sulfide. 
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Scheme 4.2 Proposed synthesis and reactivity study of [Fe2(NO)4(𝜇-SSPhF)2]. 

4.4 Experimental Section 

General Considerations. All synthesized products were assumed to be air- and moisture-

sensitive. They were manipulated under argon on a standard Schlenk line or in an atmosphere of 

purified nitrogen in an MBraun Labmaster SP glovebox (O2 < 1 ppm; H2O < 1 ppm). Solvents 

were purified by passing through a series of two activated alumina columns (MBraun solvent 

purification system) under an Ar atmosphere and stored over 4 Å molecular sieves. Reagents 4-

fluorothiophenol, bis-4-fluorodisulfide, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), 9-

Fluorenylmethylthiol (FmSH), 4,4’- dithiodipyridine (PySSPy) were purchased from Sigma at the 

highest available purity and used as received. UV-Vis spectra were recorded on a Varian Cary 50 

Bio spectrometer. NMR spectra were recorded at 400 MHz on a Bruker UltraShield spectrometer 

and residual solvent signals were used as an internal reference.  

Synthesis and Reactivity Studies. Authentic [FeII(salen)],17 [FeIII(Salen)]2S,17 Ph3CSNO,19 

(NEt4)[Fe(SPh)2(NO)2],19  (PPN)[FeCl3(NO)], [Fe2(NO)4(μ-I)2],24 (PPN)[FeI2(NO)2] and 

FmSSPy25 were prepared as described in literature with slight modifications. As described in 
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Chapter 3, persulfide PhFSS- was generated in situ from the reaction of equal amount of base-

sensitive precursor FmSSPhF and DBU. All reactions were performed under an inert atmosphere. 

Synthesis of [Fe(salen)](NO). [Fe(salen)](NO) was prepared by a modification of the method 

of Earnshaw, King and Larkworthy.14  In the glovebox, 50 mg of [Fe(salen)] (0.15 mmol) and 

45.12 mg (0.15 mmol) of Ph3CSNO was mixed in 5 mL of MeOH, and the reaction was allowed 

to stir in dark for 1 day at room temperature. The solvent was removed under vacuum, and the 

residue was washed three times with Et2O to give a red solid (33mg, ~62% yield) as crude product. 

IR (KBr, cm-1 ): 1720 (νNO), was in agreement with that previously reported for [Fe(salen)](NO).  

Reaction of [Fe(salen)](NO) with persulfide. To a stirred solution of [Fe(salen)](NO) (10.4 

mg, 0.03 mmol) in 3 ml of DCM was added 10mg of FmSSPhF (0.03 mmol), followed by DBU (1 

mL of 0.03 M stock solution in DCM). The reaction was allowed to procced for 2h at room 

temperature, over which time the color of the reaction mixture was changed to reddish brown. The 

solvent was removed under vacuum. KBr IR and 1H NMR in CD2Cl2 was then collected as shown 

in Figure 4.1. 1H NMR indicated the formation of [Fe(salen)]2S. 

Control reaction of [Fe(salen)](NO) with thiol or thiolate.  To a stirred solution of 

[Fe(salen)](NO) (10.4 mg, 0.03 mmol) in 2.0 mL of DCM was added 1 mL stock solution of 

(NEt4)(SPhF) or HSPhF (0.03 M in DCM). The reaction was allowed to procced for 2h at room 

temperature. The solvent was removed under vacuum and a KBr IR was collected. IR spectra 

showed no change in the νNO region.  
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Figure 4.8 IR spectra (KBr pellet) of the 𝜐NO (cm-1) region for [Fe(Salen)](NO) with thiol or 

thiolate control reaction. 

Preparation of [Fe(SalenOMe)], [Fe(SalenOMe)]2O and [Fe(SalenOMe)]2S. [Fe(SalenOMe)], 

[Fe(SalenOMe)]2O and [Fe(SalenOMe)]2S were prepared similarly to the Salen-related species as 

described in the literature.  

[Fe(SalenOMe)]2O:  1H NMR (400 MHz, DCM-d2) δ 25.9 (4H), 20.8 (4H), 12.2 (2H), 9.5 (2H), 

4.3 (6H), 0.9 (2H) 

[Fe(SalenOMe)]2S:  1H NMR (400 MHz, DCM-d2) δ 32.4 (4H), 28.6 (4H), 14.5 (2H), 11.5 

(2H), 4.8 (6H), -1.9 (2H) 
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Figure 4.9 1H NMR (DCM-d2) spectrum of [Fe(SalenOMe)]2O and [Fe(SalenOMe)]2S 

Synthesis of [Fe(salenOMe)](NO). [Fe(salenOMe)](NO) was prepared in an analogous way as 

[Fe(salen)](NO).  In a MeOH solution of [Fe(salenOMe)] (50 mg, 0.13 mmol), 40 mg of Ph3CSNO 

(0.1 mmol) was added. After the reaction was stirred for 1 day under dark at room temperature, 

the solvent was evaporated, and the residue was washed three times with Et2O to afford a red solid 

(31mg, ~57% yield) as crude product. IR (KBr, cm-1 ): 1737 (νNO). 1H NMR of [Fe(salenOMe)](NO) 

is shown in Figure 4.4. 

Reaction of [Fe(salenOMe)](NO) with persulfide. To a stirred solution of [Fe(salenOMe)](NO) 

(12.4 mg, 0.03 mmol) in 3 ml of DCM was added 20 mg of FmSSPhF (0.06 mmol), followed by 

DBU (2 mL of 0.03 M stock solution in DCM). The reaction was allowed to procced for 2h at 

room temperature. The solvent was removed under vacuum. KBr IR and 1H NMR in CDCl2 was 
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then collected as shown in Figure 4.3 and Figure 4.4. 1H NMR indicated partial conversion to 

[Fe(salenOMe)]2S. 

Reaction of [Fe(salenOMe)2S with persulfide. To a DCM solution containing 23.9 mg of 

[Fe(salenOMe)2S (0.03M) was added 20 mg of FmSSPhF (0.06 mmol), followed by DBU (2 mL of 

0.03 M stock solution in DCM). The reaction was allowed to stir at room temperature for 1h, after 

which time all volatiles were removed by vacuum. The KBr IR spectra of the reaction mixture was 

shown in Figure 4.5. 

Reaction of (NEt4)[Fe(SPh)2(NO)2]with persulfide. To a 5 mL THF solution containing 13.9 

mg of (NEt4)[Fe(SPh)2(NO)2] (0.03M) was added 20 mg of FmSSPhF (0.06 mmol), followed by 

DBU (4 mL of 0.03 M stock solution in DCM). The reaction was allowed to process at room 

temperature for 1h. The solvent was removed under vacuum and a crude NMR without further 

purification was collected in CD3CN as shown in Figure 4.X. 

 

Figure 4.10 1H NMR (CD3CN) (Left) and UV-vis (Right) in THF of (NEt4)[Fe(SPh)2(NO)2] 

with persulfide reaction. 
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Reaction of (PPN)[FeCl3(NO)] with persulfide. To a 10 mL MeCN solution containing 43.18 

mg of (PPN)[FeCl3(NO)] (0.03M) was added 20 mg of FmSSPhF (0.06 mmol), followed by DBU 

(2 mL of 0.03 M stock solution in MeCN). The reaction was allowed to process at room 

temperature for 1h. The solvent was removed under vacuum and the UV-Vis spectrum was 

collected in MeCN as shown in Figure 4.X. 

 

Figure 4.11 UV-vis  in THF of (PPN)[FeCl3(NO)] with persulfide reaction. 

Reaction of [Fe2(NO)4(μ-I)2] with persulfide. To a 5 mL MeCN solution containing 14.6 mg 

of [Fe2(NO)4(μ-I)2] (0.03 mmol) was added 20 mg of FmSSPhF (0.06 mmol), followed by DBU 

(2 mL of 0.03 M stock solution in THF). The reaction was allowed to process at room temperature 

for overnight. The solvent was removed under vacuum and KBr IR was collected as shown in 

Figure 4.8. 

Reaction of (PPN)[FeI2(NO)2] with persulfide. To a 5 mL MeCN solution containing 27.2 

mg of (PPN)[FeI2(NO)2] (0.03 mmol) was added 10 mg of FmSSPhF (0.03 mmol), followed by 

DBU (1 mL of 0.03 M stock solution in THF). The reaction was allowed to process at room 
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temperature for overnight. The solvent was removed under vacuum and KBr IR was collected as 

shown in Figure 4.8.  

 

Figure 4.12 1H NMR (CD3CN) (Left) and UV-vis (Right) in THF of (PPN)[FeI2(NO)2] with 

persulfide reaction. 
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Chapte 5 Thiol-Dependent H2S Generation from 

[Fe−S] cluster nitrosylation 
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5.1 Abstract  

Iron–sulfur clusters (Fe–S) have been well established as a target for nitric oxide (NO) in 

biological systems. Complementary to protein-bound studies, synthetic models have provided a 

platform to study what iron nitrosylated products and byproducts are produced depending on a 

controlled reaction environment. We have previously shown a model [2Fe-2S] system that 

produced a dinitrosyl iron complex (DNIC) upon nitrosylation along with hydrogen sulfide (H2S), 

another important gasotransmitter, in the presence of thiol, and hypothesized a similar reactivity 

pattern with [4Fe-4S] clusters which have largely produced inconsistent reaction products across 

biological and synthetic systems. Roussin’s black anion (RBA), [Fe4(μ3-S)3(NO)7]−, is a previously 

established reaction product from synthetic [4Fe-4S] clusters with NO. Here, we present a new 

reactivity for the nitrosylation of a synthetic [4Fe-4S] cluster in the presence of thiol and thiolate. 

[Et4N]2[Fe4S4(SPh)4] (1) was nitrosylated in the presence of excess PhSH to generate H2S and an 

“RBA-like” intermediate that when further reacted with [NEt4][SPh] produced a 

{Fe(NO)2}9 DNIC, [Et4N][Fe(NO)2(SPh)2] (2). This “RBA-like” intermediate proved difficult to 

isolate but shares striking similarities to RBA in the presence of thiol based on IR υ(NO) stretching 

frequencies. Surprisingly, the same reaction products were produced when the reaction started with 

RBA and thiol. Similar to 1/NO, RBA in the presence of thiol and thiolate generates stoichiometric 

amounts of DNIC while releasing its bridging sulfides as H2S. These results suggest not only that 

RBA may not be the final product of [4Fe-4S] + NO but also that RBA has unprecedented 

reactivity with thiols and thiolates which may explain current challenges around identifying 

biological nitrosylated Fe–S clusters. This chapter presents collaborative work, with significant 
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contributions made by Kady Marisa Oakley, showcasing a shared effort in the research and 

findings documented herein. 
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5.2 Introduction 

Nitric oxide (NO), originally thought to simply be a toxic gas,1 has been actively investigated 

for its role in cellular signaling in the past several decades.2 Along with carbon monoxide (CO) 

and hydrogen sulfide (H2S), NO has been labeled as one of the three important gasotrasmitters in 

biological systems. Specifically, NO is known to be most active in the central nervous system, 

where it effects brain development, memory, and learning;3 in immune response, where it plays a 

part in the inflammatory response;4 and in the circulatory system, where it acts as a vasorelaxer 

and vasodilater to aid circulation.5 Currently known mechanisms of H2S production stem from 

both enzymatic and nonenzymatic pathways. At least three enzymes, cystathionine β-synthase 

(CBS), cystathione γ-lyase (CSE), and 3-mercaptopyruvate sulfurtransferase (MST), are involved 

in the biosynthesis of H2S from L-cysteine (CBS and CSE) or 3-mercaptopyruvate (MST).6 H2S 

can be stored as sulfane sulfur via oxidative post-translation modification of cysteines to form 

persulfies that can release H2S under reducing conditions.6,38 Interestingly, many of the biological 

functions performed by H2S overlap with the functions of NO.7 Due to this overlap, researchers 

have been looking for a point of crosstalk for the two for years.8,39  

Mechanisms for the NO-H2S crosstalk can be divided into two categories. One is the crosstalk 

through protein regulations as seen with the action of NO and H2S on the secondary messenger 

cGMP.9 In this case, NO facilitates the production of cGMP by activating soluble guanylyl cyclase. 

Once cGMP has been produced, H2S acts to delay cGMP’s degradation by inhibiting 

phosphodiesterase.10 The other type of crosstalk is a direct chemical interaction between H2S and 

NO and its metabolites. Research into the possibility of this type of crosstalk includes the reactivity 
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of H2S with NO,11,40 nitroprusside,12 S-nitrosothiols,13 and peroxynitrite.14,42 Our research group 

has focused on a different possible target for NO-H2S crosstalk: iron sulfur clusters. 

Iron sulfur ([Fe–S]) clusters are ubiquitous in biological systems. Common to the most 

ancient and modern forms of life, they carry out many functions required for survival: electron 

transport, substrate activation and catalysis, and cellular sensing and signaling.15 Among the 

functions of [Fe–S] clusters in biological systems, they have been found to be a major target for 

reactivity of nitric oxide to form various iron nitrosyl species (Chart 5.1). The conversion of [Fe–

S] cluster to iron-nitrosyls results in significant changes in protein function that can lead to NO-

derived physiological signal transduction16,43-47 or severe toxicity.17,48-51 To study the reactivity of 

[Fe–S] clusters with NO, researchers have broadly taken two different routes: protein bound 

clusters to study reactivity in their native environment, and synthetic model clusters to allow the 

chemical reactivity and mechanisms to be more easily studied. Synthetic models are rarely stable 

or soluble in biologically relevant aqueous or buffer systems and cannot emulate the structural 

constrains imposed by the large protein backbones. However, discrete synthetic models that are 

not being masked by the bulky protein residues and buffer molecules make it possible to study 

chemical reactivities intrinsic to the [Fe–S] cofactors. These model systems are especially valuable 

when the reactions involve small gaseous molecules such as O2, NO, H2S, etc. 

 

Chart 5.1 Most Common Forms of Iron Nitrosyls 

https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.1c01328#cht1
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In the past decade, our laboratory used this synthetic modeling approach to provide chemical 

insights into how cellular redox components such as [Fe–S] clusters, NO, O2, and H2S propagate 

their redox signals.18 One of the conceptual advances we made was the identification of new 

reaction conditions that lead to the formation of previously unrecognized products during the 

reaction of [Fe–S] clusters with NO.18,19,52 We found that the bridging sulfides from [2Fe-2S] 

clusters can be released as H2S upon nitrosylation if the environment can provide a formal 

equivalent of H• (e–/H+) from donors such as thiols or phenols.18,19 These results led us to 

hypothesize that [Fe–S] clusters can act as a point of direct crosstalk between NO and H2S. In this 

Forum article, we report our recent studies probing whether this reactivity can be expanded to 

other clusters including the cubane-type [4Fe-4S] cluster: the most common cluster form. 

5.3 Results and Discussion 

5.3.1 NO reactivity of [4Fe−4S] cluster in the precent of thiol 

The first question we sought to answer was whether or not adding an external thiol source to 

the reaction of [4Fe-4S] cluster with NO would change the reactivity pattern as was observed with 

[2Fe-2S] clusters.19 To make that determination, nitric oxide was added to a synthetic [4Fe-4S] 

cluster, [Et4N]2[Fe4S4(SPh)4] (1), in the presence and the absence of an external thiol, PhSH. Both 

a purified NO gas and a chemical NO donor, S-trityl thionitrite (Ph3CSNO),20 were utilized to 

examine the thiol effects. It is noted that NO(g) and Ph3CSNO resulted in no difference in the 

reactivity studies reported in this study. Exposure of excess (10 equiv) NO to an acetonitrile 

solution of 1 in the absence of PhSH yielded Roussin’s black anion (RBA) consistent with the 

previous report by the Lippard group (Scheme 5.1a).20 The crude product generated from the 

https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.1c01328#sch1
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reaction of 1 with NO in the presence of thiol (10 equiv) displayed a very similar IR spectrum to 

that of RBA with ν(NO) stretching frequencies of 1799, 1739, and 1708 cm–1 that are slightly 

shifted lower in energy from RBA (Figure 5.1A). However, this “RBA-like” product, labeled Int. 

A (Scheme 5.1b), appears to have drastically different stability from RBA as it constantly changes 

in morphology and color along with its IR spectrum every recrystallization attempt, hampering us 

from isolating a purified product. The X-band EPR spectrum of the crude product showed that the 

major reaction product was EPR silent (at 77 K or RT) while a dinitrosyl iron complex (DNIC), 

[Et4N][Fe(NO)2(SPh)2] (2), was formed as a minor product (∼31%); Scheme 5.1b. DNIC ν(NO) 

stretching frequencies of 1743 and 1681 cm–1 were also observed in the IR spectrum, with the 

former being encompassed in the broad feature at 1739 cm–1 (Figures 5.1A). Additionally, the 

fingerprint region of the DNIC thiolate ligands between 1573 and 1388 cm–1 is present. 

https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.1c01328#fig1
https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.1c01328#sch1
https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.1c01328#sch1
https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.1c01328#fig1
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Scheme 5.1 
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Figure 5.1 Reaction of (Et4N)2[Fe4S4(SPh)4] (1) with NO in the presence of thiol and/or thiolate. 

(A) IR spectrum (in KBr) of Int. A (red) resulting from 1/NO in the presence of HSPh and that 

of authentic RBA (back). (B) EPR spectra of 1 + 10 equiv PhSH + 10 equiv Ph3CSNO (red) 

followed by addition of 10 equiv PhS– (black) at 298 K. (C) Fluorescence spectra of a turn-on 

H2S sensor following incubation with the headspace gas of the 1/NO reaction in the absence 

(green) and presence (blue) of HSPh. Inset: Response of lead acetate paper detecting H2S 

from 1/NO in the absence (left) and presence (right) of HSPh. (D) IR spectrum (in KBr) of Int. 

A + 10 equiv PhS– to generate [Et4N][Fe(NO)2(SPh)2] (2) (red) and that of authentic 2 (black). 

We next investigated the fate of the bridging sulfides in 1 upon nitrosylation in the presence 

and absence of an external thiol. After the reactions were complete, insoluble material was 

separated by filtration and subsequently combined with triphenylphosphine, PPh3, to trap and 
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quantify elemental sulfur that might have been generated from the reaction. 31P NMR spectroscopy 

and GC-MS were used to determine the formation of triphenylphosphine sulfide, S=PPh3, an 

established reaction product of PPh3 with elemental sulfur.19,52  The 1/NO reaction in the absence 

of thiol was found to produce one equivalent of S=PPh3 as expected.20 The 1/NO reaction in the 

presence of thiol, however, was found to produce no S=PPh3, indicating no elemental sulfur was 

produced during the reaction. 

The negative Sx detection from 1/NO in the presence of thiol led us to examine H2S evolution 

from the thiol containing reaction. We first used lead acetate paper to qualitatively detect H2S since 

the interaction of lead acetate with H2S even in trace concentrations (as low as 5 ppm)21 can 

produce dark-brown lead sulfide (H2S + Pb(OAc)2 → PbS + 2 AcOH). The lead acetate paper strip 

was hung over the headspace of the reaction flask for the 1/NO reactions in the absence and 

presence of excess (10 equiv) PhSH. No color change on the lead acetate paper was observed 

from 1/NO in the absence of an external thiol source. However, there was a clear reaction with the 

lead acetate paper from the 1/NO reaction with thiol (Figure 5.1C), indicating that H2S was 

produced during the nitrosylation of 1 with PhSH present. Emboldened by this result, we next 

quantified the amount of H2S by employing a turn-on H2S fluorescence sensor, 7-azido-4-

methylcoumarin (C7Az).22 The conversion of the azido group of C7Az to an amino group by H2S 

has been reported to enhance a fluorescent emission signal at λ = 434 nm.22 The headspace gas of 

the 1/NO reaction in the presence and absence of thiol was transferred to an acetonitrile solution 

of C7Az whose fluorescence spectrum was then subsequently analyzed. The 1/NO reaction in the 

absence of thiol did not induce any fluorescence signal. However, the same reaction in the presence 

of thiol led to a significant fluorescence enhancement at 434 nm (Figure 5.1 C). The C7Az sensor 

https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.1c01328#fig1


 

 
127 

exhibited a linear response to increasing concentration of H2S from 0.2 mM to 1 mM in our 

experimental setup, which allowed us to quantify the amount of H2S produced during the course 

of a reaction using an independently prepared calibration curve using NaSH/HCl. Interestingly, 

the H2S quantification revealed that all four equivalents of bridging sulfides in 1 are released as 

H2S upon nitrosylation with thiol present, which indicates Int. A has no bridging sulfide in its 

structure. 

5.3.2 Role of thiolate in nitrosylation of [4Fe-4S] Cluster 

In spite of the intriguing reactivity of 1/NO with external thiol leading to H2S evolution, 

unidentified Int. A has been a considerable challenge for us to gain further insights. Therefore, we 

turned our attention to convert Int. A to another product that is more stable for isolation and 

characterization. We found that an addition of excess (10 equiv) thiolate, [Et4N][SPh], to Int. 

A resulted in the formation of a {Fe(NO)2}9 DNIC, [Et4N][Fe(NO)2(SPh)2] (2) (Figure 5.1D). 

After multiple recrystallizations from MeCN/Et2O, 2 was isolated (72% yield) as a dark red 

microcrystalline solid with known spectroscopic characteristics.23,53 Complex 2 is one of the most 

intensively studied DNICs in the literature,20,23,24 and we capitalized on its unique g = 2.03 EPR 

signal to quantify the formation of 2 in each step (Scheme 5.1b) by employing a calibration curve 

prepared from independently synthesized 2. Double integration of the g = 2.03 signal from the 

reaction mixture indicates that ∼31% of iron in [Et4N]2[Fe4S4(SPh)4] (1) is converted to 2 after 

nitrosylation in the presence of thiol. Upon subsequent treatment with thiolate, there was a 

significant increase in the g = 2.03 signal which corresponds to the formation of overall four 

equivalents of 2. The conversion of 1 to 2 can also be achieved in one step when 1 is exposed to 

NO in the presence of both thiol and thiolate. Likewise, the evolution of four equivalents of H2S 

https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.1c01328#fig1
https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.1c01328#sch1
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was observed from a single step reaction of 1 with NO in the presence of both thiol and thiolate. 

In order to produce the quantitative amounts of 2 and H2S from 1, iron must receive electrons from 

the environment, i.e., externally added thiol/thiolate, which led us to examine the formation of the 

byproduct, PhSSPh. The GC-MS quantification confirmed the quantitative amount (3 equiv) of 

disulfide was also produced.25  

5.3.3 Roussin’s Black Anion reactivity with thiol/thiolate 

Roussin’s black anion (RBA), [Fe4(μ3-S)3(NO)7]−, is one of the longest known iron nitrosyl 

compounds26 and it often appears as a thermodynamic product from NO reactivity with synthetic 

[Fe–S] clusters.20 Intrigued by the resemblance of the IR spectrum of RBA to that of Int. A (Figure 

5.1A), we decided to investigate the reactivity of RBA with thiol and thiolate to gain further 

insights into Int. A. RBA was prepared by following a literature procedure.20 To our surprise, 

when RBA was exposed to free PhSH (10 equiv), the evolution of H2S was first noticed by the 

color change of the lead acetate paper. The RBA/HSPh reaction also produces a metastable iron 

nitrosyl product whose IR spectrum is remarkably similar to that of Int. A from the reaction 

between [Et4N]2[Fe4S4(SPh)4] (1) and NO in the presence of thiol (Figure 5.2A). The observed 

similar stability and the IR features between the two reaction products made us suspect that both 

reactions might produce the same product. Therefore, we tested whether an addition of thiolate to 

the product from the reaction of RBA and PhSH would also produce a DNIC, 

[Et4N][Fe(NO)2(SPh)2] (2), as was observed with the reaction of 1/NO/thiol. Indeed, an addition 

of excess (20 equiv) [Et4N][SPh] to the reaction product of RBA and PhSH produced 2 without 

generating any other iron nitrosyl byproduct. 

https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.1c01328#fig1
https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.1c01328#fig1
https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.1c01328#fig2
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Figure 5.2 Reaction of RBA with thiol or thiolate. (A) IR spectra (KBr pellet) of the υNO (cm–1) 

region comparing RBA + 10 equiv PhSH (purple) to [Fe4S4(SPh)4]2– (1) + 10 equiv PhSH + 10 

equiv Ph3CSNO (red). (B) IR spectra comparing RBA + 10 equiv PhS– (blue) to authentic RBA 

(black). 

The formation of [Et4N][Fe(NO)2(SPh)2] (2) from RBA was not sensitive to the order in 

which thiol and thiolate were added. The successive addition of the reverse order, i.e., addition of 

[Et4N][SPh] followed by HSPh or the addition of a mixture of thiol and thiolate to RBA led to the 

same result: the formation of 2. When thiolate was added to RBA before thiol addition, however, 

a new reaction intermediate, Int. B, was observed by IR spectroscopy with lower ν(NO) stretching 

frequencies starting at 1743 cm–1 compared to those of RBA that begin at 1799 cm–1 (Figure 5.2B). 

Previous molecular modeling and semiempirical quantum chemical calculations suggest that a 

reaction of RBA with thiolate would form a pseudocubane complex, [Fe4(μ3-S)3(μ3-

SPh)(NO)7]2– (Chart 5.2), in which the NO ligands in the thiolate adduct are more negative than 

in the RBA cluster.27 Although we were not able to further characterize Int.B due to its limited 

stability, our observed ν(NO) stretching frequencies of Int.B suggest more reduced NO characters 

https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.1c01328#fig2
https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.1c01328#cht2


 

 
130 

compared to those in RBA. Accordingly, [Fe4(μ3-S)3(μ3-SPh)(NO)7]2– is considered as a possible 

structure for Int.B. The EPR quantification revealed that 3 equiv of iron embedded in RBA, 

[Fe4(μ3-S)3(NO)7]−, are eventually converted to [Et4N][Fe(NO)2(SPh)2] (2) by the addition of thiol 

and thiolate. One equivalent of NO is presumed to be released as NO(g), while the remaining one 

equiv of iron from RBA is released as [Fe(SPh)4]2–, the presence of which was shown in the 1H 

NMR spectrum of the crude product mixture. When extra NO is provided to the reaction of RBA 

with thiol and thiolate, all four equivalents of iron from RBA are converted to 2 as determined by 

EPR quantification (Scheme 5.2). 

 

Scheme 5.2 

https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.1c01328#sch2
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Chart 5.2 

The observed reactivity of RBA, [Fe4(μ3-S)3(NO)7]−, displays how nitrosylation can change 

the chemical properties of the bridging sulfides in [Fe–S] clusters. The [4Fe-4S] model cluster 

[Et4N]2[Fe4S4(SPh)4] (1) is very stable in the presence of large excess PhSH, and the bridging 

sulfides are not prone to substitution with PhSH. However, the bridging sulfides of RBA are easily 

released as H2S by PhSH at room temperature without need for any other reagent. We suspect that 

the bridging sulfides in RBA are more basic than those in 1 because they are coordinated to iron 

in a more reduced state (3x {Fe(NO)2}9 and {Fe(NO)}7 in RBA) than iron (2+/3+) of compound 1. 

This difference might initiate protonation of RBA by a weak acid PhSH (pKa ∼ 6.6) to form 

bridging hydrosulfide, [Fe4(μ3-SH)3(NO)7]2+, which could be subsequently replaced by thiolate to 

form [Fe4(μ3-SPh)3(NO)7]2+, the model we currently consider a possible structure for Int. 

A (Scheme 5.2 bottom). The previous study by Lippard established that RBA is the reaction 

product of 1/NO.20 Our study here suggests that RBA may not be the final product and it could be 

a reactive intermediate leading to other sulfur and iron-containing final products in a thiol rich 

environment. This unexpected chemical reactivity of RBA may explain the challenges the 

biochemical and biophysical communities face in identifying products generated from [4Fe-4S] 

proteins with NO (vide infra). 
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5.3.4 Roussin’s Red Salt reactivity with thiol/thiolate 

Besides RBA, Roussin’s Red Salt (RRS, Na2[Fe2S2(NO)4]) is another iron−sulfur−nitrosyl 

cluster anions.58 As described in Chapter 5.1, the ester form of RRS, Roussin’s Red Ester (RRE, 

[Fe2(SR)2(NO)4]), could be obtained from the reaction of NO with both nature [Fe-S] protein and 

synthetic [Fe-S] cluster.58 Inspired by RBA/thiol reactivity, the thiol reactivity of RRS was also 

examined (Figure 5.3). Mirroring RBA's behavior, the introduction of an excess (10 equiv.) of 

HSPh to RRS led to the evolution of H2S, as verified by lead acetate paper, and the generation of 

2 along with its dimeric variant, [Fe2(NO)4(𝜇-SPh)2] (RRE) (Figure 5.3A). When an additional 10 

equiv. of [Et4N][SPh] was introduced to the RRS and PhSH reaction mixture, there was a full 

conversion to compound 2, with no other iron nitrosyl byproducts detected (Figure 5.3D). 
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Figure 5.3 Reaction of RRS with thiol or thiolate. (A) IR spectra (KBr pellet) of the υNO (cm–1) 

region comparing RRS + 10 equiv PhSH (black) to authentic RRS (red). (B) IR spectra 

comparing RRS + 10 equiv PhSH (black) to authentic RRE (purple). (C) IR spectra comparing 

RRS + 10 equiv PhSH (black) to authentic 2 (green). (D) IR spectra comparing RRS + 10 equiv 

PhSH + 10 equiv [NEt4][SPh] (orange) to authentic 2 (green). 

The core structure of RRS, where two iron centers are bridged by sulfide ligands, mirrors that 

of the [2Fe-2S] cluster. However, a distinct difference arises in the coordination of the iron centers: 

in RRS, each iron atom is coordinated to two nitrosyl (NO) groups, whereas in the [2Fe-2S] cluster, 
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the iron often coordinated with thiolate ligands. Intriguingly, while the addition of HSPh to RRS 

results in the liberation of the bridging sulfide as H2S, a similar reaction of HSPh with the [2Fe-

2S] cluster leaves the bridging sulfide untouched. This suggests that NO coordination to the [Fe-

S] cluster alters the bridging Fe-S bond, rendering the bridging sulfide more susceptible to 

reactions. Supporting this observation, pervious study examining the electronic structure and 

geometry of RRS by DFT revealed that, based on their calculations, the bridging Fe-S bond in 

RRS is significantly longer compared to that in the [2Fe-2S] cluster (Figure 5.4). 59 

 

Figure 5.4 Geometry comparison of [2Fe-2S] cluster and RRS 

5.3.5 Biological Implications 

In spite of a considerable number of studies that report NO reactivity of various [Fe–S] 

proteins, little is known about the fate of the bridging sulfides after the reaction. Bridging sulfides 

in [Fe–S] clusters are generally acid-labile, and a strong acid can disrupt the cluster with a release 

of H2S. Our study shows that the H2S evolution from [Fe–S] clusters does not necessarily require 

a strong acid when [Fe–S] clusters are exposed to NO. Consistent with our previous studies with 
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[2Fe-2S] clusters, we observe that the presence of thiol alters the fate of the bridging sulfides of 

[4Fe-4S] clusters upon nitrosylation and leads to the H2S evolution. Given the high concentration 

of cellular thiols (1–10 mM),28 our study suggest that H2S must be a viable reaction product when 

[Fe–S] cofactors are exposed to NO. 

Our reactivity studies of RBA with thiol and/or thiolate originated from a motivation to 

understand the 1/NO reactivity with thiol present because RBA was the reaction product 

from 1/NO in the absence of thiol.20 The H2S evolution from RBA by PhSH came as a surprise. 

However, this unexpected H2S formation from RBA has its own intellectual merit considering that 

RBA has long been known for its antimicrobial activity.29 The observed H2S liberation from RBA 

by thiol suggests that the known antimicrobial effect of RBA might be directly linked to the H2S 

redox signaling.6,9,30,54  

The conversion of [Fe–S] clusters to iron-nitrosyl species by NO has drawn considerable 

attention for the past decade. As for the [2Fe-2S] clusters, there is a clear pattern in NO reactivity. 

The final nitrosylated products are either {Fe(NO)2}9  DNIC or its dimeric form, species known 

as Roussin’s red ester (RRE), Chart 5.1, in most cases16,31,55-57 with the exception of the [2Fe-2S] 

clusters in mitoNEET and miner2 that reversibly bind NO.32 Unlike [2Fe-2S] systems, however, 

nitrosylated products from [4Fe-4S] clusters show no consistency. Nuclear resonance vibrational 

(NRV) spectroscopic studies on [4Fe-4S]-ferredoxin report RBA as the main nitrosylated 

product.33 Another [4Fe-4S] protein, EndoIII, reports a 1:1 mixture of RRE and DNIC as the final 

nitrosylated products analyzed by HYSCORE pulse EPR spectroscopy and mass spectrometry.34 

As for WhiD and NsrR regulatory proteins, which are dedicated NO-sensors in microorganisms, 

Mössbauer, NRVS, and DFT, and 14NO/15NO and 32S/34S labeling studies rule out the formation 

https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.1c01328#cht1
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of RBA from these proteins.35 Instead, researchers report the nitrosylated products of WhiD and 

NsrR (both from S. coelicolor) as “species related to RBA and RRE”.35 Similarly, another 

ambiguous “RBA-like” description is given to the nitrosylated product from a [4Fe-4S] HiPIP 

protein with NO.36 We conjecture that the various types of unidentified nitrosylated products 

observed with [4Fe-4S] proteins might be due to the intrinsic instability of multinuclear [Fe–S] 

clusters with NO ligands. The current study shows that the bridging sulfides embedded in RBA 

are more reactive toward thiol compared to the bridging sulfides in [Fe–S] clusters without NO 

ligands. It also shows that the “RBA-like” intermediates can easily convert to another type of iron 

nitrosyl by thiolate. This structural vulnerability of iron nitrosyls resulting from [4Fe-4S]/NO 

against environmental factors (thiol, thiolate, etc.) might be a reason for the lack of a general 

product type. 

5.4 Experimental Section 

General Considerations. All synthesized products were assumed to be air- and moisture-

sensitive. They were manipulated under argon on a standard Schlenk line or in an atmosphere of 

purified nitrogen in an MBraun Labmaster SP glovebox (O2 < 1 ppm; H2O < 1 ppm). Solvents 

were purified by being passed through a series of two activated alumina columns (MBraun solvent 

purification system) under an Ar atmosphere and stored over 4 Å molecular sieves. Phenyl 

disulfide (PhSSPh), thiophenol (HSPh), triphenylphosphine (TPP), triphenylphosphine sulfide 

(TPPS), sodium hydrosulfide, Celite, 7-azido-4-methylcoumarin (C7Az), and lead acetate paper 

were purchased from Sigma and used as received. Tube sealant was purchased from Fisher and 

used as received. 
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Physical Measurements. Infrared spectra were recorded on a Bruker Tensor 27 FT-IR 

spectrometer. Fluorescence spectra were recorded on a Tecan Safire spectrometer. 1H NMR 

spectra were recorded at 400 MHz on a Bruker UltraShield spectrometer and residual solvent 

signals were used as an internal reference. EPR spectra of a liquid sample were recorded on a 

Bruker EMX plus EPR spectrometer at 298 K. The EPR samples were loaded into a 100 μL glass 

capillary that was inserted into a 4 mm o.d. quartz EPR tube. Spectra were recorded under the 

following conditions: microwave frequency, 9.871 GHz; microwave power, 2.0 mW; modulation 

amplitude and frequency, 1.000 G and 100 kHz. GC-MS data were recorded using a Hewlett-

Packard (Agilent) GCD 1800C GC-MS spectrometer. 

Synthesis. (Et4N)2[Fe4S4(SPh)4] (1),37 (Et4N)[Fe4S3(NO)7] (RBA),20 (Et4N)[Fe(NO)2(SPh)2] 

(2),23 Na2[Fe2S2(NO)4] (RRS)58 and trityl-S-nitrosothiol20 were prepared as described in the 

literature. 

Reaction of (Et4N)2[Fe4S4(SPh)4] (1) with Ph3CSNO (a) in the Absence of Thiol and Thiolate. 

This reaction has been previously reported by Lippard and co-workers.20 In the glovebox, a 

solution of 50 mg (0.045 mmol) of 1 in 5 mL of MeCN was mixed with 102.2 mg (0.243 mmol) 

of Ph3CSNO. The reaction was allowed to stir for 3 h at room temperature in dark. During this 

time, the formation of an insoluble solid (i.e., elemental sulfur) could be observed. This insoluble 

solid was separated by filtration. The filtrate was saved, and all volatiles were removed in vacuo. 

The resultant residue was washed with Et2O and redissolved in 1 mL of THF. Crystallization from 

THF/pentane gave (Et4N)[Fe4S3(NO)7] (RBA) as black crystals (24.4 mg, 81%); its UV–vis and 

IR spectroscopic features were in good agreement with those reported for RBA.20  
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Reaction of (Et4N)2[Fe4S4(SPh)4] (1) with Ph3CSNO (b) in the Presence of Thiol and Thiolate. 

Under a N2 atmosphere, 50 mg (0.045 mmol) of 1 was dissolved in 5 mL of MeCN, and the 

mixture was transferred to a 25 mL Schlenk flask to which was added 10 equiv of PhSH followed 

by addition of 10 equiv of Ph3CSNO and 10 equiv of [NEt4][SPh]. The reaction was stirred at 

room temperature in the dark for 3 h. During this time, the color of the reaction mixture turned 

from brown-red to dark red and the formation of H2S could be qualitatively observed by lead 

acetate paper (Figure 5.1A). After 3 h, all volatiles were removed in vacuo. The residue was 

washed with 10 mL of Et2O and the Et2O washing was later found to contain the PhSSPh. Analysis 

of the IR spectrum of the black oily residue indicated (Et4N)[Fe(NO)2(SPh)2] (2) to be the only 

NO-containing product. The oily residue was recrystallized in 5 mL of a 1:1 MeCN:Et2O solution 

in a −35 °C freezer overnight to afford 2 as dark red needles (61.2 mg, 72%) whose UV–vis, IR, 

and EPR spectra were in good agreement with those reported for 2.23  

General Method for Product Detection and Quantification for Reaction b. 

Under a N2 atmosphere, 0.2 mL of a 10 mM (Et4N)2[Fe4S4(SPh)4] (1) stock solution was 

mixed with 10 equiv (0.2 mL, 100 mM) of PhSH in a 10 mL Schlenk flask and sealed with a rubber 

septum, and 10 equiv (0.2 mL, 100 mM) of Ph3CSNO was injected into the flask. After 3 h of 

stirring, 1 mL of a [NEt4][SPh] stock solution (20 mM, 10 equiv) was injected into the reaction 

mixture. The resulting solution was allowed to further stir for 1 h at room temperature. The reaction 

products were identified by IR, GS-MS, and EPR spectroscopy. 

a. Hydrogen sulfide (H2S) detection.The formation of H2S during the reaction could be 

qualitatively analyzed using lead acetate paper. After the (Et4N)2[Fe2S2(SPh)4] (1) solution was 

https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.1c01328#fig1


 

 
139 

loaded into the Schlenk flask, a lead acetate paper strip was held in place by a rubber septum in 

the flask headspace. Addition of Ph3CSNO, PhSH, and [NEt4][SPh] were carefully carried out via 

syringe, while avoiding touching the detector with the reaction solution. The color change of the 

lead acetate paper was then observed (Figure 5.1A, inset). 

A turn-on fluorescence H2S sensor, 7-azido-4-methylcoumarin (C7Az),22 was used to 

quantify the amount of H2S produced. In the presence of H2S, the azide group of C7Az is reduced 

to an amine and generates 7-amino-4-methylcoumarin (C7Am) that emits at λem = 434 nm. After 

reaction completion, a 25 mL two-neck round-bottom flask containing 1 mL of 10 mM C7Az 

solution in MeCN was connected to the side arm of the reaction flask (Figure 5.5). The C7Az 

containing round-bottom flask was placed in liquid nitrogen to generate negative pressure, after 

which the side arm of the reaction Schlenk flask was opened to allow gas transfer for 2 min. The 

connection between the C7Az containing round-bottom flask and the reaction Schlenk flask was 

cut off after gas transfer. The C7Az containing round-bottom flask was removed from liquid 

nitrogen, and the C7Az solution was allowed to stir for an additional hour at room temperature. 

The 30-fold diluted C7Az solution in MeCN was used for fluorescence analysis (Figure 5.1A). 

https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.1c01328#fig1
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01328/suppl_file/ic1c01328_si_001.pdf
https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.1c01328#fig1
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Figure 5.5 Set up for hydrogen sulfide detection using turn-on fluorescence sensor C7Az. 

The calibration curve for H2S detection was made through the same procedure using NaSH 

and HCl in the reaction flask to produce H2S for analysis. By varying the amount of NaSH and 

HCl, H2S between 0.2 and 1 mM was generated and used for the calibration curve (Figure 5.6). 

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01328/suppl_file/ic1c01328_si_001.pdf
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Figure 5.6 Calibration curve for hydrogen sulfide (H2S) concentration-dependent fluorescence 

intensity of turn-on fluorescence H2S sensor C7Az. 

The percent yield of H2S generated during the reaction of [4Fe-4S] cluster with Ph3CSNO in 

the presence of thiol and thiolate is approximately 100% based on fluorescence intensity, 

signifying all 4 bridging-sulfide were released as H2S. Additionally, we found that all H2S release 

was during the first step of the reaction, as in the reaction of [4Fe-4S] cluster with Ph3CSNO and 

thiol, while the following addition of [NEt4][SPh] did not result in any additional H2S formation. 

b. Iron-containing species detection. IR spectrum of the reaction mixture of 

(Et4N)2[Fe4S4(SPh)4] (1) reacted with Ph3CSNO in the presence of thiol showed the generation of 

a new type of iron-nitrosyl species, Int. A (Figure 5.1C). The addition of [NEt4][SPh] produced 

changes in the IR spectrum that suggest DNIC to be the only iron-containing species after the 

addition of [NEt4][SPh] (Figure 5.1D). 
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EPR spectroscopy was used to quantify the amount of DNIC, (Et4N)[Fe(NO)2(SPh)2] (2), 

generation (Figure 5.1B). The calibration curve for 2 (Figure 5.7) was prepared using 

independently synthesized 2 dissolved in MeCN in the concentration range of 1–6 mM. In the 

glovebox, 0.2 mL of 10 mM (Et4N)2[Fe4S4(SPh)4] (1) stock solution was mixed with 10 equiv (0.2 

mL, 100 mM) of PhSH and 10 equiv (0.2 mL, 100 mM) of Ph3CSNO in a 10 mL Schlenk flask. 

After stirring in the dark for 3 h, the EPR trace showed a weak EPR signal at g = 2.029 

corresponding to ∼31% DNIC production where the formation of 4 equiv of 2 per 1 was 

considered as 100%. After the first reaction step of [4Fe-4S] with Ph3CSNO and thiol, 1 mL of 

[NEt4][SPh] stock solution (20 mM, 10 equiv) was added into the reaction mixture and allowed to 

stir for an additional hour. The EPR trace after the addition of [NEt4][SPh] displayed the same 

signal at g = 2.029 with stronger intensity, corresponding to 93% DNIC generation for the whole 

reaction of [4Fe-4S] with Ph3CSNO in the presence of thiol and thiolate. 

https://pubs.acs.org/doi/full/10.1021/acs.inorgchem.1c01328#fig1
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.1c01328/suppl_file/ic1c01328_si_001.pdf
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Figure 5.7 Concentration-dependent EPR calibration curve for DNIC at 298 K in MeCN. 

Spectra were recorded under the following conditions: microwave frequency: 9.871 GHz, 

microwave power: 2.0 mW, modulation amplitude and frequency: 1.000 G and 100 kHz. 

c. Phenyldisulfide (PhSSPh) detection. PhSSPh quantification was carried out using GC-MS 

where the calibration curve for PhSSPh (Figure 5.8) was made in the concentration range of 50 to 

500 μM, while 50 μM of S=PPh3 was used as an internal standard to provide reproducible data 

from day-to-day measurements. The calibration curve was based on the normalized peak area of 

PhSSPh. 
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Figure 5.8 GC-MS calibration curve for phenyldisulfide (PhSSPh) 

After reaction b was finished, a 150 μL aliquot of the reaction solution was mixed with 20 μL 

of a solution of S=PPh3 (3.75 mM) in MeCN. The final volume of the mixture was adjusted to 1.5 

mL with MeCN to make a GC sample. A control reaction without (Et4N)2[Fe4S4(SPh)4] (1) was 

also tested and served as a baseline to detect any PhSSPh formation that resulted from excess HSPh 

oxidizing under the GC conditions. The amount of PhSSPh generated from the [4Fe-4S] cluster 

that reacted with Ph3CSNO in the presence of thiol and thiolate was determined as 91 ± 3%, where 

3 equiv of PhSSPh formation per [4Fe-4S] cluster was considered as 100%. 

Reaction of (Et4N)[Fe4S3(NO)7] (RBA) with thiol and thiolate (c) in the presence of Ph3CSNO. 

In the glovebox, 0.2 mL of 10 mM RBA stock solution was mixed with 10 equiv (1 mL, 20 mM) 

of Ph3CSNO and 20 equiv of [NEt4][SPh] stock solution (1 mL, 40 mM) in a 10 mL Schlenk flask 

and sealed with a rubber septum. Ten equiv (0.2 mL, 100 mM) of PhSH was then injected into the 
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flask. The reaction solution was allowed to stir in the dark for 3 h, during which the color of the 

reaction mixture changed from brown to dark red and the formation of H2S could be observed by 

lead acetate paper. NMR, IR, and EPR spectra of the reaction mixture confirmed 2 to be the only 

iron-containing product. EPR quantification suggests a 91 ± 2% of DNIC, (Et4N)[Fe(NO)2(SPh)2] 

(2), formation where 4 equiv of DNIC generation per RBA molecule was considered as 100%. 

Reaction of (Et4N)[Fe4S3(NO)7] (RBA) with thiol and thiolate (d) in the absence of Ph3CSNO. 

In the glovebox, 0.2 mL of 10 mM RBA stock solution was mixed with 10 equiv of [NEt4][SPh] 

stock solution and 10 equiv (0.2 mL, 100 mM) of PhSH solution. The reaction solution was further 

diluted with 1 mL of MeCN and stirred in the dark for 3 h. The formation of H2S could be observed 

by lead acetate paper during the reaction. NMR spectrum of the reaction showed the formation of 

(NEt4)2[Fe(SPh)4], and the iron-nitrosyl product DNIC was confirmed by IR and EPR 

spectroscopy. EPR quantification suggests 69 ± 2% of DNIC formation where 4 equiv of DNIC 

generation per RBA molecule was considered as 100%. 
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Chapte 6 Conversion of [4Fe-4S] to [2Fe-2S] by O2 
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6.1 Abstract 

Fumarate and nitrate reductase (FNR) is a gene regulatory protein that controls anaerobic to 

aerobic respiration in Escherichia coli, for which O2 serves as a control switch to induce a protein 

structural change by converting [4Fe-4S] cofactors to [2Fe-2S] clusters. Although biomimetic 

models can aid in understanding the complex functions of their protein counterparts, the inherent 

sensitivity of discrete [Fe-S] molecules to aerobic conditions poses a unique challenge to mimic 

the O2-sensing capability of FNR. Herein, we report unprecedented biomimetic O2 reactivity of a 

discrete [4Fe-4S] complex, [Fe4S4(SPhF)4]2− (1) where SPhF is 4-fluorothiophenolate, in which the 

reaction of 1 with O2(g) in the presence of thiolate produces its [2Fe-2S] analogue, 

[Fe2S2(SPhF)4]2− (2), at room temperature. The cluster conversion of 1 to 2 can also be achieved 

by employing H2O2 as an oxidant under the same reaction conditions. This chapter presents 

collaborative work, with significant contributions made by Kady Marisa Oakley, showcasing a 

shared effort in the research and findings documented herein. 
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6.2 Introduction  

Iron‑sulfur ([Fe-S]) cofactors are ubiquitous in biology and are known for several functions, 

one of which is the ability to change its nuclearity in response to the environment.1,2 In Escherichia 

coli, conversion of [4Fe-4S] to [2Fe-2S] is utilized for gene regulation by fumarate and nitrate 

reductase (FNR). FNR is an O2 sensor and a transcriptional regulator acting as the control switch 

from anaerobic to aerobic metabolism. As described in Chapter 1, conversion of the [4Fe-4S] into 

a [2Fe-2S] cluster by O2 induces a protein conformational change from a DNA-binding dimer into 

two non-DNA binding monomers.1-4 After FNR is released from DNA, >300 genes encoding for 

aerobic metabolism are able to be expressed.5,6 Upon further O2 exposure, [2Fe-2S] has been 

shown to decompose leaving apoFNR which can import a newly biosynthesized [4Fe-4S] 

cluster.7,8 However, it has been recognized that a direct repair from [2Fe-2S]-FNR to [4Fe-4S]-

FNR is also possible. While the exact nature of the [2Fe-2S]-FNR remains unknown, biochemical 

and spectroscopic studies suggest that all four, or three, of the original bridging sulfides from [4Fe-

4S] retain in the form of [2Fe-2S]-bound cysteine persulfides, and the [4Fe-4S] cluster can be 

repaired from [2Fe-2S] cluster in the presence of Fe2+ and dithiothreitol (DTT) as a reductant, 

without adding additional sulfide (Scheme 6.1).9-11 

 

Scheme 6.1  [4Fe-4S] to [2Fe-2S] cluster transformation by O2 in FNR.12 
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Synthetic modeling of FNR's cluster conversion by O2 is a difficult task because most [Fe-S] 

clusters decompose in aerobic conditions.13 Outside of a protein environment, [4Fe-4S] to [2Fe-

2S] cluster conversion has been shown only twice. The first example came from Holm and 

coworkers using an outer sphere oxidant, ferricenium, to convert model cluster [Fe4S4Cl4]2− to 

[Fe2S2Cl2]2− (Scheme 6.2A).14 More recently, Tatsumi and coworkers converted the highly 

oxidized all ferric [4Fe-4S] amide bound cluster to [2Fe-2S] in the presence of pyridine as a ligand 

source (Scheme 9.2B).15 While both models achieved cluster conversion, they lack biologically 

relevant oxidants and cluster ligands. Herein, we report [4Fe-4S] to [2Fe-2S] cluster conversion 

with a thiolate ligated [4Fe-4S] model complex using model complex using O2 or disulfide as 

oxidants. 

6.3 Results and Discussion 

6.3.1 Cluster Conversion by O2 

One of the differences between [Fe-S] containing proteins and small molecule [Fe-S] clusters 

is the presence and absence of the protected coordination environment for the [Fe-S] core. In FNR, 

the same cysteine residues harboring a [4Fe-4S] cluster are re-used to hold [2Fe-2S] cluster after 

the O2 reaction (Scheme 6.1), which is difficult to imitate with simple model complexes. We 

thought providing extra thiolate ligands available for [2Fe-2S], a presumed product from [4Fe-

4S]/O2, may help overcome this challenge. Accordingly, we investigated on the effect of external 

thiolate in O2 reactivity of [4Fe-4S] with a known16 model cluster, [Et4N]2[Fe4S4(SPhF)4] 

([Et4N]2•1) by UV–Vis spectroscopy. In the absence of thiolate, the 1/O2 reaction resulted in 

decrease of the characteristic absorption band of 1 at 450 nm followed by the production of an 
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insoluble black precipitate, FeS, suggesting complete decomposition of 1 (Figure 6.1A). However, 

when 1 was reacted with O2 in the presence of excess (~50 equivalents) thiol and base, 4-

fluorothiophenol and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), the solution noticeably turned 

from brown to purple indicating [2Fe-2S] cluster formation. Within 10 min of O2 exposure, the 

charge transfer band at ~450 nm from 1 shifted to ~480 nm characteristic of [Fe2S2(SPhF)4]2− (2) 

(Figure 6.1B).17 

 

Figure 6.1 UV–Vis spectra of [Fe4S4(SPhF)4]2− (1) upon exposure to O2 in absence (A) and 

presence (B) of excess (50 equiv) of thiol and base at room temperature in MeCN over 10 min. 

To further characterize the products obtained from 1/O2 in the presence of thiolate, 1H NMR 

spectroscopy was employed following a reaction in a synthetic scale. After combining 

[Et4N]2•1 (0.013 mmol, 1 equiv) with HSPhF (10 equiv) and DBU (10 equiv) in MeCN, excess 

O2(g) was bubbled through the reaction mixture and allowed to react for 30 s at room temperature 
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before removing all volatiles. Consistent with UV–Vis monitoring, the NMR spectrum of the crude 

product showed [Fe2S2(SPhF)4]2− (2) as the major product displaying well-resolved m-H and o-H 

resonances of the -SPhF ligand (Figure 6.2). The peak integration of the m-H resonance at 8.9 ppm 

relative to the tetraethylammonium counter cation indicates that 1 was converted to 2 in ~124% 

yield (0.016 mmol, 1.2 equiv), indicating the protonated DBU must serve as an additional counter 

cation in solution. The NMR spectrum also shows minor paramagnetic Fe-containing side products 

with signals at 36.3 ppm and 22.7 ppm which correspond to the m-H signals of a linear [3Fe-4S] 

cluster, [Fe3S4(SPhF)4]3−, and a mononuclear Fe compound, [Fe(SPhF)4]2− (3), respectively. 

Recrystallization of the crude products from acetonitrile and diethyl ether led to the isolation of 

[Et4N]2•2 as a dark purplish black powder in 94% yield (0.013 mmol, 0.9 equiv).18 In biological 

studies with FNR, ~60% conversion of [4Fe-4S] to [2Fe-2S] was reported upon O2 exposure.3 Our 

results show that the biomimetic cluster conversion by O2 is possible with a small synthetic model. 

However, the synthetic system requires extra thiolate to stabilize the resulting [2Fe-2S] cluster, 

different from the protein where the cysteine residues are pre-positioned to harbor a [2Fe-2S] 

cluster after the O2 reaction. 
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Figure 6.2 1H NMR (CD3CN, rt., 400 MHz) of [Fe4S4(SPhF)4]2− (1) (purple, top); the in situ 

reaction product from 1/O2/thiol/base (green, upper middle), where peaks with * are from 

external thiolate; the purified reaction product from 1/O2/thiol/base (red, lower middle); 

authentic [Fe2S2(SPhF)4]2− (2) (blue, bottom). 

6.3.2 Cluster Conversion by H2O2 

The reaction between [Fe4S4(SPhF)4]2− (1) and O2 is expected to produce reduced oxygen 

species such as superoxide (O2−), H2O2, or water. Although we were not able to detect such species 

from our reactions, we examined the reactivity of 1 with H2O2 to gain further chemical insights. 

We found that the overall reactivity of 1 with H2O2 was analogous to what was observed with 1/O2. 

In the absence of thiolate, H2O2 gradually decomposed 1 to an insoluble black precipitate. 

However, in the presence of HSPhF (10 equiv) and DBU (10 equiv), the reaction between 1 and 

H2O2 (1 equiv) produced the same reaction products as those from 1/O2, in which 
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[Fe4S4(SPhF)4]2− (2) was observed as the main product along with [Fe(SPhF)4]2− (3) and 

[Fe3S4(SPhF)4]3− as side products. 

6.3.3 Cluster Conversion by Disulfide 

Given the cluster conversion seen with O2 only when extra thiol and base are present, we next 

examined whether the cluster conversion was the result from direct reaction between 1 and O2 or 

from the reaction between 1 and a secondary oxidation product such as disulfide derived from 

thiol/O2. Disulfide is a biologically prevalent oxidant whose concentration depends on the cellular 

compartments and oxidative conditions.17 Since the breakdown of a [4Fe-4S] cluster into [2Fe-2S] 

clusters requires a net two-electron oxidation ([Fe4S4]2+ → 2 [Fe2S2]2+ + 2 e−), we first examined 

the reaction between 1 and 1–50 equiv. of (SPhF)2 over several days. The results showed that 

disulfide alone was unreactive towards 1. However, similar to 1/O2 reactivity, the presence of 

thiolate changes the reactivity pattern and enables disulfide to become a sufficient oxidant to 

induce a cluster conversion. After combining 1 (0.024 mmol, 1 equiv) with disulfide (1 equiv), 

thiol (2 equiv), and DBU (4 equiv) for 48 h in MeCN at room temperature, we observed all 

of 1 was consumed with a concomitant formation of the corresponding [2Fe-2S] cluster, 

[Fe2S2(SPhF)4]2− (2) in 40% yield (0.019 mmol, 0.8 equiv) by 1H NMR, where the yield was 

calculated based on a hypothetical stoichiometric reaction following Eq.(1). Upon recrystallization 

of the product mixture from acetonitrile and diethyl ether at −35 °C, [Et4N]2•2 was isolated in 35% 

yield (0.017 mol, 0.7 equiv). 

[Fe4S4(SPhF)4]2- (1) + 2 PhFS- + (SPhF)2 → 2 [Fe2S2(SPhF)4]2- (2).                                         (1) 
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In attempts to improve the overall [2Fe-2S] cluster yield, we increased the equivalents of thiol 

and disulfide to four and two respectively, which roughly doubled the amount of 

compound 2 produced (~75%) (Table 6.1, entry 2). Interestingly, a noticeable amount (0.8 equiv) 

of an unexpected FeII-containing byproduct, [Fe(SPhF)4]2− (3), was observed upon increasing the 

amounts of thiolate and disulfide. The formation of 3 suggests that the conversion of 1 into 2 by 

disulfide cannot be accomplished by a single step as is written in Eq. (1) because FeII cannot be 

generated if direct oxidation of 1 by disulfide took place. Since the bridging sulfide (S2−) was the 

only other remaining redox-accessible entity in the reaction mixture, we next investigated on the 

fate of the bridging sulfide by carrying out the reaction of 1 (0.012 mmol, 1 equiv) with HSPhF (4 

equiv), DBU (5 equiv), and (SPhF)2 (2 equiv) in the presence of 4 equiv. of sulfur atom acceptor, 

PPh3, to sequester and quantify the amount of elemental sulfur (Sx) produced. 31P NMR analysis 

showed that the reaction generated 1.5 equiv. (0.018 mmol) of Sx which was trapped as 

triphenylphosphinesulfide, S=PPh3. Additionally, we were able to observe significant amounts 

of 3 (0.02 mmol, 1.8 equiv) and reduced amounts of 2 (0.004 mmol, 0.3 equiv) by 1H NMR 

spectroscopy. Based on these data we propose that the conversion of [4Fe-4S] to [2Fe-2S] by 

disulfide first proceed following Eq. (2)  in which the redox reaction takes place with the bridging 

sulfide to yield the first equivalent of 2, along with elemental sulfur (Sx) and 3. In the absence of 

PPh3, the latter two products, 3 and Sx, can further react to produce the second equivalent 

of 2 following Eq. (3).18-20 Combining these two steps, Eqs. (2), (3), would result in a net [4Fe-4S] 

to [2Fe-2S] cluster conversion as we initially hypothesized in Eq. (1). 

[Fe4S4(SPhF)4]2- (1) + 2 (SPhF)2 + 4 PhFS- → 2 [Fe2S2(SPhF)4]2- (2) + 2[Fe(SPhF)4]2- (3)+ 2 Sx  (2)  
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2 [Fe(SPhF)4]2- (3)+ 2 Sx  → 2 [Fe2S2(SPhF)4]2- (2) + (SPhF)2 + 2 PhFS-                                       (3) 

 

Table 6.1 Conversion of [Fe4S4(SPhF)4]2− (1) to [Fe2S2(SPhF)4]2− (2) in the presence of disulfide, 

thiol, and base. a Based on 1H NMR spectroscopy. Generation of 2 equiv. of 2 is considered 

100% following Eq. (1). 

6.4 Conclusion 

The current studies show that both O2 and disulfide are potent oxidants to induce a biomimetic 

[4Fe-4S] to [2Fe-2S] conversion for which the presence of extra thiolate plays an important role. 

However, drastically different reaction kinetics (30 s vs 48 h) suggest that the cluster conversion 

by O2 and disulfide must operate by a different mechanism. O2 can directly react with a [4Fe-4S] 

cluster with or without thiolate but the external thiolate can aid the formation of [2Fe-2S] cluster 

for a synthetic compound. In contrast, the lack of reactivity of the [4Fe-4S] cluster with thiolate or 

disulfide alone (Table 6.1, entries 3&4) indicates cluster conversion can only be achieved in 

combination of thiolate and disulfide. We conjecture that a transient binding of thiolate to 1, 

although unfavorable, may be needed to shift the redox potential of 1 to initiate the oxidative 

cluster conversion by disulfide. Although the [4Fe-4S] to [2Fe-2S] cluster conversion by disulfide 

is slow, this reaction may imply how solvent exposed [4Fe-4S] clusters can be disrupted by the 
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cellular thiol homeostasis (e.g., the ratio between reduced and oxidized glutathione, GSH: GSSG) 

resulted from the oxidative environment.21,22 To the best of our knowledge, this work is the first 

example of synthetic [4Fe-4S] cluster conversion to [2Fe-2S] using O2. This study also shows how 

a mild oxidant, such as disulfide, can induce cluster conversion in the presence of thiolate. 

6.5 Experimental Section 

General Considerations. All synthesized products were assumed to be air- and moisture-

sensitive. They were manipulated under argon on a standard Schlenk line or in an atmosphere of 

purified nitrogen in an MBraun Labmaster SP glovebox (O2 < 1 ppm; H2O < 1 ppm). Solvents 

were purified by passing through a series of two activated alumina columns (MBraun solvent 

purification system) under an Ar atmosphere and stored over 4 Å molecular sieves. Reagents 4-

fluorothiophenol, bis-4- fluorodisulfide, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) were 

purchased from Sigma at the highest available purity and used as received. O2(g) (100%) was 

purchased from Airgas, Inc. and used as received. UV-Vis spectra were recorded on a Varian Cary 

50 Bio spectrometer. NMR spectra were recorded at 400 MHz on a Bruker UltraShield 

spectrometer and residual solvent signals were used as an internal reference. Synthesis of authentic 

(Et4N)2[Fe4S4(SPhF)4] (1) and (Et4N)2[Fe2S2(SPhF)4] (2) were prepared as described in literature.1 

UV-vis monitoring of (Et4N)2[Fe4S4(SPhF)4] + O2(g) in the presence and absence of 

thiol/base. (Et4N)2[Fe4S4(SPhF)4] (2 mM) in MeCN was placed in a 1 cm Schlenk cuvette. 4- 

fluorothiophenol (10 µL, 0.09 mmol, ~50 equiv) and DBU (14 µL, 0.09 mmol, ~50 equiv) were 

injected into the reaction mixture before injecting 1 mL of O2(g) via syringe and quickly shaking 

to then take UV-vis spectra every minute for 20 minutes. The experimented was repeated under 
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the same conditions but without adding thiol/base, immediately producing insoluble black solid 

upon O2 addition. 

Reaction of (Et4N)2[Fe4S4(SPhF)4] + O2(g) in presence of thiol and base. 

(Et4N)2[Fe4S4(SPhF)4] (15 mg, 0.013 mmol, 1 equiv) was dissolved in 4 mL MeCN and combined 

with 4-fluorothiophenol (14 µL, 0.13 mmol, 10 equiv) and DBU (17 µL, 0.11 mmol, ~10 equiv) 

in a 10 mL Schlenk flask sealed under nitrogen. Excess O2(g) (1 mL) was bubbled through the 

reaction mixture and allowed to react for 30 seconds, noticeably turning the solution from brown 

to purple, before placing under vacuum to remove O2 and all volatiles. 1 H NMR (CD3CN, rt, 400 

MHz) spectroscopy of crude reaction mixture identified all the starting [4Fe-4S] was consumed 

producing [2Fe-2S] as the main product and FeII-tetrathiolate and linear [3Fe-4S] as minor 

products. The reaction mixture was redissolved in 4 mL MeCN, filtered, and brought up in 10 mL 

ether in the -35ºC freezer overnight to produce a dark purplish black powder that was collected by 

frit and identified as (Et4N)2[Fe2S2(SPhF)4] (2) by 1H NMR (CD3CN, rt, 400 MHz) (12 mg, 0.013 

mmol, 47%). 

Reaction of [4Fe-4S] with 2 equiv thiol and 1 equiv disulfide. (Et4N)2[Fe4S4(SPhF)4] (27 mg, 

0.024 mmol, 1 equiv) was dissolved in 6 mL MeCN and combined with a 2 mL MeCN solution 

containing DBU (15 µL, 0.10 mmol, ~ 4equiv), 4-fluorothiophenol (5 µL, 0.047 mmol, 2 equiv), 

and bis(4-fluorophenyl)disulfide (6 µL, 0.024 mmol, 1 equiv) in a Schlenk flask. The reaction was 

allowed to stir for 48 hours at room temperature under Ar(g). The solution was dried in vacuo and 

redissolved in 4 mL MeCN and layered with 10 mL ether in the -35 ºC freezer overnight to produce 

a dark purplish black solid identified as (Et4N)2[Fe2S2(SPhF)4] by 1H NMR (CD3CN, rt, 400 MHz) 

(16 mg, 0.017 mmol, 35%). 



 

 
168 

Reaction of [4Fe-4S] with 4 equiv thiol and 2 equiv disulfide. (Et4N)2[Fe4S4(SPhF)4] (27 mg, 

0.024 mmol, 1 equiv) was dissolved in 6 mL MeCN and combined with a 2 mL MeCN solution 

containing DBU (20 µL, 0.13 mmol, ~6 equiv), 4-fluorothiophenol (10 µL, 0.094 mmol, 4 equiv), 

and bis(4-fluorophenyl)disulfide (12 µL, 0.047 mmol, 2 equiv) in a Schlenk flask. The reaction 

was allowed to stir for 48 hours at room temperature under Ar(g). The 1 H NMR integration of the 

m-H resonance of [Fe4S4(SPhF)4]2– relative to tetraethylammonium counter cation indicates that 1 

generated about ~0.036 mmol (1.75 equiv) of [Fe4S4(SPhF)4]2– (2), indicating 2 must be 

counterbalance by [Et4N]+ and [HDBU]+ in solution. However, we were not able to isolate the 

presumed [HDBU]2•2. The only isolable product after recrystallization was quantitative amount 

of [Et4N]2•2.  

Control reactions of [4Fe-4S] with thiol and disulfide. (Et4N)2[Fe4S4(SPhF)4] (27 mg, 0.024 

mmol, 1 equiv) was combined with either 4-fluorothiophenol (10 µL, 0.094 mmol, 4 equiv), or 

bis(4-fluorophenyl)disulfide (12 µL, 0.047 mmol, 2 equiv) in 4 mL MeCN in a Schlenk flask and 

allowed to stir for 48 hours at room temperature under Ar(g). The solution was dried in vacuo and 

crude 1H NMR (CD3CN, rt, 400 MHz) spectra were taken showing no reaction occurred. 

Reaction of (Et4N)2[Fe4S4(SPhF)4] + H2O2 in presence of thiol and base: 

(Et4N)2[Fe4S4(SPhF)4] (15 mg, 0.013 mmol, 1 equiv) was dissolved in 4 mL MeCN and combined 

with 4-fluorothiophenol (14 μL, 0.13 mmol, 10 equiv) and DBU (17 μL, 0.11 mmol, ~10 equiv) 

in a 10 mL Schlenk flask sealed under nitrogen. H2O2 (30 % (w/w) in H2O, 0.013 mmol, 1 equiv) 

was then added into the reaction mixture and allowed to react at room temperature for 30 min 

under Ar(g), during which the solution turning from brown to purple. All volatiles were removed 

under vacuum for further characterization. 1H NMR (CD3CN, rt, 400 MHz) spectroscopy of crude 
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reaction mixture identified all the starting [4Fe-4S] was consumed producing [2Fe-2S] as the main 

product and FeII-tetrathiolate and linear [3Fe-4S] as minor products (Figure S4). The peak 

integration of the [2Fe-2S] m-H resonance at 8.9 ppm relative to the tetraethylammonium counter 

cation indicates that 1 was converted to 2 in ~132% yield (0.017 mmol, 1.3 equiv), indicating the 

protonated DBU must serve as an additional counter cation in solution. 

Reaction of (Et4N)2[Fe4S4(SPhF)4] + H2O2 in the absance of thiol and base: 

(Et4N)2[Fe4S4(SPhF)4] (15 mg, 0.013 mmol, 1 equiv) was dissolved in 4 mL MeCN and combined 

with H2O2 (30 % (w/w) in H2O, 0.013 mmol, 1 equiv). The reaction mixture was allowed to stir 

for 30 min at room temperature under Ar(g), during which the production of an insoluble black 

precipitate was observed, suggesting complete decomposition of 1. The solution was dried in 

vacuo and crude 1H NMR (CD3CN, rt, 400 MHz) spectra were taken showing 18% cluster 

decomposition and no [2Fe-2S] formed (Figure S5). Further addition of excess H2O2 (~10 equiv) 

will lead to completely decomposition of 1. 

Control reactions of H2O2 react thiol and base: 4-fluorothiophenol (14 μL, 0.13 mmol, 10 

equiv) was combined with DBU (17 μL, 0.11 mmol, ~10 equiv) in 4 mL MeCN in a Schlenk flask, 

and H2O2 (30 % (w/w) in H2O, 0.013 mmol, 1 equiv) was added into the reaction mixture. The 

reaction was allowed to stir for 30 min at room temperature under Ar(g). The solution was dried 

in vacuo and crude 1H NMR (CD3CN, rt, 400 MHz) spectra were taken showing 3% of 4-

fluorothiophenol was converted to corresponding disulfide. 
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Chapte 7 Binuclear μ-oxo Mo(V) catalyzed sulfur 

atom transfer reaction 
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7.1 Abstract 

Catalytic sulfur atom transfer (SAT) chemistry has shown its usefulness to industrial 

processes such as isothiocyanate synthesis. However, unlike oxygen atom transfer, sulfur atom 

transfer systems are rare and catalytic systems highly prized. While SAT chemistry has been 

previously studied, more detailed mechanistic studies is still necessary. A series of μ-oxo Mo(V) 

thiosemicarbazone complexes 1 were synthesized with various substituents at the para-phenyl 

position in order to study the correlation between electronic structure and SAT catalytic 

mechanism. The addition of electron withdrawing nitro or bromo groups significantly increased 

the turnover compared to the electron donating methoxy group. This trend led to proposal of a 

catalytic mechanism like pervious reported similar oxygen atom transfer that contains a 

[MoVI(O)(E)]2+ (E =O, S) intermediate. Efforts to synthesize the active intermediate led to the 

isolation of [MoIV(O)]2+ and [MoVI(O)(S)]2+ species.  



 

 
176 

7.2 Introduction 

Biological and synthetic chalcogen atom transfer systems have been widely studied due to its 

practicality in chemical synthesis and industrial processes. While oxygen atom transfer has been 

most well-defined,1-3 sulfur atom transfer (SAT) reactions have recently garnered more attention 

for its applicability in fossil fuel desulfurization,4-14 elemental sulfur activation15-19 and 

isothiocyanate synthesis.20-24 Despite various accounts of sulfur atom transfer, this reactivity 

remains rare in comparison to the numerous examples of OAT. In addition, catalytic reactivity is 

even more uncommon and has only been reported with a handful of cases. 

While catalytic SAT has been observed with transition metal systems that are rhodium15, 

rhenium-based25, most of the reported catalysts were monomeric molybdenum or tungsten-based. 

16,19,23,24,26,27 Adam and coworkers demonstrated catalytic elemental sulfur activation and 

isothiocyanate synthesis by Mo(O)(dtc)2 but the reactivity required heated conditions to proceed 

(Figure 7.1).23 Moreover, this reaction condition was incompatible for substrates containing 

hydroxy, ester and acetal functional groups. As isothiocyanates serve as building blocks for 

synthesis of more complex molecules, it is important for this reactivity is able to encompass an 

assortment of functional groups. Following their reactivity, Sita and coworkers observed similar 

SAT reactivity with a Mo(II/IV) system (Figure 8.1) that did not require heated conditions but the 

turnover was low over long reaction times.24 Beside sulfur atom transfer from elemental sulfur to 

isocyanides, propylene sulfide and triphenylphosphine are two other common substrates that are 

used to present this chemistry. Young and coworkers have demonstrated SAT between these two 

substrates with both a monomeric and a non-redox active dimeric tungsten catalyst (Figure 8.1).26, 

27 
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Figure 7.1 Structures of molybdenum and tungsten-based catalytic sulfur atom transfer 

complexes. 

Although there are a handful of successful catalytic systems, there has not been detailed 

studies on how the electronic properties can affect the rate of sulfur atom transfer. Our group has 

recently published on the SAT ability of a Mo(V) thiosemicarbazone dimer (1Br). In comparison 

to its predecessors, the dimeric Mo catalysts exhibited faster turnover rates at mild conditions but 

the mechanism has not been investigated. In this context, the modular thiosemicarbazone ligand 

of 1 makes it a good candidate for mechanistic studies as electron withdrawing groups (EWGs) or 

electron donation groups (EDG)s can be easily added to the ligand system and subsequently affect 

the electronic properties of 1. 
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7.3 Results and Discussion 

7.3.1 Synthesis of μ-oxo binuclear Mo(V) complexes. 

In order to gain insight on the catalytic mechanism of sulfur atom transfer, a series of Mo(V) 

thiosemicarbazone dimer Mo2O3(LR)2(THF)2 (1) was synthesized with a range of EDG and EWG 

at the para-phenyl position. All variants of 1 were synthesized by reacting polymer-supported 

triphenylphosphine with the respective Mo(O)2LRMeOH (2) in THF (Scheme 7.1). The polymer-

supported triphenylphosphine oxide byproduct was removed by filtration of the solid resin. 

Complex 2 and all corresponding ligands were synthesized following reported procedure.41 The 

only exception was H2LOMe and 2OMe which were not directly reported but the synthetic method 

remains unchanged to the other versions of complex 2. 

 

Scheme 7.1 Synthetic scheme for complex 1. 

Complexes 1 were characterized by IR, UV-Vis and NMR spectroscopy. IR spectra revealed 

a strong vibrational feature in all 1R variants at 965−975 cm-1, which is assigned to the ν(Mo=O) 

band and closely resemble those of previously reported for μ-oxo [Mo2O3]4+ related complexes.42-

46 Electronic spectra of 1R complexes in acetone display two LMCT bands in the region 347-415 
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nm and 450-468 nm respectively (Figure 7.10). The slightly change in 𝜆 within the both sets may 

due to the different electron-capacity of the substituent on the ligand para-position, which indicates 

that the electronic properties of the remote EDG and EWG are transmitted through to the Mo(V) 

core. The 1H NMR spectra of 1R complexes are consistent with their compositions. 

 

Figure 7.2 Molecular structures of complexes 1OMe. Hydrogen atoms are omitted for clarity. 

The molecular structure of dimer 1OMe was fully characterized by single-crystal X-ray 

diffraction analysis and it appear to be isostructural with previously reported 1Br. Figure 8.2 shows 

the molecular structures of the complex 1OMe. Just like previous reported compounds with the 

common [Mo2O3]4+ core42-46, complex 1OMe is arranged around a symmetry center located at the 

bridging oxo atom (Mo-O4-Mo 180o). One S,N,O-tridentate dianionic thiosemicarbazone ligand 

is bound to each Mo atom with its N atom trans to the bridging oxo ligand (Mo-S002 2.41(2)	Å, 

Mo-N1 2.17(6) Å, Mo-O1 2.02(5) Å). The octahedral environment of the Mo atom is completed 

by the labile coordination of a solvent molecule trans to the terminal oxo ligand. The distances of 

Mo to the terminal oxo ligand (Mo-O3 1.69(6) Å) and the bridging oxo group (Mo-O4 1.87(6) Å) 
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are in the range of those reported for u-oxo Mo(V) complexes. The structure data shows that the 

geometry of the 1 dimer complexes is not affected by the introduction of EWG or EDG groups on 

the pare phenyl position.  

7.3.2 Catalytic sulfur atom transfer Reactivity 

1Br could serve as excellent catalysts for sulfur atom transfer reactions with many substrates 

as introduced before.40 In order to gain more insight on the SAT catalytic behavior of those type 

of μ-oxo Mo(V) complexes, especially comparing the influence of ligand electronic-structure, 

catalytic SAT between propylene sulfide and triphenylphosphine (PPh3) by 1 was studied under 

analogous conditions. The reactions were carried out in dry acetone under anaerobic condition 

with a catalyst loading of 0.2 mol % regarding to 125 mM PPh3. Excess amount of propylene 

sulfide was used (250 mM). The progress of the SAT reactions was monitored by 31P NMR 

spectroscopy. Triphenylphosphine conversion to triphenylphosphine sulfide (SPPh3) was observed 

at varying rates upon addition of propylene sulfide and different variants of 1 (Table 7.1). The 

percent conversions for PPh3 to SPPh3 and SAT turnovers over the course of 1h are summarized 

in Table 8.1, and 100% conversion could be achieved using all 4 types 1 variants within 2h under 

this catalytic condition. In the absence of 1R catalyst, the sulfur donor (propylene sulfide) and PPh3 

do not react at RT for at least 3 days. As shown in Table 1, whereas the reaction rate for the 1OMe 

and 1H are similar, as are those obtained with 1Br, 1NO2, the catalyst with EWG substituted showed 

significantly higher activity.  
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Table 7.1 Catalytic SAT reactions between PPh3 and propylene sulfide 

This series is well in accordance with the observation for dioxomolybdenum 

Mo(O)2LRMeOH (2) catalyzed oxygen atom transfer from DMSO to PPh3 reported by Duhme-

Klair and coworkers41, where they found the electron-withdrawing substituents on the ligand 

enhancing catalytic oxygen atom transfer activity. This observation matches with the theory that 

the nucleophilic attack of the PPh3 lone pair on the oxidized form of catalyst to be the rate-

determining step in the oxygen atom transfer catalytic cycle, leading to the formation of the 

corresponding [MoIV(O)]2+ complex.47 Similarly, one reasonable hypothesis for our catalytic SAT 

reaction is that the nucleophilic attack and the sulfur atom abstraction by PPh3 from Mo center is 

also the rate-determining step with our catalytic active Mo center sit in same coordination 

environment. Thus, when EWGs on the ligand decrease the electron density on the Mo center, the 

sulfur coordinate to Mo becomes more susceptible to attack.   

7.3.3 Decoupled SAT Reaction 

To probe the reaction mechanism, catalytic SAT was decoupled and the behavior of dimer 

complexes 1 toward stoichiometric sulfur donor propylene sulfide was investigated in the first 

place. Addition of excess propylene sulfide to a brown solution of 1OMe in acetone led to a very 

slow color change from brown to orange. Monitoring by 1H NMR spectroscopy, the azomethine 
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peak belonging to 1OMe at 9.08 ppm slowly decreased while two new azomethine peaks at rose at 

8.91 ppm and 8.72 ppm (Figure 7.3). The peak at 8.72 ppm was indicative of 2OMe while the new 

azomethine peak at 8.91 ppm belonged to a new Mo-containing species A. A clean conversion 

from 1OMe to A could be achieved after 24h at 50 ℃ (3d for RT).  

 

Figure 7.3 top: decoupled SAT reaction using 1OMe. bottom: 1H NMR spectrum in acetone-d6 of 

in situ monitor during the formation of A from 1OMe react with propylene sulfide. 
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Figure 7.4 Molecular structures of complexes A. Hydrogen atoms are omitted for clarity. 

The structure of A was determined by X-ray crystallography (Figure 7.4), indicating a μ-thio 

Mo(V) dimer complex. In the solid-state structure, coordination geometries of both Mo atoms are 

highly distorted. The two Mo atoms are bridged by a sulfur atom and a O atom from the ligand 

phenyl. When the μ-thio complex A was allowed to react with PPh3, the dimer 1OMe could be 

regenerated with quantitatively formed SPPh3 over the course of 3 day at room temperature (Figure 

7.3). The slow conversion of the decoupled reactions was rather surprising since 1OMe is able to 

catalyze 500 turnovers of SAT within 2 hours. Moreover, when tested for SAT reactivity between 

propylene sulfide and PPh3, A is also less effective than starting catalyst 1OMe, indicating that A is 

more like an off-cycle intermediate rather than the active species.  

7.3.4 Intermediate Isolation 

While the attempt to synthesize active intermediate by reacting 1OMe with propylene sulfide 

was unsuccessful, 1H NMR monitoring clearly shows that 2OMe was involved in this SAT process 

(Figure 7.3). Likewise, our group have previously reported the oxygen atom transfer reactivity of 
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1Br, from which MoVI(O)2LBr (2Br) could be isolated as the oxidation form of catalyst. On 

consideration of the widely accepted OAT catalytic cycle for μ-oxo Mo(V) type complexes42 

(Figure 7.5),  [MoVI(O)2]2+ species could be generated from Mo(V) dimer equilibrium along with 

[MoIV(O)]2+ species, while the latter act as O atom accepter. Inspired by those studies, we 

considered that the mononuclear [MoIV(O)]2+ might also be involved in our Mo(V) dimer system. 

We proposed that in the SAT reaction, MoVI(O)2LR (2R) and MoIV(O)LR (4R) were generated from 

1R solution, and 4R would serve as S atom accepter, leading to the generation of active sulfur-

transferring species, MoVI(O)(S)LR (3R), by addition of one sulfur atom. 

 

Figure 7.5 Catalytic cycle for the OAT reaction between DMSO and PPh3. 

Since [MoIV(O)]2+ species is highly unstable, directly isolation of mononuclear Mo(IV) 

complex of the type MoOL(solv) has been hard.48 However, treatment of excess bpy ligand with 

1OMe in acetone lead to significantly change on 1H NMR spectrum over a 2-day period (Figure 

7.6), giving mononuclear 2OMe and a new Mo-containing species (Scheme 7.2), which was then 

isolated as a dark green crystal and identified as MoIVO(bpy)LOMe (bpy-4OMe) by X-ray 
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crystallography (Figure 7.7). This dissociation of 1OMe turned out to be reversible. The 

combination of equal molar amount independently synthesized bpy-4OMe and 2OMe in pyridine will 

regenerate 1OMe, which further justifies the μ-oxo Mo(V) dimer equilibrium under the catalytic 

condition. 

 

Scheme 7.2 Trapping of MoIV terminal oxo complex 4 from MoV dimer complex 1. 

 

Figure 7.6 1H NMR monitoring of 1OMe with bpy reaction 
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Figure 7.7 Molecular structures of complexes bpy-4OMe. Hydrogen atoms are omitted for clarity. 

Effort was also made to independently synthesis [MoVI(O)(S)]2+ 3 by oxo for sulfido ligand 

exchange of complex 2OMe with hexamethyldisilathiane (Me3Si)2S.29 However, upon reacting of 

(Me3Si)2S with 2OMe, the same azomethine peak at 8.91 ppm arose in the 1H NMR spectra 

indicating development of A. The formation of A is likely due to sulfur extrusion and dimerization 

of 3OMe owing to the highly unstable nature of terminal Mo=S ligand. The instability of 

intermediate 3 is consistent with other sulfur atom transfer systems that propose complexes 

containing the [MoVI(O)(S)]2+ moiety in their catalytic cycle. 17, 29 
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Scheme 7.3 Independently synthesis of molybdenum oxo-thio complex 3 in the presence of 

DMAP 

 

Figure 7.8 1H NMR of 2OMe react with (Me3Si)2S in the presence of DMAP 

To stabilize the possibly formed [MoVI(O)(S)]2+, 4-dimethylaminopyridine (DMAP) was 

used as an auxiliary ligand to achieve a coordination saturated environment around Mo center. The 

reaction of 2OMe with (Me3Si)2S in the presence of DMAP lead to a clean formation of a new 

orange species conformed by 1H NMR (Figure 7.8). Same species could also be seen in the reaction 

of 1OMe with other S donor like propylene sulfide or elemental sulfur in the presence of DMAP 

together with 2OMe (Scheme 7.3). A KBr IR spectrum was collected for this species which 

exhibited strong bands at 943 cm-1 and weaker brand at 530 cm-1. These bands are assignable to 

+  DMAP
+ (Me3Si)2S

+ DMAP
+ propylene sulfide

DMAP-3OMe2OMe 1OMe

Mo

S

O

O N
O N

NH

OMe

THF
Mo

S

O

N
ON

HN

MeO

THF

(Me3Si)2O

Mo

S

O

SN
ON

HN

MeO

DMAP
Mo

S

O

ON
ON

HN

MeO

MeOH



 

 
188 

the ν(Mo=O), ν(Mo=S) stretches,32, 49 respectively, and the later shifts to 514cm-1 upon labeled 

with 34S (Figure 7.9). Those experiment findings and 16 cm-1 downshifting of IR stretch upon 

isotope labeling thus suggest that this species is likely to be DMAP bounded terminal oxo terminal 

sulfido MoVI(O)(S)LOMeDMAP (DMAP-3OMe). 

 

Figure 7.9 KBr IR for 32S and 34S isotope labeled DMAP-3OMe. 

To examine whether DMAP-3OMe is an active intermediate or not, we subsequently explored 

its SAT reactivity between propylene sulfide and PPh3. Treatment of 125 mM PPh3 and 250 mM 

propylene sulfide with 0.25 mM DMAP-3OMe (0.2 mol %) lead to full conversion to SPPh3 and 

propene determined by 31P NMR spectrum. As anticipated, compound DMAP-3OMe can efficiently 

conduct the SAT reaction with even higher reactivity compared to the original 1OMe dimer (45% 

conversion under same condition), which could be explained by the stabilization of active reaction 

intermediate by DMAP. 
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7.3.6 Proposed catalytic cycle 

Based on the experiment results above, a proposed mechanism for this catalytic sulfur-atom 

transfer using binuclear 𝜇-oxo Mo(V) thiosemicarbazone complex 1 is rationalized (Scheme 7.4), 

where reversible dimer dissociation first takes place in reaction solution, providing dioxo 

[MoVI(O)2]2+ species 2 and active sulfur atom acceptor [MoIV(O)] 2+ species 4 for the following 

catalytic reaction. Sulfur-atom abstraction of the terminal oxo complex 4 from the sulfur 

containing substrate then takes place to afford the oxo-thio complex 3 as intermediate. Complex 3 

is finally desulfurized by PPh3, regenerating 4 to complete the catalytic cycle. According to 

Duhme-Klair and coworkers,41 2 is proposed to conduct the oxygen atom transfer to PPh3, 

generating complex 4 as intermediate, which is also the rate-determining step in the catalytic OAT 

reaction. Reaction of 2OMe and PPh3 was preformed and the successful generation of bpy-4OMe in 

the presence bpy demonstrates that after the initial dimer dissociation, 4 could also be generated 

from reductive atom transfer from 2 with large amount of PPh3 around. 

 

Scheme 7.4 Proposed catalytic cycle for the SAT reaction between propylene and PPh3 
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[MoVI(O)(S)]2+ core played important role in Mo-containing enzymes, like xanthine oxidase 

and xanthine dehydrogenase,36, 50 and many synthetic Mo-containing catalytic model also have this 

structure in their catalytic cycle.  While most of these systems suggest a [MoVI(O)(S)]2+ species to 

be an active form of the catalyst, actual isolation and characterization have been difficult. 

Thiosemicarbazone coordinated 3OMe is also dimerized in solution and generate deactivated 

binuclear µ-thio complexes A. However, the rate of this deactivation cannot compete with the 

sulfur atom transfer to PPh3, and thus the 𝜇-oxo Mo(V) catalyst 1 could remain efficient after at 

least thousands of catalytic cycles. When the catalytic reaction of 1OMe performed with DMAP 

around, a significant improvement of reaction rate could be observed, which is in accordance with 

the high reactivity of DMAP-3OMe.  

Aside from the proposed [MoVI(O)(S)]2+ intermediate, an [MoVI(S2)] 2+ complex have been 

isolated by Adam and coworkers which has been proven to be an intermediate in their catalytic 

system. 16, 17, 23, 30 Separate from SAT purposes, oxo-thio-molybdenum complexes were of interest 

for molybdenum modeling studies, yet, successful examples of isolation still remain scarce. 3, 31-35 

In one case, Young and coworkers were able to isolate Tp*MoVI(O)(S)(S2PPh2) (Tp* = 

hydrotris(3,5-dimethylpyrazol-1-yl)borate, L = dithiophosphine) by addition of dithiophosphine 

ligand. After binding of dithiophosphine to the Mo center, the terminal thio ligand is stabilized by 

S-S interactions which can help to prevent dimerization or sulfur extrusion. In one rare case, 

isolation of MoVI(O)(S)(OSiPh3)2L (L = phen and its methyl derivative) was achieved by Holm 

and coworkers but mentioned the elusiveness of this species when a less bulky bidentate ligand 

system is used.38 Recently, Itoh and coworkers were able to characterize a dithiolene oxo-thio 
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molybdenum complex but all techniques were required to be performed at temperatures lower than 

-20 oC to avoid loss of the terminal-sulfido ligand.39 

While the 𝜇-oxo Mo(V) catalyst 1 can exist in aerobic condition for a long time with PPh3 

around, strong suppression is found for the catalytic SAT reaction performed in air atmosphere 

even in the presence of large excess amount of PPh3. 3 turnovers for PPh3 to SPPh3 require 

overnight to achieve for 10 mol % catalyst 1OMe loading, along with the formation of OPPh3. This 

is also identified as evidence for the exits of air sensitive [MoIV(O)] 2+ species in the catalytic cycle. 

7.4 Conclusion 

A series of 𝜇 -oxo Mo(V) complexes, Mo2O3(LR)2(THF)2 (1) was synthesized and 

characterized with different EDGs and EWGs involved on the para-position of the ligand phenolate 

donor. Their catalytic reactivity toward SAT reaction between PPh3 and propylene sulfide was 

investigated, with EWGs on the ligand significantly increase the reaction rate and EDG on the 

ligand have opposite effect, which is consist with nucleophilic attack of the PPh3 on the active 

sulfur-transferring species rate-determining step. [MoIV(O)]2+ type intermediate, bpy-4OMe, and 

[MoVI(O)(S)]2+ type intermediate DMAP-3OMe could be trapped from the catalytic reaction using 

auxiliary ligands. A reaction mechanism was proposed with Mo center shift between Mo(IV) and 

Mo(VI) oxidation states. 

7.5 Experimental Section 

General Considerations. Unless otherwise specified all reactions and manipulations were 

carried out under an inert nitrogen atmosphere using a MBraun Labmaster SP gloveblox or under 
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argon using standard Schlenk line techniques. 3Å molecular sieves were dried under vacuum for 

24 hours at 250 °C prior to use. THF was degassed then dried using an MBraun solvent purification 

systems under an Ar atmosphere and stored over activated 3 Å molecular sieves. 

Tetrabutylammonium perchlorate was purchased from Sigma-Aldrich and used as received. 

Scandium triflate was purchased from Strem and used as received. Acetone-d6 was purchased from 

Cambridge Isotopes, degassed via freeze-pump-thaw cycle (5x), stored over 3 Å molecular sieves 

for 6 hours, then filtered from sieves before use. Mo(O)2(LBr)(MeOH) (1) was prepared following 

the published procedure. 

All samples for spectroscopic analysis were prepared inside a nitrogen glovebox unless 

otherwise noted. Room temperature UV-Vis spectra were recorded on a Varian Cary 50 Bio 

spectrometer with using screw cap UV-Vis cuvettes, Schlenk cuvette, or a 2 mm Hellma All-

Quartz Immersion probe fitted in a 24/40 Schlenk tube with a 14/20 female joint sealed with a 

rubber septum. 1H and 35Cl NMR were recorded with a Bruker 400MHz Avance III ultrashield 

spectrometer. 1H NMR was referenced to acetone-d6 residual solvent signal (δ 2.05). 

General Procedure for the Synthesis of Thiosemicarbazones (HLR). The complex was 

prepared by a modification of the literature methods.28 A solution of 4-ethyl-3-thiosemicarbazide 

(3.36 mmol) and the appropriate 5-substituted-2-hydroxybenzaldehyde (3.36 mmol) in ethanol (40 

mL) was heated to reflux overnight. After cooling to room temperature, the solvent was partially 

evaporated and, once the product started to precipitate, the mixture was cooled in an ice bath. The 

product was collected by filtration, washed with cold ethanol and dried.  
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Synthesis of [MoO2(acac)2]. The complex was prepared by a modification of the literature 

methods. NH4Mo7O24·4H2O (30.0 g) was dissolved in water (100 ml) and acetylacetone (acacH; 

40 ml) was added. The pH of the solution was adjusted to 3.5 using 10% HNO3 and a solid began 

to precipitate. After 1.5 h, yellow MoO2(acac)2 (28 g, 51% yield) (identified by IR spectrum) was 

isolated by filtration, washed with H2O, ethanol, and ether, and dried in vacuo. 

General Procedure for the Synthesis of [MoO2(LR)MeOH] (2R). A solution of [MoO2(acac)2] 

(0.2 g, 0.61 mmol) and the appropriate thiosemicarbazone ligand (0.61 mmol) in methanol (30 mL) 

was heated to reflux overnight. After cooling to room temperature, the mixture was concentrated  

until the product started to precipitate, then the flask was cooled in an ice bath. The precipitated 

product was collected by filtration, washed with cold methanol, and dried under vacuum. 

Synthesis of 1Br. 2Br (0.2 g, 0.43mmol) was dissolved in 10 mL of THF, and polymer-

supported triphenylphosphine (0.17 g, 0.65 mmol) was added. The solution was stirred at room 

temperature overnight, during which time the color darkened to deep brown. The polymer-

supported triphenylphosphine was separated by filtration, and the product was obtained by 

evaporating all solvent in filtrate.  

Synthesis of 1NO2. 2NO2 (0.2 g, 0.47 mmol) was dissolved in 10 mL of THF, and 

triphenylphosphine (0.12 g, 0.47 mmol) was added. The solution was stirred at room temperature 

overnight, during which time the color darkened to deep red. The solid product was collected by 

filtration, washed with THF, and dried under vacuum.  

Synthesis of 1OMe. 2OMe (0.2 g, 0.49 mmol) was dissolved in 10 mL of THF, and polymer-

supported triphenylphosphine (0.19 g, 0.73 mmol) was added. The solution was stirred at room 
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temperature overnight, during which time the color darkened to deep brown. The polymer-

supported triphenylphosphine was separated by filtration, and the product was obtained by 

evaporating all solvent in filtrate. 

 

Figure 7.10 (Right) 1H NMR of 1R in acetone-d6. (Left) UV-Vis spectura of 1R in THF at 25 oC 

 

Figure 7.11 IR(KBr) spectra of 2R (Right) and 1R (Left) 



 

 
195 

Sulfur atom transfer reactions. In THF, 1 equiv. of catalyst (0.02 mmol for compounds 1R) 

was treated with 100 equiv. of PPh3 (2.00 mmol) and 200 equiv. of propylene sulfide. Reactions 

were allowed stirred at room temperature overnight, and monitored with 31P NMR spectroscopy. 

Only two signals were observed in all experiments: δ -6.5 ppm (PPh3), δ 42.6 ppm (SPPh3). 
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