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1.1 Phosphorous and Molybdenum in Biology 

In 1996 T. B. Rauchfuss1 emphasized: “Phosphorus compounds are essential, not only for hereditary 

processes but for growth development and maintenance of all plants and animals. They are present in 

soil, bone, teeth, blood, and all cellular organisms. Energy-transfer processes such as photosynthesis, 

metabolism, nerve function, and muscle action all involve phosphorous compounds”. 

Phosphorus is a versatile element. The oxidation state of organophosphorus compounds is in the 

range from III to V, which is mostly found in the tri- and pentavalent species.1-3 For instance, 

phosphate esters with the formula PO(OR)3 have oxidation state V, while the phosphites with the 

formula P(OR)3 have oxidation state III. The affinity of phosphorus for oxygen is considerably high, 

which is frequently observed in natural phosphorus compounds. The various types of oxygenated 

phosphorus compounds could share the electrons through 2pπ—3dπ back donation from oxygen 

into vacant d-orbitals of phosphorus. This behavior is utilized in synthetic phosphorus chemistry.1-4  

Phosphorus is essential for plant life, e.g., via photosynthesis, and in particular in two significant 

types of energy storage: adenosine triphosphate (ATP) and nicotinamide adenine dinucleotide 

(NAD).5 ATP as a nucleoside triphosphate could generate the energy through the cleavage of 

energy-rich phosphate anhydride bonds. NAD as energy storage molecule is metabolically involved 

in redox reactions that carrying electrons from one reaction to another and include of two 

nucleotides attached through 5’- phosphate moieties.1, 3, 6, 7 One of the essential phosphates in the 

body are DNA and RNA, which the nucleotides are coordinated together through phosphate 

backbone. The 5’- phosphate moiety of one nucleotide is attached to the 3-hydroxyl moiety of the 

next nucleotide.6, 8  

The molybdopterin (mpt) is a prominent example of natural ligands containing a phosphate moiety, 

which has a vital role in the last step of the mammalian enzyme (see Fig. 1.1). This phosphate 

involves transferring mpt to the protein cavity, anchoring the molecule in the binding pocket and 

holds the molybdenum cofactor (Moco) inside the protein cavity via numerous hydrogen bonds.9-11  

The phosphonates are present in various biological systems such as lipids, exopolysaccharides, 

glycoproteins, fosfomycin, and bialaphos.12-14 The 2-aminoethane phosphonic acid was the first 

natural phosphonate identified by Horiguchi and Kandatsu.15 The carbon-phosphorus (C−P) bond 

in phosphonates is more stable than the oxygen-phosphorus (O−P) bond in the phosphate esters.13, 

16 Since phosphonates and phosphate esters are structurally similar, could be good alternatives to 

compete during binding studies. Many phosphonates are applied as potent inhibitors due to the 

relatively high affinity of the carbon-phosphorus bond. For instance, fosfomycin’s functional groups 

could bind to the target enzyme, causing an irreversible inhibition.17 
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Molybdenum is a transition metal that is crucial for almost all biological systems. This biologically 

inactive metal could activate via complexation with a specific cofactor. Molybdenum is existing in a 

wide range of oxidation states from 0 to VI. High oxidation states are frequently observed in 

biological systems, while low oxidation states typically correspond with organomolybdenum 

compounds.18 Moco is one of the critical natural systems which molybdenum as a metal center is 

coordinated to the dithiolene moiety of the mpt. In bacteria such as Escherichia coli (E. coli), the 

different form of Moco is made up through the attachment of a guanosine monophosphate (GMP) or 

cytidine monophosphate (CMP) to the phosphate group of mpt (Fig. 1.1).19, 20  

 

 

Figure 1.1.  The MGD and MCD biosynthesis catalyzed by MobA and MocA, respectively.21 

 

Molybdenum dependent enzymes are essential for many metabolic transformations in human, 

animal, and plant life.22, 23 Four molybdenum dependent enzymes including sulfite oxidase (SO), 

xanthine dehydrogenase (XDH), aldehyde oxidase (AO) and mitochondrial amidoxime reducing 

component (mARC) have been known in the human organism,24-27 which, with a defect in each step 

and enzyme mutation causes neurological abnormalities.28 The molybdoenzyme in E. coli also exists 

in three families: xanthine oxidase, sulfite oxidase, and DMSO reductase family enzymes, which are 

presented in Fig. 1.2.29 The X-ray crystal structures of oxidized and reduced forms of DMSOR 

provided by Schindelin et al.30 in 1996 led to the discovery of the structural details of Moco. 

 

  

 

Figure 1.2. The chemical structures of molybdenum dependent enzymes, including the tricyclic mpt ligand.31  
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Molybdenum as the active site in molybdoenzymes is a redox-active center with two oxidation 

states, VI and IV. The oxidation state V is also attainable, depending on whether one- or two-

electron redox reactions will occur. Therefore, a wide range of redox potentials in the active sites in 

the oxygen atom transfer (OAT) reactions is covered.20, 32 For instance, sulfite oxidases (SO) are 

essential enzymes in the process of sulfur metabolism.33  The molybdenum center displays a 

square-pyramidal geometry with the apical oxo group (Mo=O), and in the equatorial plane has one 

cis-dithiolene (–S–C=C–S–) moiety of mpt, one oxo group (Mo=O) and the cysteine-thiolate ligand 

(Mo–S(Cys)) (see Fig. 1.2).29 These enzymes catalyze the oxidation of sulfite (SO32−) to sulfate 

(SO42−).34 Clinical symptoms for SO deficiency are including tone disorder, seizures, dystonia, lens 

dislocations and many others disease. The simplified mechanistic proposal for the reaction 

catalyzed by sulfite oxidase is presented in Scheme 1.1. 

 

 

Scheme 1.1. “Simplified mechanistic proposal for the 

OAT reaction catalyzed by sulfite 

oxidase.” 

 

The xanthine oxidase (XO) family enzymes generally contain molybdenum as an active site. The 

only exception is molybdenum iron-sulfur flavin hydroxylase.29, 35 The active site of the XO family 

enzymes has a molybdenum coordinated in a square-pyramidal geometry with an apical oxo group 

and the equatorial plane, one cis-dithiolene (–S–C=C–S–) moiety of mpt, one catalytically labile –OH 

group and one terminal sulfo and/or oxo ligands (Mo=S/O). XO deficiency (xanthinuria) led to the 

accumulation of xanthine.36 Type I xanthinuria can be caused by a deficiency of xanthine 

dehydrogenase, which catalyzes the oxidation of hypoxanthine to xanthine and of xanthine to uric 

acid.36, 37 Type II xanthinuria and Moco deficiency are caused due to the lack of one or two other 

enzymes in addition to xanthine oxidase.36 These reactions catalyzed by XO are presented in 

Scheme 1.2. The simplified mechanistic proposal for the reaction catalyzed by mammalian xanthine 

oxidase is shown in Scheme 1.3. 
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Scheme 1.2. The reaction catalyzed by xanthine oxidase. 

 

 

 

Scheme 1.3. “Simplified mechanistic proposal for the OAT 

reaction catalyzed by mammalian xanthine 

oxidase.”38 

 

 

The DMSOR family enzymes have two equivalents of cis-dithiolene (–S–C=C–S–) moieties of mpt 

bound to the molybdenum, an apical oxo group (Mo=O) and ligand X can be a serine, a cysteine, a 

selenocysteine ligands (see Fig. 1.2).20, 29 The reactions catalyzed by members of this family 

frequently involve oxygen atom transfer (OAT), but dehydrogenation reactions also occur. The 

simplified mechanistic proposal for the reaction catalyzed by DMSOR is presented in Scheme 1.4. In 

the present thesis, the catalytic behavior of the DMSOR model complexes with various substituents 

including electron-donating and –withdrawing groups were investigated and are comprehensively 

discussed in the results and discussion section (see Chapter 2). 
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Scheme 1.4. “Simplified mechanistic proposal for the 

OAT reaction catalyzed by DMSO 

reductase”.39 

 

 

1.2 Biosynthesis and Biological Screening of Moco 

Moco biosynthesis was revealed by analyzing the Moco-deficient mutants in various organisms 

such as bacteria, plants, and humans.40, 41 The first multistep biosynthetic pathway was reported by 

Rajagopalan and Johnson42 for E. coli. Later studies of Moco biosynthesis in higher organisms were 

reported by Mendel.43 The pathways of Moco biosynthesis show high similarity in plants and 

humans.40 The simplified Moco biosynthetic pathway can be divided into four steps, which include 

pyranopterin monophosphate (cPMP), MPT, adenylated MPT (MPT-AMP), and Moco steps as below 

(see Scheme 1.5): 44  

i. Pyranopterin monophosphate (cPMP): The Moco synthesis starts with guanosine 5′-

triphosphate (5´-GTP), which is converted by a complex reaction sequence into cyclic 

pyranopterin monophosphate (cPMP) (see Scheme 1.5). cPMP is the most stable 

intermediate of Moco biosynthesis in E. coli, with an estimated half-life of several hours at 

low pH45. The conversion of GTP to cPMP is catalyzed by two proteins involving Cnx1 and 

Cnx2 in plants and MOCS12 and MOCS13 in humans.46, 47 

ii. MPT step: The formation of the dithiolene moiety is the second step to generate MPT, which 

is catalyzed by MPT synthase involving Cnx6 and Cnx7 in plants and MOCS15 and MOCS2B 

in humans.41 The two sulfur atoms of dithiolene are separately transferred to cPMP starting 

with the carbon atom close to the phosphate anchor.44, 48  

iii. Adenylated MPT (MPT-AMP): Insertion of adenosine monophosphate into MPT to generate 

MPT-AMP. Insertion is carried out by the Cnx1 G-domain (in plants) in an Mg2+ and ATP-

dependent reaction generating MPT-AMP.41 

iv. Molybdenum cofactor (Moco): MPT-AMP is transferred from the G-domain to the E-domain 

to deadenylated form, and subsequently Moco is formed.49 
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Scheme 1.5. Moco biosynthesis.44 

 

The proposed reaction sequence of Moco maturation, including biological screening of the Moco to 

generate bis-MGD and how it takes places inside to apoenzymes, is presented in Scheme 1.6. After 

the formation of MPT through cPMP, the covalent addition of GMP or CMP to the C4´ phosphate of 

MPT via a pyrophosphate bond leads to the molybdopterin guanine dinucleotide (MGD)50 or MPT- 

molybdopterin cytosine dinucleotide cofactors (MCD).51 In E. coli, GMP attachment to Mo-MPT is 

catalyzed by the MobA and MobB proteins (MobA is crucial for this reaction and acts as a GTP).50, 52 

These two cofactor molecules are coordinated to one molybdenum atom, forming the bis-MGD 

cofactor.53, 54 Most of E. coli molybdoenzymes such as trimethylamine N-oxide reductase (TMAO 

reductase) TorA, belong to the DMSO reductase family and utilize the bis-MGD form of Moco.20 The 

insertion step of bis-MGD is catalyzed by chaperones, which bind the respective molybdenum 

cofactor.21, 55 Most of the molybdoenzymes have a specific chaperone for Moco insertion; however, 

there are some exceptions.56 The recent research on the TorD/TorA system for TMAO reductase in 

E. coli reveals that TorD is a specific chaperone for TorA57 and plays a direct role in the insertion of 

Moco into apoTorA.58 TorD is essential to stabilize apoTorA for Moco insertion via interacting with 

both MobA and apoTorA.20, 59 It works as a facilitator of the bis-MGD insertion maturation of the 

apoenzymes.20, 55, 60 Human Moco deficiency is a rare recessive disorder which causes neurological 

abnormalities and early childhood death.61 Since the molybdenum cofactor is extremely unstable, it 

is difficult to use it for effective treatment in patients. Therefore, the design, develop and execute an 

artificial molybdenum cofactor models are essential. 
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Scheme 1.6. The proposed mechanism for bis-MGD formation and activation of the 

apoenzymes through binding of bis-MGD.56 

 

 

1.3 Molybdopterin Models 

mpt contains a pterin, with pyrimidine and pyrazine rings. The pyrazine group is fused to a pyrane 

ring which carries both, a −CH2OPO32− group and a dithiolene moiety.  When phosphate is bonded to 

the nucleotide, the extent of this hydrogen bonding is greatly enhanced. The hydrogen bond 

interactions would help for the appropriate location of the catalytically active center within the 

apoenzymes. To develop a deeper understanding of mpt and to evaluate which of its features are 

necessary for effective enzymatic catalysis, it is possible to break down the preparation of an mpt 

model into feasible steps. Potential breaking down of the Moco model is depicted in Fig. 1.3. These 

approaches include dithiolene, pyrazine-pyrane, pterin, and phosphate targets and are necessary to 

build up an efficient mpt model, which understanding the role of each part. 
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Figure 1.3. Modular synthetic approach. 

 

 

1.3.1 Dithiolene Approach 

Bidentate Ligands can be divided into two categories: redox-active (non-innocent) or redox inactive 

(innocent) ligands. The oxidation state of the metal ion in the complexes containing innocent ligands 

can be accurately assigned. The formal oxidation state of non-innocent ligands might differ from 

prediction. Dithiolene as a non-innocent ligand could affect the oxidation state of the coordinated 

metal due to the uncertainty in the oxidation state of the dithiolenes.62-64 For instance, the nickel 

atom in dithiolene complex [Ni(S2C2H2)2] could have the formal oxidation states of 0,  II or IV, 

involving the different electronic forms of the nickel dithiolene ring system as shown in Scheme 

1.7.65  

 

 

 

Scheme 1.7. Possible oxidation states of the nickel in [Ni(S2C2H2)2]. 

 

 

The term “dithiolene,” first defined by McCleverty et al.,66 refers to a ligand with the general formula 

R2C2S2. The oxidation state of dithiolenes could be defined in two distinct forms: The reduced 

dithiolate form (A) and the oxidized dithione form (B) and radical dithiolene intermediate (see 

Scheme 1.8).67 These chelating ligands are coordinating through two sulfur atoms to form 
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dithiolene metal complexes. The ligand can coordinate in principle to a metal center in any of the 

three oxidation states. The numbers of π-electrons in the three oxidation states (4π-6π) of these 

ligands are also different, as shown in Scheme 1.8.  

 

 

Scheme 1.8. Description of dithiolene ligands presenting 

different oxidation states. 

 

1,2-dithiolate ligands are classified into three distinct categories arene-, alkene- and inorganic-

dithiolates as shown in Table 1.1.68 These dithiolates have different electronic structures due to 

aromaticity and electron-pushing and pulling effects showing a wide range of non-innocence 

character.  

 

 
Table 1.1. Selected examples of 1,2-dithiolene. 

Arene-1,2-
dithiolate 

 Alkene-1,2-
dithiolates 
 

 Inorganic-1,2-
dithiolates 

 

Quinoxaline-2,3-
dithiolate  
[qdt]2- 

 

Ethene-1,2-dithiolate 

 

1,2-Malonitrile-1,2-
dithiolate 
[mnt]2-  

2-Benzene-1,2-
dithiolate  
[bdt]2-  

Propene-1,2-
dithiolate 

 

1,2-
Bis(trifluormethyl)ethyl 
enedithiolate 
[tfd]2- 

 

2-Toluene-3,4-
dithiolate  
[tdt]2- 

 

But-2-ene-2,3-
dithiolate  

 
1,3-Dithiole-2-thione-
4,5-dit hiolat e 
[dmit]2- 

 

2-Pyrazine-2,3-
dithiolate  
[pydt]2- 
 

 

5,6-Dihydro-1,4-
dithiine-2,3-
dithiolate 
[dddt]2- 
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There are only three types of homoleptic mono dithiolene structures: [Tl(bdt)]22- (bdt = benzene 

dithiolate);69 [Ag(mnt)]44- (mnt = maleonitriledithiolate);70 and [Pd(S2C2(COOMe)2)]6n (n = 0, 2+).71 

The structure of these complexes include distinct mono(dithiolene) units coordinated through 

sulfur atoms that form additional bridging bonds. For models of the active sites in reduced states, 

only a few types of monomeric oxo-thiolate MoIV complexes have been reported due to synthetic 

difficulties.72 XO and SO families are two important types of enzymes which contain mono-

dithiolene molybdenum complexes.  

The earliest complete structural reports of bis(dithiolene) complexes are of [Ni(mnt)2]2- by 

Eisenberg et al.73, 74 and Ni[S2C2(Ph)2]2 by Schrauzer and Mayweg75 and Sartain and Truter.76 

Various aspects of dithiolene complexes including geometry, metrical parameters, and stability of 

the five-membered ring have been investigated till now.77-81 Several bis(dithiolene) MoIVO 

complexes have been designed and synthesized as models of active sites of the molybdoenzymes.79, 

82, 83 The principal routes to synthesize the bis(dithiolene) MoIVO complexes are summarized in 

Scheme 1.9. These types of DMSOR model complexes, containing two ene-1,2-dithiolate ligands 

suitably designed based on the mpt ligand, are very significant to investigate the closer approaches 

to the corresponding active sites.  

 

 

Scheme 1.9. Possible methodologies to synthesis of bis(dithiolene) MoIVO complexes. 

 

 



Introduction  

13 
 

The dithiocarbonate/dithiocarbamate methodologies have been widely used to prepare several 

dithiolene precursors (see Scheme 1.10(A)) and subsequently, their bis(dithiolene) MoIV complexes. 

One of the most common synthetic pathways towards metal bis(dithiolene) complexes is the in situ 

nucleophilic saponification of oxodithiocarbonate ligand precursor, leading to the corresponding 

dithiolate form. After that, half an equivalent of a molybdenum precursor is added to form in situ 

the MoIVO bis(dithiolene) complexes (see Scheme 1.10(B)).  

 

 

 

 

Scheme 1.10. A) General methodologies for the synthesis of substituted dithiolene ligands; B) 

complexation of oxodithiocarbonate ligands. 

 

 

A notable possible pathway is using alkyne derivatives which are reacted with trithiocarbonates 

precursors such as 1,3-dithiolane-2-thione and 4-phenyl-1,3-dithiolane-2-thione to introduce the 

dithiolene unit.84 The corresponding thioketones are then converted to the corresponding ketone 

using mercuric acetate (Scheme 1.11).85  

 

 

Scheme 1.11. Possible procedure to synthesize dithiolene ligands from alkynes. 
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1.3.2 The Pyrazine-Pyrane Approach 

The whole mpt is not well understood, although its structure has been known for more than 30 

years. The pyrazine-pyrane approach addresses the dithiolene function of the mpt with pyrane ring 

being cyclized to the pyrazine ring. The pyrazine does affect the active site of molybdenum which 

was shown by theoretical analysis86, and therefore, it should be included in any model of mpt that is 

aimed to investigate the electronic structures of Moco models. Rajagopalan et al.87 proposed that 

the dithiolene is attached at position-6 to a reduced pteridine ring. They proved that all of the 

protein crystallographic studies contain a tetrahydropyran ring formed via cyclization of a side-

chain hydroxyl group to position-7 of a 5,6-dihydropteridine. Garner et al.88-90 modified synthetic 

strategies91, 92 accordingly depicted in Scheme 1.12. In this procedure, 2-chloroquinoxaline was 

coupled with 3-butyn-2-ol, without the protection of the alcohol, using Pd0 as the catalyst, and the 

product 3a was oxidized to 3b using CrO3. In the following, heating the ketone in phenyl 

trithiocarbonate gave the 1,3-dithiole2-thione 4a. Selective reduction of the ketone with NaBH4 led 

to alcohol 4b, followed by oxidizing with Hg(OAc)2 giving compound 4c. Treating the alcohol 4c 

with benzyl chloroformate led to the desired cyclization compound 5. Sodium cyanoborohydride 

was applied to produce the reduced compound 6. Further investigations to understand the nature 

of open and close-form of pyrane ring and moreover, a reliable methodology that one may 

introduce the phosphate function is essential.  

 

Scheme 1.12. Reagents and conditions:90 i) HC≡CCH(OH)Me, Pd(OAc)2, CuI, Ph3P, 

Et3N (88%); ii) CrO3, H2SO4, Me2CO, 0 °C (76%); iii) 4-phenyl-1,3-

dithiolane-2-thione, 150 °C, N2 (75%); iv) NaBH4, THF, PriOH, H2O 

(69%); v) Hg(OAc)2, Me2CO, AcOH, RT (98%); vi) ClCO2Bn, RT, N2 

(90%); vii) NaB(CN)H3, AcOH, CH2Cl2, MeOH, RT. (95%). 
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1.3.3 The Pterin Approach 

The role of the pterin part is essential in the course of apoenzymes maturation. Quote from C. 

Schulzke in the ERC MocoModels project,93 “The pterin part can considerably increase the number of 

hydrogen bonds through nitrogen atoms which helps the cofactor take place inside the active site.”  

Pterins were discovered for the first time in the pigments of butterfly wings (Fig. 1.4(a)).94 Pterins 

are heterocyclic compounds containing the pteridine ring systems along with a keto function in 

position-4 and an amino group on position-2 (see Fig. 1.4(b)).95 The numbering system in a 

pteridine, as well as the keto-enol tautomerism at a pterin, are shown in Fig. 1.5. Pterins are 

reactive toward nucleophilic substitution, and covalent addition.96 Since the hydroxyl or amino 

functions do not change the pteridine’s general behavior, the nucleophilic substitution remains a 

powerful method for the synthesis of pterin derivatives.97 The four nitrogen atoms within the pterin 

bicycle make it susceptible to nucleophilic reactions by decreasing the bicycle aromaticity.95, 98 The 

pterin is stable to heat, but in strongly acidic medium might lead to ring cleavage.95 The first 

syntheses of pterin parts were reported by Wood et al.99 and Mowat et al.100 Combining the various 

analogs of pterin with the dithiolene was accomplished by Garner et al.101-104 via placing nitrogen 

moieties close to the dithiolene moiety (Fig. 1.4(c)).  

 

 

                              (a)                                                 (b)                                                    (c)  

Figure 1.4. (a) Butterfly wings containing pterin pigments,105 (b) Pterin part including 

dithiolene moiety (in red) in mpt, (c) Unsymmetrically substituted ligands 

as models for mpt. 

 

 

Figure. 1.5. The numbering of the pteridine unit and 

keto-enol equilibrium in pterin. 
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Fusing the pyrane to the pterin part leads to generation of the tricyclic pyranopterin, which was 

identified through X-ray analysis of the corresponding proteins.95 Further investigations confirm 

that the pyrane ring could also be in an open-form in the deviating structures (see Fig. 1.6).106-108 

This form has prompted the suggestion that ring-opening and -closing may be operating during 

OAT catalysis.109 

 

 

(a)                                                       (b) 

Figure 1.6. (a) “The chemical structure of bis-MGD; (b) Structure of the active center 

around the molybdenum atom.”108 

 

Due to the high reactivity of pterin to nucleophilic substitution, using an effective method such as 

the Minisci reaction in the mild acidic medium could be a huge step forward in mpt chemistry.  The 

Minisci reaction is a radical nucleophilic substitution to the electron-deficient α-carbon of the 

nitrogen-containing heterocycle that has been commonly applied to C−C bond formation (Scheme 

1.13).110 Based on this protocol, a wide range of heterocyclic compounds has been reported,111-113 in 

particular, to introduce desired functions to pteridine derivative analogs with substitution at 

position-6 or position-7.114 Pfleiderer et al.115 have optimized a protocol for the acylation of pterins 

at position-6.116 Garner et al.117, 118 have previously reported a method for preparing a 6-pteridinone 

from the degradation of folic acid. However, Garner’s protocol is laborious and complicated, but the 

applied acylation protocol is synthetically more straightforward and permits the synthesis of 

different pteridinones.   

 

 

Scheme 1.13. Schematic overview of the Minisci reaction. 
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1.3.4 The Phosphate Approach 

Finally, a chemically synthetic procedure for an mpt model with a CH2−phosphate moiety has not 

been comprehensively addressed in the literature to date. Quote from C. Schulzke in the ERC 

MocoModels project:93 “if a cofactor model would be targeted as a drug addressing Moco type B, this 

phosphate is quite important for protein assembly by the machinery of proteins involved in Moco 

transport, transformation and cofactor insertion.119 Despite the individual part of mpt looking 

comparably simple, a synthetic procedure toward a phosphate dithiolene ligand precursor together 

with its respective molybdenum complex is a most challenging task due to sensitivity and instability of  

this function.” 

Generally, to include a methylene phosphate function in an mpt model, a hydroxy function needs to 

be introduced in meta position to the keto group of the respective precursor which can 

subsequently or later be reacted with a phosphate giving the phosphate ester. With considering the 

partly harsh conditions in dithiolene synthetic procedures, the hydroxy group needs to be 

protected. In another point of view, after coordinating the phosphate group as P−O bond to the mpt 

model, it should be taken into account that the instability and sensitivity of this group in the harsh 

basic or acidic condition during dithiolene ring-opening and -closing steps might lead to 

complications. Therefore, the phosphate ester itself is unable to survive the mentioned condition of 

dithiolene complex synthesis. This disadvantage can be circumvented by employing as a more 

stable CH2−PO(OEt)2 moiety either directly before, simultaneously or after complexation. For as 

much as the phosphonates are more stable and can withstand some harsh chemical treatments, we 

have considered this behavior for the inclusion of the phosphate moiety in an mpt model based on 

P−C or P−O bond formations. Many synthetic procedures were reported to synthesize phosphinic 

compounds, which are expected to be more stable than other analogs.120, 121 Some synthetic 

procedures for the preparation of phosphinic ester derivatives are summarized in Table 1.2. 

For instance, Ghosh et al.122 reported the synthesis of dihydropyranone derivatives, as depicted in 

Scheme 1.14. This dihydropyranone could be brominated in its α-keto position to build up the 

dithiolene moiety. The protected diol ring could then be deprotected by a base, and subsequently, a 

phosphorylation step may lead to a phosphate dithiolene ligand precursor for synthesizing 

respective Moco model complexes.   

 

Scheme 1.14. Synthetic procedure for dihydropyranone derivatives.122 
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Table 1.2. Synthetic procedures for the preparation of phosphinic ester derivatives.123 

Methods Reactions 

Esterification by alcohols124 

 

Esterification of phosphinic chlorides 

with alcohols14 

 

Alkylating esterification of 

phosphinic acids125 

 

Esterification of phosphinic acids 

using activating agents126, 127 

 

Esterification of phosphinic acids by 

trialkyl phosphites128 

 

Michaelis-Arbuzov reaction of 

phosphonous diesters129, 130 

 

The reaction of trialkyl phosphites 

with RMgBr followed by 

hydrolysis131, 132  

P-C bond formation from H-

phosphinates or hypophosphinate 133 

 

Phosphinates by the Atherton–Todd 

reaction134 

 

Alkylating esterification of hydroxy 

hexahydro-phosphinine oxide135 
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Pimkov et al.136 are also reported the mpt model synthesis through condensation of keto-hemi-

acetal with diamines which are depicted in Scheme 1.15. The corresponding acetal was condensed 

with o-phenylene diamine affording the ring-open dithiolene form in two regioisomers. The 

phosphorylation step may lead to a phosphate dithiolene mpt model. 

 

 
Scheme 1.15. Condensation of keto-hemi-acetal with diamines.136 

 

The first mpt model ligand, including the phosphate moiety in the protected form reported by 

Bradshaw et al.101 As shown in Scheme 1.16, a protected form of compound 1,137 has been used as a 

starting material. Treating compound 1 with TFA led to the diol form 2. The pyrane ring, compound 

3, was formed using chloroformate at given conditions (see Scheme 1.16). The cyano borohydride 

reduction along with the protection at position N-11, and finally phosphorylation of the alcohol-

based on a published procedure by Boom et al.138 led to the dithiolene precursor 4. The applied 

protocol appropriately addressed the close-form of pyrane ring, the reduced form of pterin and the 

methylene phosphate anchor. It is essential to take into account that this procedure is laborious and 

complicated. On the other hand, there are many protecting groups which are challenging to 

deprotect them in the presence of sensitive phosphate function before or after complexation. 

 

 
Scheme 1.16. Reagents and conditions:101 i) TFA, DCM, 0 °C→RT; ii) FmocCl, NaHCO3, H2O, 1,4-dioxane, 35 °C; 

iii) Et2NH, RT (100%); iv) NaB(CN)H3, AcOH, MeOH, DCM, 0 °C; v) in solution, O2; vi) Et2NH, 

THF, H2O, RT.; vii) FmocCl, NaHCO3, 1,4-dioxane, H2O, 35 °C; viii) i-Pr2NP(O(CH2)2SO2Me)2, 

tetrazole, MeCN, RT and then t-BuO2H. 
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 1.4 Properties of Metal Dithiolene Complexes 

The electrochemical properties of metal dithiolene complexes are fundamental because of their 

specific redox behavior and non-innocence character. The extensive π-electron delocalization in 

metal bis(dithiolene) complexes allows for variable charge levels, which make it challenging to 

assign the oxidation states of the metal and ligands. Based on chemical, electrochemical, structural, 

and spectroscopic studies67, 139 the electron density in the d orbitals of the metal center could 

partially change as the charge level on the bis(dithiolene) metal complex is changed.  This charge 

levels of dithiolene metal complexes are more related to a number of formal oxidation states of the 

dithiolene ligands.140 Due to the rich redox dithiolene chemistry and the redox-active nature of the 

dithiolene ligands (non-innocence character), the shown reactivity is strongly related to the redox 

properties.  The substituents (electron-donating or –withdrawing) on ene moiety affect redox 

potentials MoIV↔MoV and MoV↔MoVI of respective models which were extensively tabulated by 

Holm et al.78, 79 Several bis(dithiolene) Mo oxo complexes have been developed to investigate the 

OAT reactions.77, 79, 141 Although the roles of molybdenum in DMSOR family enzymes in the catalysis 

of OAT are well known, the role of mpt remains to be defined. It is essential to understand how the 

electronic structure and hydrogen bonding in these models of the DMSOR family of enzymes affect 

electron and oxygen atom transfer reactivity during catalysis. Furthermore, the synthesis of mpt 

represents a major chemical challenge and, although significant advances have been reported till 

now88, 89, and further work is still required. For this purpose, many model studies have employed 

dimethyl sulfoxide (DMSO) as oxygen atom source in the oxidation of MoIVO complexes and organic 

phosphanes (PR3) in the reduction of MoVIO2, which is depicted in Scheme 1.17. DMSO is applied as 

a solvent and source of oxygen in OAT reaction. Different derivatives of PR3 (R = alkyl, aryl) are 

chosen due to high affinity toward oxygen and excellent solubility in organic solvents.142 

 

 

Scheme 1.17. “The OAT reaction between DMSO and PR3 

catalyzed by [MoIVO(dt)2] (dt = dithiolene).”142 
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1.5 Aim of Research 

From the above introduction, it can be seen that studies of model complexes of molybdoenzymes 

are exciting and relevant both in bioinorganic chemistry. The objective of the present work is to 

develop new approaches to synthesize model mpt ligands containing the phosphate function and 

their Mo complexes with one or two dithiolene ligands mimicking the natural compounds. 

Therefore, several dithiolene ligands with various electronic structure were explored to design, 

synthesize, and investigate substituent effects on the properties of molybdenum complexes as Moco 

models. Electronic and vibrational spectral studies and redox properties were investigated in detail 

to understand substituent effects on the electronic structure of model complexes and to elucidate 

the roles of mpt in catalysis.  
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2 Substituent Effects of MoIVO Bis(Dithiolene) Complexes  

 

2.1 Background and Aims 

The combination of functional properties, redox behavior, and metal active site actions in chemistry 

as well as in biology will raise our knowledge to a better understanding of these systems. Dithiolene 

and dithiolene substituents play an essential role, especially during the binding of molybdenum at 

the catalytic site of enzymes that transfer oxygen atoms. Metal dithiolene complexes serve as 

models for the active sites of bacterial enzymes such as those of the DMSOR family (see chapter 1, 

Fig. 1.5).143-145 In particular models for members of the DMSOR family enzymes are being used to 

answer this question:146 How do model dithiolene ligands for mpt affect electronic structures of 

resulting complexes and atom transfer reactivities during OAT reaction?  

The non-innocence character of dithiolenes can influence the electronic structure, including the 

actual metal oxidation state of their MoIVO complexes. The investigation of the strength of the non-

innocence behavior of the dithiolene can be achieved by evaluating the vibrational modes of 

dithiolene and Mo−S/O bonds by Raman and infrared spectroscopy.147-149 In order to understand 

the role of substituents attached to the ene moiety of the dithiolene three ligand precursors and 

respective complexes [MoIVO(S(CR1)=(CR2)S)2] (R1 = Ph, R2 = COOEt (12); R1 = H, R2 = CHO (13), R1 = 

CH2OH, R2 = COOMe (14)) were comprehensively investigated.  

In this chapter, the following objectives were studied: 

 

i. The Raman and FT-IR stretching frequencies for complexes 12 and 13 (experimental and 

theoretical) allow a deeper understanding of ligand effects on model compounds for DMSO 

reductase enzymes.  

ii. The temperature dependence of the redox potentials of complexes 12 and 13 were 

investigated by cyclic voltammetry emphasizing considerable thermodynamical differences 

between the two models.  

iii. HOMO/LUMO gaps (theoretical and experimental) for complexes 12 and 13 were 

determined to find a trend regarding molecular behavior such as stability and chemical 

reactivity of our models. 

iv. The OAT activities of complexes 12, 13, and 14 were investigated with the model oxo 

transfer reaction between DMSO and PPh3 to relate electron-withdrawing substituents on 

dithiolenes to Mo−S bond strengths and electron delocalization toward the Mo=O bond. 

This phenomenon can directly affect catalytic activity. 

v. A comprehensive comparison of our studies and the reported Moco model complexes in the 

literature led us to tabulated trends in Mo=O bond frequency and redox potential (E½) 

versus Mo=O crystallographic distances.  
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2.2 Syntheses 

2.2.1 Ligand Synthesis 

A typical procedure for the synthesis of dithiocarbonate compounds is replacing the bromine of α-

bromo ketones by a xanthogenate substituent followed by a cyclization step in a strong acidic 

medium.150  

The ligand precursor 3 (ecpdt-C=O) is readily synthesized by a three-step procedure starting from 

ethyl benzoylacetate (Scheme 2.1). In this procedure, first the bromination of the corresponding α-

ketone was carried out with N-bromosuccinimide (NBS) in solvent-free condition, and the product 

was purified by Kugelrohr distillation. Compound 1 was treated with o-isopropyl xanthate salt at 

RT to exchange bromine for xanthogenate. The potassium o-isopropyl xanthate was synthesized by 

drop-wise addition of carbon disulphide (CS2) to the well dissolved KOH in 2-propanol.151 The 

synthesis of 1 is a nucleophilic substitution in which the xanthate attacks the partially positive 

charge of an α-carbon relative to C=O to replace the Br leaving group. To isolated compound 2 was 

then added sulfuric acid in a DCM:Et2O medium giving ligand precursor 3. This step is the most 

challenging in the whole synthetic procedure. With the use of strong acid, the acid-sensitive 

functions on the ligand’s backbone might be destroyed during this cyclization step. The amount and 

type of acid are significant to be optimized. The proposed typical mechanism for the cyclization step 

was reported in the literature (see Scheme 2.2).152, 153 

  

 

Scheme 2.1. Syntheses of ligand precursor 3. (Caution: 1 is a very strong/severe lachrymator). 

 

 

Scheme 2.2. The proposed mechanism for the acid-catalyzed 

cyclization. 
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The synthesis of ligand precursor 7 (adt-C=O) was achieved in four steps using 2-butyne-1,4-diol as 

starting material (See Scheme 2.3). Compound 4 was prepared by chlorination of the diol with 

thionyl chloride in the basic condition below 20 °C with 48% overall yield because of the 

production of unavoidable 1,4-dichloro-2-butyne as a side product.154 Caution: This reaction is 

exothermic, especially when scaling up (drop-wise addition of thionyl chloride is essential). 

Compound 5 was synthesized by treating 4 with o-isopropyl xanthate in THF solution followed by 

the ring-closing step in acidic DCM medium (TFA as H+ source) leading to the vinyl compound 6 

with 53% yield, which was purified by column chromatography (25% DCM in petroleum ether). 

The vinyl bond in DCM:Et2O solution was oxidatively cleaved by the acidic silica surface hydroxyl 

peroxide, most probably in a radical process leading to 7 with 33% yield. This phenomenon was 

previously reported for some organosilanes in similar processes.155 The aldehyde 7 was 

alternatively prepared in 68% yield by oxidation of 4-methyl-1,3-dithiol-2-one using selenium 

dioxide (see Scheme 2.4).156, 157 

 

 

Scheme 2.3. Syntheses of ligand precursor 7. 

 

 

Scheme 2.4. An alternative pathway to synthesize 

the ligand precursor 7. 156 

 

 

4-Methyl-carboxylate-5-hydroxymethyl-1,3-dithiole-2-one (11, mohdt-C=O) was readily obtained 

by a three-step synthetic procedure starting from dimethyl acetylenedicarboxylate (see Scheme 

2.5).142 In this procedure, the trithiocarbonate 8 was synthesized reacting dimethyl 

acetylenedicarboxylate with ethylene trithiocarbonate in anhydrous toluene under reflux condition. 

In the following, compound 8 was reduced by sodium borohydride (NaBH4) in the presence of LiCl 

and anhydrous THF/EtOH at −15 °C.158 The reduced unsymmetrical trithiocarbonate 9 was 

collected as major compound along with low yield symmetrical substitution of compound 10 as a 

side product. Detecting the small amount of symmetrically substituted compound 10 is proposed 

that the amount of NaBH4 is significantly influenced the yield of the target compound and needs to 

be controlled.142 Oxidizing the thione moiety in trithiocarbonate backbones through Hg(OAc)2 in 
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acidic medium was frequently utilized in order to produce the oxo-dithiocarbonate compounds and 

mercury sulfide (HgS).159 Compound 9 was oxidized and the final precursor 11 (mohdt-C=O) 

purified by column chromatography with 50% yield.  

 

 

 

Scheme 2.5. Syntheses of ligand precursors 11. 

 

 

2.2.2 Complexation 

The MoIVO complexes with the ligands described above were synthesized according to a modified 

method reported by Bradshaw et al.102 In the modified procedure, the ligand precursors 3, 7, and 

11 were deprotected by addition of 2.5 equiv. of KOH in anhydrous and degassed methanol under 

N2 atmosphere (see Scheme 2.6). Typically, 2 to 5 equiv. of the base is applied in this method which 

was recently reported by A. C. Ghosh et al.160 However, the exact amount of base deviates slightly 

depending on the system for a successful ring opening. The Mo precursor (K3Na[MoO2(CN)4]) was 

dissolved in degassed water and added to the corresponding open form of dithiolene in methanol 

solution (in situ). A color change from brown-yellowish to red-brown was observed in course of the 

reaction. The complexes 12 and 13 were precipitated by adding the diethyl ether to the crude 

product in acetonitrile solution without changing the counter cation. The PPh4Cl salt was added to 

the reaction mixture to precipitate the complex 14 (see Scheme 2.6). All complexes were fully 

characterized with various techniques. All synthesized complexes 12, 13 and 14 are extremely air 

sensitive and needs to be carefully work with them. Especially, the aldehyde complex 13 is really 

sensitive and becomes a dark oil in the presence of air due to unstable aldehyde function. 
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Scheme 2.6. Complexation reaction of complexes 12, 13, and 14. Condition: under N2 

atmosphere and degassed solvents. 

 

 

2.3 Spectroscopic, Electronic, and Structural Studies 

2.3.1 Characterization of Ligands 

Ligand precursors 3, 7, and 11 were characterized by NMR, IR spectroscopy, APCI-MS 

spectrometry, and elemental analysis. For instance, two signals at δ 159.0 and 188.3 ppm in the 13C 

NMR spectrum of 3 belong to the C=O (ester function) and C=O (oxo-dithiole), respectively. The 

phenyl protons, methylene and methyl protons of Et group in the 1H NMR of 3 were observed at 

around δ 7.5, 4.1 and 1.1 ppm, respectively. In the IR spectrum of 3, the vibrations of C=O (ester 

function) and C=O (oxo dithiole) appear at 1728 and 1695 cm-1, respectively. The signals at m/e 

266.9 and 238.9 in the APCI(+)-MS spectrum of 3 are belonging to [M+H]+ and [M-Et+H]+, 

respectively. Ligand precursor 7 was also identified through the specific aldehyde proton and ene-

proton in the 1H NMR spectrum at δ 9.5 and 7.8 ppm, respectively. The signals at δ 181.1 and 188.6 

ppm belong to the C=O (formyl function) and C=O (oxo-dithiole), respectively. The white crystalline 

compound of 7 was also analyzed by the elemental analysis, which had a good agreement with 

calculated values. The 1H NMR spectrum of 11 displays two singlet signals at δ 4.93 and 3.86 ppm 

belonging to the methylene and methyl protons, respectively. The signals of the C=O (ester 
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function) and C=O (oxo-dithiole) were observed at δ 162.0 and 188.7 ppm in 13C NMR spectrum. 

The APCI(+)-MS signal of 11 at m/e 206.8 is assigned for the [M+H]+ fragmentation. 

Notably, comparison between the IR and NMR of trithiocarbonates 8, 9 and 10 and oxo 

dithiocarbonate 11 reveals the interesting characteristic of the C=S and C=O and C=C functional 

groups. For instance, the C=O vibration of oxo-dithiole in the IR spectrum of 11 was observed at a 

relatively higher frequency at 1654 cm−1 compared to C=S vibrations for trithiocarbonate ligands 8, 

9, and 10 at 1067, 1070 and 1053 cm−1,161 respectively which confirms the formation of ligand 

precursor 11. Alternatively, in the same way in the 13C NMR spectra of 8, 9, and 10, the C=S signal 

was observed at δ 207.2, 210.8 and 214.4 ppm, respectively, while the C=O (oxo-thiolate) is 

observed at 188.7 ppm due to the lower electron density around this carbon atom. 

Ligand precursors 3, 7, and 11 were also characterized by single-crystal X-ray diffraction (See Fig. 

2.1). The crystal data and structure refinement parameters for ligand 3, 7, and 11 are presented in 

Table 2.1. Projection views along the b and c axes of the crystal packing of 3, 7, and 11 are shown in 

Fig. 2.2. Compound 3 crystallizes in the monoclinic C2/c space group, whereas compound 7 

crystallizes in the orthorhombic Fdd2 space group and compound 11 crystallized in the monoclinic 

P21/n space group. The C=Ooxo distances for 3, 7 and 11 are 1.221(5), 1.191(9) and 1.204(2) Å, 

respectively, which are in the range of similarly reported oxo dithiocarbonate ligands.162-164 The 

C=O, C=C, and ene-C–S distances are structurally different due to different electron-donating and -

withdrawing groups on ene-moiety (see Table 2.1 and 2.2). The C=O, C=C and ene-C-S distances in 3 

and 11 are all longer than in 7 which indicate comparatively electron-withdrawing nature on ene 

moiety in 3 and 11. 

 

 

 

 

 

 

 

 

 

Figure 2.1. Molecular structure of compounds 3 (left), 7 (middle) and 11 (right) with 50% probability 

thermal ellipsoids. Selected bond lengths (Å) and angels (°): 3: bond lengths: C(1)−O(1): 

1.221(5), S(1)−C(1): 1.761(4), S(1)−C(2): 1.756(4), S(2)-C(1): 1.764(4), S(2)−C(3): 1.747(4), 

C(2)−C(3), 1.353(5); bond angels: C(2)−C(3)−S(2): 96.10(19), C(3)−C(2)−S(1): 97.27(19), 

S(1)−C(1)−S(2): 123.8(3). 7: bond lengths: C(1)−O(1): 1.191(9), S(1)−C(1): 1.779(7),  

S(1)−C(2): 1.712(6), S(2)−C(1): 1.773(6), S(2)−C(3): 1.739(6), C(2)−C(3): 1.341(8); bonds 

angels: C(2)−S(1)−C(1): 95.9(3), C(3)−C(2)−S(1): 118.4(4), O(1)−C(1)−S(1): 123.6(5). 11: 

bond lengths: C(1)−O(1): 1.204(2), S(1)−C(1): 1.776(2),  S(1)−C(3): 1.727(2), S(2)−C(1): 

1.760(2), S(2)−C(4): 1.7463(1), C(4)−C(3): 1.349(3); bonds angels: C(3)−S(1)−C(1): 

96.54(9), C(4)−S(2)−C(1): 95.58(9), C(3)−C(4)−S(2): 118.10(15), O(1)−C(1)−S(1): 

123.17(16). 
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Table 2.1. Crystal data and structure refinement parameters for ligand precursors 3, 7, and 11. 

Compound 3 7 11 

formula  C12H10O3S2 C4H2O2S2 C6H6O4S2 

formula weight  266.32 146.18 206.23 

crystal system Monoclinic Orthorhombic Monoclinic 

space group  C2/c Fdd2 P21/n 

a (Å)  30.240(6) 22.216(4) 3.8936(8) 

b (Å)  3.9413(8) 26.573(5) 9.1518(18) 

c (Å)  20.418(4) 3.8159(8) 22.568(5) 

β (°)  107.77(3) 90 93.07(3) 

Z  8 16 4 

V [Å3] 2317.47 2252.7(8) 803.0(3) 

dcalc [mg/m3] 1.527 1.724 1.706 

µ [mm-1] 0.451 0.835 0.631 

reflections / unique 7984 / 2175  1440 / 773 7550 / 2142 

Rint 0.1321 0.0898 0.0488 

GOF on F2  0.940 0.941 1.034 

R1, wR2 [I >2σ(I)]  0.0501, 0.1103 0.0485, 0.1176 0.0336 (0.0730) 

largest diff. peak/hole (e Å-3)  0.281 / -0.378  0.467 / -0.430 0.320 / -0.371 

 

 

 

Figure 2.2. Projection views of the crystal packing along the b axis of 3 (left), the c axis of 7 (middle) and the 

b axis of 11 (right).  

 

Ligand 7 is also able to push the electron density toward the C=C and ene-C–S bonds through 

conjugation all over this small molecule. This relatively strong conjugation in 7 was also proved by 

the C-C bond between the ene and corresponding substituents (1.449(9) Å) which is shorter than 

the two C−C distances observed in 3 and 11 (1.478(5) Å and 1.1487(5) Å) and (1.466(3) and 

1.512(3) Å), respectively (see Fig. 2.3).  
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As presented in Fig. 2.3, the C=Ooxo and C=C distances of 7 are shorter than others (3 ˃ 11 ˃ 7). The 

ene-C-S distances in 3 are all longer than in 7 and 11 whereas the higher differences on C=C and 

ene-C-S distances were observed in 7 due to significant difference of push-pull effects around the 

ene carbon atoms as well as extension of the potential conjugation in the entire small molecule, 

which results in a shorter, hence stronger C=O bond of the dithiocarbonate moiety. This 

phenomenon is also due to the non-innocence character of the aldehyde substituent in 7, which has 

the shortest C=Ooxo and C=C distances compared with other substituents. A lower push-pull effect in 

compound 3 is also indicating the higher electron-withdrawing nature of the substituents 

compared to compounds 7 and 11.  

 

 

 
Figure 2.3. Ene carbon to sulfur (=C−S) distances in Å (top left) and C=C/C=O distances in Å (top 

right) and =C-C distances in Å (bottom) visualizing the substituents’ influence in the 

oxo dithiocarbonate ligands 3, 7 and 11.  
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The ligands 8, 9, and 10 were also characterized by single-crystal X-ray diffraction (See Fig. 2.4) 

and crystal and refinement data are summarized in Table 2.2. Selected comparable bond distances 

and angles of 8-11 are listed in Table 2.3. All three ene-trithiocarbonate compounds 8, 9, and 10 

crystallized in the monoclinic P21/c space group (see Table 2.2). The crystal structure of 10 is also 

reported by Ploger et. al.165 with only one molecule in the asymmetric unit and in C2/c space group. 

 

 

 

Figure 2.4. Molecular structures of 8 (left), 9 (middle) and 10 (right) with 50% probability thermal 

ellipsoids.142 

 

Table 2.2. Crystal and refinement data for compounds 8, 9, and 10 at 170 K. 

 8 9 10 
Formula C7H6O4S3 C5H6O2S3 C6H6O3S3 
Mw 250.30 194.28 222.29 
Crystal system Monoclinic Monoclinic Monoclinic 
Space group P21/c P21/c P21/c 
a [Å] 13.209(3) 9.6501(19) 12.653(3) 
b [Å] 9.4789(19) 11.081(2) 4.5334(9) 
c [Å] 8.1022(16) 14.588(3) 15.650(3) 
β [o] 102.27(3) 97.81(3) 94.58(3) 
dcalc [mg/m3] 1.677 1.670 1.650 
Z 4 8 4 
V [Å3] 991.3(4) 1545.5(5) 894.8(3) 
µ [mm-1] 0.730 0.891 0.790 
reflns collected / unique 
reflns / Rint  

10584 / 2666 
0.0882 

9074 / 3238 
0.0759 

9059 / 2421 
0.0674 

R1 (wR2) (I>2σ(I)) 0.0405 (0.0771) 0.0357 (0.0589) 0.0635 (0.1628) 
GOF [F2] 0.988 0.894 0.966 
residual density [Å-3] 0.262 / -0.372 0.294 / -0.352 0.536 / -0.475 

 

 

Interestingly, the C=Ooxo distance in ene-dithiocarbonate compound 11 is shorter than the C=S 

distances in ene-trithiocarbonates due to the smaller size of oxygen atoms compared to sulfur (see 

Table 2.3). As shown in Table 2.3, the C=S, C–S and C=C distances in ene-trithiocarbonate 

compounds 8, 9 and 10 are structurally similar, while the C–S and C=C distances of the ene-

dithiocarbonate 11 are 1.760/1.776 Å and 1.349 Å and slightly longer than the observed ranges for 

the ene-trithiocarbonates (see Fig. 2.1 and Table 2.3). This phenomenon indicates electron density 
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donation toward C=O group in 11 compared than the respective C=S group of the ene-

trithiocarbonate 8, 9, and 10. The structure of 8 was previously published in the literature.166 

Interestingly, two molecules in the X-ray structure of compound 10 are present in the unit cell. 

These two molecules differ slightly in the angles of the −CH2−OH groups on the ene-moiety.142 

Projections view of the crystal packing in the structures of 8, 9 and 10 along the b or a axes are 

shown in Fig. 2.5. 

 
 

Table 2.3. Selected bond lengths [Å] and angles [o] for compounds 8, 9, 10, and 11. 

 8 9 10 10 11 
Lengths      Trithiocarbonate 

mole 1 
Trithiocarbonate 
mole 2 

 

C=S/O 1.636(3) 1.632(4) 1.659(3)  1.641(3)  1.204(2)  
C−S (A) 1.727(3) 1.718(4) 1.718(3)  1.728(3)  1.776(2)  
C–S (B) 1.732(3) 1.740(4) 1.659(3)  1.728(3) 1.760(2)  
C=C 1.345(4) 1.346(5)  1.339(4) 1.347(4) 

 
1.349(3)  

Angles 
S=C−S (A) 122.50(18) 124.3(2) 123.85(17)  123.1(2) 123.17(16)  
S=C−S (B) 124.59(18) 122.9(2) 122.78(19)  124.71(19) 123.79(16)  
S−C−S 112.90(16) 112.8(2) 113.36(17)  112.18(16) 113.03(11)  
C=C−S (A) 116.3(2) 115.9(3)  116.4(2)  115.7(2) 116.75(15)  
C=C−S (B) 116.5(2) 116.5(3)  116.2(2)  116.0(2) 118.10(15)  

 

 

 

 

 

 

 

 

 

 

Figure 2.5. (a) Crystal packing projection views along the b axis of 8 (left), 9 (middle), and along the 

a axis of 10 (right). Note: the hydrogen bonding and short contacts are present in 

blue.142 

 

 

As presented in Fig. 2.6 and our recent publication142, the ene-C-S bond distances in the symmetric 

molecules 8 and 10 (two mole molecules in the unit cell) are much more similar compared to the 

asymmetric molecules of 9 and 11. The ene-C−S bond lengths involving the ester group in 9 and 11 

are significantly longer compared to the 8 and 10. The C−S bond distance increases in ester side 

compared to the alcohol side in compounds 9 and 11 (see Fig. 2.6(left)). Therefore, The C−S bond 

has a single bond character in ester side and double bond character in alcohol side. 

This phenomenon was also confirmed with 13C NMR data, as shown in Fig. 2.6. The 13C NMR shift for 

the C=C bonds in symmetrical molecules 8 and 10 are different from unsymmetrical molecule 9 and 
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11 which is due to the nature of substituents on ene moiety (electron-donating ester function and 

electron-withdrawing hydroxyl function). This downfield shift (higher frequency on alcohol side) 

and upfield shifts (lower frequency on ester side) in the ene moiety of 9 and 11 compared to 

symmetrically substituted 8 and 10 confirmed a considerable push-pull effect. Therefore, the 

delocalization of the π-electrons in asymmetric molecules of 9 and 11 polarized the C=C bond due 

to the push-pull effect.167 For instance, changing the C=S function (in 9) to a C=O function (in 11) 

results in an upfield shift by ca. 7 ppm for both carbon atoms of the C=C moiety (151.6 and 117.6 

ppm, mixed). 

 

 

Figure 2.6. “Ene-C−S distances (left) and 13C NMR chemical shifts of the ene moiety 

(right) visualizing the substituents’ influence in 8, 9, 10 (the individual 

molecules of the structure are indicated by mole1 and mole2 in the 

graph) and ligand precursor 11.”142 

 

 

2.3.2 Characterization of Complexes 

The molybdenum bis(dithiolene) complexes 12, 13, and 14 were carefully characterized using 

various techniques. As shown in fig. 2.7, the C=C bond of complex 12 shifted significantly to the 

downfield at δ 146 and 157 ppm in 13C NMR compared to the corresponding dithiolene precursor 3 

(see Fig. 2.7). The signal belonging to the C=Odithiolene of 3 at δ 188 ppm disappeared, and the C=Oester 

is shifted by 14 ppm to downfield. Similarly, the two carbon atoms of the dithiolene of complex 13 

are shifted downfield in the 13C NMR spectrum to 152 and 168 ppm compared to ligand precursor 7 

(Fig. 2.8). The 13C-NMR signals for the C=C bond in complex 14 are slightly shifted to the downfield 

(higher frequency) at δ 119, and 152 ppm compared to corresponding ligand precursor 11, and 

C=Odithiolene signal of ligand 11 at δ 188 ppm disappeared (see Fig. 2.9). Weaker C=C bond shifts to 

the downfield region were observed in complex 12 compared to complexes 13 and 14, due to the 

extension of the π-system in phenyl side and electron-withdrawing character of the ester side. 
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Interestingly, the 1H NMR of complex 13 exhibits two signals at ~ 9.9 and 8.5 ppm belonging to 

=CH– protons of aldehyde and dithiolene moieties, respectively. These signals are shifted downfield 

(higher frequencies) compared to the dithiolene precursor 7 (see Fig. 2.8). The downfield shifts are 

caused by electron density being pushed towards the molybdenum center, consequently decreasing 

electron density at these groups.   

 

 
Figure 2.7. 13CNMR spectra of ligand precursor 3 (top) and complex 12 (bottom). 

 

 

 

Figure 2.8. 1H NMR spectra of ligand precursor 7 [in CDCl3]/complex 13 [in CD3OD] (top) 

and 13C NMR spectra of ligand precursor 7 [in CDCl3]/ complex 13 [in CD3OD] 

(bottom). (*) impurity. 
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Figure 2.9. 13CNMR spectra of ligand precursor 11 in CDCl3 (bottom) and complex 14 in CD3CN (top). 

 

The ESI-MS spectra of complexes 12, 13, and 14 are shown in Fig. 2.10, supporting the formation of 

the MoIVO complexes. The distinctive molybdenum isotopic distribution pattern was detected in the 

negative ion area at an m/e value of 590.1 for complex 12 corresponding to [MoO(ecpdt)2]2-+H]−. 

The molybdenum pattern found at m/e 576.1 is due to the fragmentation of the OEt substituent of 

the dithiolene moiety to OMe. Signals with the characteristic molybdenum isotopic distribution 

pattern for complex 13 were also detected at m/e values of 349.9 and 394.9 corresponding to 

[MoO(adt)2]2−+H]− and [[MoO(adt)2]2−+K]−, respectively. The molecular ion peak of complex 14 was 

shown at m/e 469.3 by MALDI-TOF-MS in the negative ion linear mode (Fig. 2.12). The Mo isotopic 

pattern of complex 14 was detected by ESI(-)-MS analysis at an m/e value from 460.2 to 469.1, 

while the PPh4 counter cations were observed at m/e 339.0 in the positive ion area (see Fig. 2.113). 

Elemental analyses are in good agreement with the proposed formula in all synthesized complexes. 

 

 

  

Figure 2.10. Isotopic distribution pattern in the ESI(−)-MS spectra of complexes 12 (left) and 13 (right) 

at the molecular ion region recorded in methanol solution at RT. 
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Figure 2.11. “(a) MALDI-TOF-MS spectrum of complex 14 obtained in the negative ion linear mode using 

2,5-dihydroxy benzoic acid (DHB), 10 mg/mL in CH3CN/H2O (containing 0.1% TFA); (b) ESI-MS 

(-) spectrum of complex 14 in methanol solution at RT. Inset: ESI-MS (+) spectrum.”142 

 

Various crystallization techniques have been applied to crystalize the corresponding MoIVO 

bis(dithiolene) complexes. Fortunately, single crystals of complex 12 suitable for X-ray analysis 

were grown at RT by direct diffusion of diethyl ether into an acetonitrile solution. Multiple efforts 

for recrystallization of the complexes 13 and 14 were unfortunately unsuccessful. The molecular 

structure of complex 12 is shown in Fig. 2.12. The crystal data and structure refinement parameters 

for complex 12 are presented in Table 2.4. Selected bond lengths and angles are listed in Table 2.5.  

 

Table 2.4. Crystal data and structure refinement parameters for complex 12. 

Complex 12 

formula  C26H28K2MoN2O6S4 

formula weight  766.88 

crystal system Orthorhombic 

space group  Pbca 

a (Å)  12.885(3) 

b (Å)  15.031(3) 

c (Å)  32.941(7) 

β (°)  90 

Z  8 

V [Å3] 6380(2) 

dcalc [mg/m3] 1.597 

µ [mm-1] 0.975 

reflections / unique 63620 / 8637 

Rint 0.1073 

GOF on F2  1.030 

R1, wR2 [I >2σ(I)]  0.0555, 0.1391 

largest diff. peak/hole (e Å-3)  0.950 /–1.054 

 

PPh4 

(a) 

(b) 
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Complex 12 crystallizes in the orthorhombic Pbca space group with eight complex anions in the 

unit cell. In the crystal structure of complex 12, the asymmetric unit contains one [MoO(ecpdt)2]2− 

anion and two potassium counter cations along with one water and two acetonitrile lattice solvent 

molecules (see Fig. 2.12 and 2.13). The geometry index (structural parameter, τ)168 around the 

molybdenum center is 0.47, matching distorted square pyramidal geometry. The dihedral angle (λ) 

between the two SMS planes, each defined by two sulfur atoms of dithiolene plus the metal center68, 

148 is suggesting a distorted square pyramidal arrangement. The Mo=O distance of complex 12 

(1.710(3) Å) is slightly longer than those found in other Mo (IV) complexes containing the MoIVO 

motif in the literature such as [[MoO(sdt)2]2− (sdt = α,β-styrenedithiolate), 1.700 Å;77 [MoO(LPh)2]2− 

(LPh = 1,2-diphenyl-1,2-dithiolate), 1.709(2) Å;148 MoO(bdt)2]2− (bdt = benzene-1,2-dithiolate), 

1.699(6) Å;79, 169 and [MoO(ntdt)2] (ntdt = 4-naphthyl-1,3-dithiol-2-one), 1.7023(17) Å;150 The effect 

of the withdrawing groups in complex 12, pull the electron density away from the Mo center and 

consequently from the Mo=O bond, which is significantly less influence compared to the 

[MoO(mnt)2]2− complex (mnt = 1,2-dicyano-ethylenedithiolate), 1.67(1) Å79, 170-172 as  the most 

electron withdrawing dithiolene ligand known. 

 

 

Figure 2.12. Molecular structure of the dianion of complex 12 shown with 50% 

probability ellipsoids. Hydrogen atoms, lattice solvent, and counter 

ions are omitted for clarity reasons. 

 

 

Figure 2.13. Molecular structure of dianionic complex 12 with two potassium as 

counter cations, two acetonitrile, and one water molecules are shown with 

50% probability ellipsoid. Hydrogen atoms except a water molecule are 

omitted for clarity. 
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Table 2.5. Selected bond lengths [Å] and angles [o] of complex 12. 

Bond lengths Exp. Bond angels Exp. 
Mo(1)-O(1) 1.710(3) S(2)-Mo(1)-S(1) 82.52(4) 
Mo(1)-S(1) 2.3832(14) S(4)-Mo(1)-S(3) 82.80(4) 
Mo(1)-S(2) 2.3576(11) S(4)-Mo(1)-S(1) 87.17(4) 
Mo(1)-S(3) 2.3679(13) S(2)-Mo(1)-S(3) 83.10(4) 
Mo(1)-S(4) 2.3578(11) S(2)-Mo(1)-S(4) 141.40(4) 
S(1)-C(1) 1.766(4) S(3)-Mo(1)-S(1) 142.36(4) 
S(2)-C(8) 1.764(5) O(1)-Mo(1)-S(1) 109.51(12) 
S(3)-C(12) 1.771(4) O(1)-Mo(1)-S(2) 110.79(11) 
S(4)-C(19) 1.784(5) O(1)-Mo(1)-S(3) 108.10(12) 
C(1)-C(8) 1.362(6) O(1)-Mo(1)-S(4) 107.72(11) 
C(12)-C(19) 1.353(6)   

 

The average value of Mo–S bond distances is 2.36 Å, which is comparable to those previously found 

in the similar MoIVO bis-dithiolene complexes in the literature.79 The average S‒Mo‒S (square 

planes) and S‒Mo=O angles are 83.89 and 109.03 °, respectively. The average C‒S and C−C bond 

distances are 1.771 and 1.357 Å, respectively (see Table 2.4). Notably, the C−S distance is shorter 

than a typical C−S single bond (1.82 Å), whereas the C−C distance is longer than a typical C=C 

double bond (1.33 Å). Therefore, the electron density contributes between the ene-dithiolate and 

dithione forms173, which indicates the kind of electron pushing towards the metal takes place 

despite the electron-withdrawing nature of the substitutes in the complex 12. As shown in Fig. 2.13, 

two potassium cations are linked comparably strong to the sulfur of dithiolene moiety which is in 

the range of 3.36 Å. Therefore, the sulfur atoms also provide electron density for the potassium 

interaction and notably interpret the shorter C−S bond length.  

Dithiolene coordination to a metal center results in an exciting feature, i.e., the dithiolene fold angle. 

The dithiolene fold occurs along the S….S vector, as shown in Fig. 2.14.174, 175 In Molybdoenzymes, 

metal-dithiolene interactions exhibit fold angles between 6.6° and 33.1°.176 The fold angle range in 

the structures of Group VI transition metal ene-dithiolene complexes was reported as 0−44.4°.177 

Molybdenum assigned an oxidation state IV would be expected to have planar ene-1,2-dithiolate 

rings (η = 0).178 The dithiolene fold angle bend between the S-M-S and S-C-C-S planes in complex 12 

(η) is 10.09° and 13.28°, respectively.68, 178 The electron-withdrawing effect of the ene-dithiolate 

ligand of complex 12 results in a fold angle and can be used as an indicator to evaluate the rate of 

electron donation from ligand to metal and to distinguish between dithiolene and dithione forms.179 

The slight fold between the two planes found in such complexes is indicative of some moderate π-

donation out of the sulfur p orbitals towards the molybdenum center in addition to the 

fundamental σ-donation establishing the bond.178 Fold angles increase with an increase in the 

oxidation state of the metal as a result of more electron donation from sulfur to molybdenum.175, 177 

For instance, the structurally characterized fold angle for the dithiolate in DMSO reductase is 

18.2°.180 The variation of η potentially plays a role in mediating charge redistribution within the 

Moco models during atom- and electron-transfer catalysis176, 181 as well as reflects the electron 

occupation in the equatorial in-plane metal orbital.174, 177 
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Figure 2.14. “The bonding interaction of the sulfur π 

orbitals with the metal in-plane d orbital 

cause the dithiolene fold angle”.175 

 

In the following of our investigation, the electronic absorption spectra of complexes 12, 13, and 14 

were recorded in acetonitrile solution in various concentration (see Fig. 2.15). Electronic spectra of 

ligand precursor 11 and the molybdenum precursor K3Na[MoO2(CN)4]·6H2O along with complex 14 

were also depicted in Fig. 2.16. The UV-vis spectrum of complexes 12 and 13 exhibits a series of 

four bands that largely correlate with those in the spectrum of complex 14 with the difference that 

those bands in complex 14 were observed in lower wavenumber. However, the band shapes are 

somewhat distinct, relating to differences in solvent effects and molecular structures as well.  

 

  
  

 

 

 

 

 

 

Figure 2.15. UV-visible spectra of complexes 12 (top left), 13 (top middle) and 14 (top 

right) in acetonitrile in various concentrations (top); Extinction coefficient 

diagram at corresponding λmax for complexes 12 (bottom left), 13 (bottom 

middle) and 14 (bottom right). 
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The UV-vis absorption spectrum of 12 and 13 in acetonitrile displays an absorption band centered 

at 541 nm (ε = 1934 M-1 cm-1)  and 507 (ε = 1815 M-1 cm-1)  nm, respectively (see Fig. 2.15), i.e. in a 

region characteristic for ligand to metal charge transfer transitions (LMCT) or, to be more specific, 

transitions from the lone pairs of sulfur atoms at relatively high-energy to the relatively low-lying 

empty dx
2

-y
2 Mo orbital.182 The higher-energy absorptions in complexes 12 and 13, that is, 300 nm < 

λ < 450 nm, were also more intense and thus, they are ascribed to LMCT bands overlapped with 

some intra-ligand charge transfer as reported in the literature.182 The UV-vis spectrum of complex 

14 displays absorption bands slightly different than complexes 12 and 13, in the region 256–323 

nm, characteristic of LMCT (λmax: 323 nm (ε = 1023 M-1 cm-1) and of intra-ligand charge transfer 

(broad multiple bands at the range of 256-277 nm) (see Fig 2.15). This assignment is confirmable 

through comparison with the spectrum of the protected ligand and with published similar MoIVO 

bis(dithiolene) complexes in the literature.182 We therefore tentatively assign the bands in the range 

of 256-277 nm (ε ~ 2000 M−14m−1) to LLCT transitions (see Appendix, Fig. S1).142 

As shown in Fig. 2.16, the broad absorption signal of ligand precursor 11 at λmax: 285 nm (ε = 2340 

M-1 cm-1) is narrowed and shift to a lower frequency in complex 14 with slightly lower energy 

which most probably due to the loss of the protecting C=O function and coordination to the Mo 

center. Similar observations were reported by Sugimoto et al.183 with a series of aliphatic 

bis(dithiolene) complexes with signals in the region 260-476 nm. 

 

 

 

 

 

 

Figure 2.16. UV-visible spectra of mohdtC=O (ligand 11), K3Na[MoO2(CN)4]·6H2O and the molybdenum 

complex 14 in acetonitrile solution (left); UV-visible spectrum of ligand 11 in acetonitrile in 

various concentration (middle); Extinction coefficient diagram at corresponding λmax = 285 

nm for ligand 11 (right). 

 

Since solvents have an essential role in UV-Vis measurements, electronic absorption spectra of 

complexes 12 and 13 were recorded in MeOH as well (see Fig. 2.17). Electronic absorption spectra 

are more similar than they are in acetonitrile (see Fig. 2.15) only showing differences due to 

substituent effects such as electron-withdrawing character and solvation effect as well. The lowest 

energy transitions at 626 nm for complex 12 and 608 nm for complex 13 are most likely belonging 

to the HOMO/LUMO transitions.  
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Figure 2.17. UV-visible spectra of complexes 12 (black) 

and 13 (red) in methanol (2 × 10−5 M each). 

 

 

In the following of our investigation, complexes 12 and 13 were chosen to determine the HOMO/ 

LUMO energy levels, which provides further insight into the structural and electronic properties of 

these complexes. For this purpose, the corresponding band gaps of complexes 12 and 13 have been 

determined theoretically by density functional theory (DFT) calculations with the def2-TZVP/6-

31G* basis set. The HOMO/LUMO energy levels were calculated from Hartree energies in kcal/mol. 

A band gap is defined as the difference between HOMO and LUMO energy levels. The theoretical 

HOMO–LUMO gaps for complexes 12 and 13 are 1.212 eV (27.956 kcal/mol; 116.967 kJ/mol) and 

1.142 eV (26.355 kcal/mol; 110.269 kJ/mol), respectively. The HOMO/LUMO gap of complex 13 is 

slightly smaller than that of 12. Both complexes 12 and 13 have a comparably similar and almost 

narrow band gap, which confirm the electron deficiency of molybdenum d orbitals and electron 

delocalize in ene-dithiolate and dithione forms.  

Absorption of electromagnetic radiation in the UV-Visible light can promote electrons from the 

electronic ground state (a HOMO) to a LUMO orbital. As shown in Fig. 2.18, the calculated band 

energy gap from the theoretical calculation are compared with the estimated band gap from 

absorbance according to the equation 𝐸𝑔
𝑈𝑉(𝑒𝑉) =  1242

𝜆𝑜𝑛𝑠𝑒𝑡
⁄ .184, 185 The estimated band gaps for 

complexes 12 and 13 are 1.75 eV and 1.8 eV, respectively (see Fig 2.18). The estimated optical 

energy gaps (𝐸𝑔
𝑈𝑉) are larger than the theoretical energy gap for complexes 12 and 13. As reported 

in the literature,186 the optical band gaps should be closer to theoretical band gaps due to the 

coulombic interaction compared to electrochemical band gap (𝐸𝑔
𝐶𝑉), but we should take into 

account the solvation effect can considerably change the amount of energy that each molecule can 

absorb by the electromagnetic radiation to promote an electron from the HOMO to LUMO level. 
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Figure 2.18. Absorption spectra of complexes 12 (left) and 13 (right) in methanol used to 

determine the onset wavelength (λonset). 

 

Another experimental method, which can be used to investigate the energy separation between 

HOMO and LUMO is electrochemistry. Cyclic voltammetry is an alternative method to estimate this 

band gap (HOMO/LUMO levels). However, for this, the observation of two redox waves is required. 

As a reversible redox potential (reduction of MoIV to MoV) for the second oxidation of MoV/MoVI was 

not observed, instead of deriving the band gap, the second redox potential (𝐸𝑟𝑒𝑑
𝑜𝑛𝑠𝑒𝑡) was estimated 

by using the DFT band gap calculation. Therefore, the onset potentials were estimated via the 

crossing of two drawn lines at the rising current and baseline.186 The onset potentials of oxidation 

of complexes 12 and 13 can be correlated to the ionization potential (EHOMO) according to the 

proposed empirical relationship.187 The correlation can be expressed as:  

 

𝐸𝐻𝑂𝑀𝑂 = − 𝐸𝑜𝑥
𝑜𝑛𝑠𝑒𝑡 − 4.8 𝑒𝑉   (1) 

𝐸𝐿𝑈𝑀𝑂 = − 𝐸𝑟𝑒𝑑
𝑜𝑛𝑠𝑒𝑡 − 4.8 𝑒𝑉   (2) 

𝐸𝑔
𝐶𝑉 =  𝐸𝐻𝑂𝑀𝑂 −  𝐸𝐿𝑈𝑀𝑂          (3) 

 

The calculated 𝐸𝐻𝑂𝑀𝑂 [equation (1)] for the oxidation of MoIV → MoV in complexes 12 and 13 are 

−4.19 and −3.99 eV, respectively (Fig. 2.19). Assuming that 𝐸𝑔
𝐶𝑉 is equal with 𝐸𝑔

𝐷𝐹𝑇 = 1.212 (12) and 

1.142 (13) eV, the 𝐸𝐿𝑈𝑀𝑂 for complexes 12 and 13 were calculated as −5.40 and −5.13 eV, 

respectively. Therefore, the 𝐸𝑟𝑒𝑑
𝑜𝑛𝑠𝑒𝑡 for complexes 12 and 13 were estimated as +0.60 and +0.33 V, 

respectively. They could not observe, because in the high potential, a chemical reduction takes place 

and the complex species changes considerably. It is worth to mention that the use of the UV method 

as compared to electrochemical estimations by cyclic voltammetry could be the reason for the band 

gap differences since the onset of oxidation or reduction changes with scan rate as well.188 

 

λ onset = 710 nm λ onset = 690 nm 
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Figure 2.19. Cyclic voltammograms of complexes 12 (left) and 13 (right) in 

acetonitrile used to determinate the onset redox potential 𝐸𝑜𝑥
𝑜𝑛𝑠𝑒𝑡 . 

 

The electrochemical properties of the oxidations of essentially MoIV to MoV centres of complexes 12, 

13 and 14 were also investigated by cyclic voltammetry at different scan rates and referenced vs. 

internal [Fc]/[Fc]+ in acetonitrile solution with 0.1 M of [nBu4N][PF6] as supporting electrolyte (Fig. 

2.20).  

  

 

Figure 2.20. Cyclic voltammograms of 1 mM solutions each of complexes 12 (top left) and 13 (top right) 

and 14 (bottom) in CH3CN containing 0.1 M of Bu4NPF6 as electrolyte at different scan rates. 

The peak potentials were recorded vs. internal reference [Fc]/[Fc]+ at 298 K. 
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The cyclic voltammograms of complexes 12 and 14 exhibits a traditional reversible redox process 

between the waves ascribed to the couple [MoIVO(dt)2]2–/[MoVO(dt)2]– at −0.47 and −0.62 V, 

respectively. Notably and surprisingly, for complex 13 a ‘double’ redox event at −0.78 and −0.63 V 

was observed which was ascribed to [MoIVO(adt)2]2–/[MoVO(adt)2]–. The effect of the square root of 

scan rate on the peak anodic current was also studied. As is shown in Fig. 2.21, the peak current is 

proportional to the square root of the scan rate (linear relation) which shows the system is 

diffusion-controlled and might happen for the fast kinetics or rapid charge transfer.  

As two strictly metal-centered redox transitions in complex 13 being separated by only 150 mV can 

be excluded as metal-centered redox events. Therefore, we expected that the aldehyde dithiolene 

substituted could involve in the redox process. This kind of double redox event was previously 

reported by Donahue et a.173 for tungsten carbonyl complexes. The electrochemical oxidation can 

take place via a radical intermediate between ene-dithiolate and dithione forms which was 

observed and also reported by Yan et al.173, 189 which comprehensively studied via electrochemical, 

spectroscopic, and theoretical techniques. As we discussed in Chapter 1, the electron density could 

distribute between dithiolene ligand (non-innocence character) and Mo center. Therefore, the 

formal oxidation states are not necessarily present the actual oxidation states. 

 

 

 
Figure 2.21. Anodic Peak current vs. square root of scan rate plots for complexes 12 (top 

left) and 14 (top right), and 13 (bottom) with a linear fit. 
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As depicted in Scheme 2.7, we propose here that the first oxidation is ligand/metal-centered 

directly followed by a second redox event which removes the radical character from the 

intermediate species and generates a species between the dithiolate and dithione form. The 

possibility of coordination exchange on the oxygen and sulfur chelate to the metal center, as shown 

in Scheme 2.7, cannot be excluded. This radical dithiolene complex intermediate could stabilize via 

conjugation of the ene-dithiolate and dithione forms. All this supports the findings from the 

crystallographic ligand characterization and spectroscopic studies (see Fig. 2.3). 

 

 

Scheme 2.7. Potential resonance forms of the complex 13 upon oxidation of dithiolate to the 

radical species and dithione forms. 

 

To gain more insight into the unique behavior of complex 13, the computational redox potentials 

were calculated in acetonitrile solution. Theoretical predictions were also performed for complex 

12 to reach a comparable data set. The ferrocene/ferrocenium ion (Fc/Fc+) was used as a reference 

redox couple in acetonitrile solution which has a solvent-independent redox behavior.190 The 

calculated redox potential for MoIV→MoV in complex 12 referenced vs. Fc/Fc+ is predicted at -0.46 

V, which is significantly close to the experimental potential in complex 12 at -0.45 V. As we 

expected, the redox potential in complex 13 due to non-innocence character of dithiolene aldehyde 

ligand is at lower potential at -0.63 V compare to DFT calculated value at -0.40 V which led to 

electron density transfer from the oxygen atom of the aldehyde function toward the molybdenum 

center. 

The cyclic voltammograms of complexes 12, 13 and 14 (with electrolyte as background (red line)) 

show irreversible redox potentials at 0.31, −0.10 and 0.24 V, respectively (see Fig. 2.22). We 

speculate that those belong to the MoV →MoVI transition partially involving the dithiolate ligand as 

observed for some molybdenum bis(dithiolene) complexes (see Table 2.10). It should be noted that 

the ene-dithiolate contribute further redox possibilities through their non-innocent redox 

character191 with the oxidation of reduced dithiolene to a radical form by one electron or to the 

dithione form by two electrons.192 The third irreversible peak in the voltammograms of complexes 

12, 13, and 14 could be a ligand-based redox process, observed at higher potential 0.80, 0.20 and 

1.04 V, respectively.  
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By comparison of the voltammograms of complexes 12, 13 and 14, the oxidation of MoIV to MoV in 

complex 13 are observed at lower potential compared to others (see Fig. 2.23). This low redox 

potential could be due to the donation of electron density from the oxygen atom of the aldehyde 

function to the MoV center. 

 

 

Figure 2.22. Cyclic voltammograms of 1 mM solutions each of complexes 12 (left), 13 (middle) 

and 14 (right) in CH3CN (Black) containing 0.1 M of Bu4NPF6 as electrolyte; Electrolyte 

CV background (red) (scan rate: 0.1 V/s). The peak potentials were recorded vs. 

internal reference [Fc]/[Fc]+ at 298 K. 

 

 

Figure 2.23. Comparison of CV of complexes 12 (black) and 

13 (blue) in acetonitrile containing Bu4NPF6 as 

electrolyte; electrolyte CV background (red).  

 

Temperature-dependent electrochemistry can be efficiently used to determine thermodynamic 

information such as the entropy for the redox processes in bioinspired model complexes193-195 and a 

wide range of information about the redox behavior of the active site of natural enzymes. A 

comparison of entropies between models and enzymes could help to further understand the 

thermodynamical roles in electron transfer enzymes such as those from the DMSO reductase family.  

For this purpose, the complexes 12 and 13 were chosen to investigate the temperature-dependent 

Cyclic Voltammetry measurements (TD-CV) were carried out based on an established method in 
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our group.195 The voltammograms of complexes 12 and 13 were besides recorded at variable 

temperature, including cooling and warming periods for each sample in each measurement. As 

shown in Fig. 2.24, this temperature region was measured for every sample in circles by changing 

the temperature at each step by 10 °C and by 5 °C at the turning points.  

 

 

Figure 2.24. An illustration of the three-electrode electrochemical double-wall cooling/heating cell under 

the anaerobic condition for TD-CV measurements (left) and a visualization of how the 

temperature was cycled; the starting temperatures were changed from sample to sample and 

temperatures alternated concerning cooling or warming (right). 

 

Cyclic voltammograms of 1 mM of complexes 12 and 13 in acetonitrile containing 0.1 M of Bu4NPF6 

as the electrolyte in various temperatures from 5 to 65 °C are depicted in Fig. 2.25.  For each 

measurement, the respective solutions were transferred to the double-wall cell, the temperature of 

which was controlled with a heating/cooling system (Fig. 2.25). All samples were stirred before the 

measurements for 5 minutes at the desired temperature, and finally, the sample was then 

referenced vs. Fc/Fc+. The measured redox potentials E1/2 were plotted against the temperature, 

and linear fits were applied (Fig. 2.26). Of each compound around 100 data points were measured 

at a different temperature ranging from 278 to 338 K. According to the below equation and using 

the experimentally derived gradients E1/2 vs. temp., the entropies and, consequently, enthalpies for 

the reductions of the redox processes MoIV↔MoV can be calculated.194 The derived average 

gradients and the respective ΔS values for the reduction processes as calculated for complexes 12 

and 13 are summarized in Table 2.5, which are generally comparable with previously published 

papers.193, 194 

 



Results and Discussions 

50 
 

 

Figure 2.25. Cyclic voltammograms of complexes 12 (right) and 13 (left) at various temperatures 

between 5˚C and 65˚C. Data is referenced against Fc/Fc+. 

 

Figure 2.26. Plots of redox potentials E1/2 (MIV ↔ MV; vs. Fc/Fc+) against temperature 

for complexes 12 (left) and 13 (right) and the respective linear fits. 

 

The gradients δE/δT and the entropy changes for the reductions of MoV to MoIV are negative. 

Therefore, the –TΔS term and ΔG is positive, which means a positive contribution to the Gibbs free 

energy. Therefore, both molybdenum complexes 12 and 13 loose entropy when reduced and lose 

degrees of freedom. This means that the entropic point of view the oxidized form, MoV, is 

thermodynamically favored over the reduced form MoIV. The redox potential of complex 12 is more 

temperature-dependent (ΔS value is almost quadrupled in size), and the tremendous value suggests 

a considerable geometric change (see Table 2.5). As we expected, the ability to geometrically 

reorganization of complex 12 is larger than in complex 13 due to the almost no flexibility in the ene 

and substituent unit in complex 13 except the rotation around ene-C−CHO bond which is blocked 

by tautomerization and making a partial double bond. While the geometrical reorganization in 

complex 12 such as a change in bond through resonance and torsion angle is much more attainable 

due to two large substituents. The observed difference between this “double redox event” in 

complex 13 is relatively close to the error margins, and unfortunately, it is not useful with this 

resolution. Therefore, we can conclude that the complex 12 is easier to reduce in general (less 

negative redox potential: −0.45 V) and could have a higher contribution of ΔS supporting reduction, 

but calculated data show a lower value. Therefore, based on Gibb’s equation ΔH must be the driving 

force. 
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Table 2.5. Gradients of the linear fits for the temperature dependence of the E1/2 and 

from the gradients calculated values of the ΔS for the respective reduction 

processes for complex 12 and 13. 

Complex E1/2 (V vs. Fc/Fc+) Gradienta/mV K−1  ΔSb/J mol−1 K−1 

12 −0.45 (−0.46)c −2.44 (0.826) −235.4 (79.6) 

13 −0.78 

−0.63 (−0.40)c 

−0.583 (0.176) 

−0.709 (0.218) 

−56.2 (16.9) 

−68.4 (21.0) 

a Standard deviation in parentheses as obtained from the linear fit. b Errors in the 
parentheses calculated from the standard deviation of the gradients. c DFT calculations 
using acetonitrile as a solvent phase. 

 

Vibrational spectroscopies such as IR and Raman are significantly crucial to understand the role of 

actual strength of non-innocence character of dithiolene ligands on the accessible energy levels of 

Mo−S bond and consequently, on the Mo=O bond in the respective molybdenum bis(dithiolene) 

model complexes and as well as in the active site of molybdenum cofactor family enzymes.149, 196, 197 

Therefore, the complexes 12 and 13 were chosen for this purpose and comprehensively 

investigated. Experimental IR and Raman spectra of complexes 12 and 13 are depicted in Fig. 2.28 

and 2.29 and compared with DFT calculated spectra,i while complex 14 was only characterized via 

IR spectroscopy in house and the tentative assignments are presented compared with 

corresponding ligand precursor 11, as shown in Fig. 2.27. The detailed IR and Raman vibrational 

frequencies of the complexes 12 and 13 are presented in Table 2.6 and Table 2.7, respectively.  

The IR frequencies of M=O stretching of complexes 12, 13 and 14 are observed at 929, 936 and 925 

cm−1, respectively, is shifted to higher frequency compared to the molybdenum precursor 

K3Na[MoO2(CN)6] at 728 cm−1.150 These Mo=O stretching modes are comparable with related 

molybdenum complexes such as [MoO{S2C2(COOMe)2}198
2]2−,199 [MoO{S2C2(CN)2}2]2−79 and 

[MoO{S2C2(CONH2)2}2]2−.200 The IR frequencies of C=Oester in complexes 12, 13, and 14 are 

considerably shifted to the higher frequency at 1661, 1611, 1718 cm−1, respectively and C=Ooxo 

belonging to the corresponding dithiolene precursor disappeared after complexation (see Fig. 2.27, 

2.28 and see the experimental part for details). The IR frequencies of C=Cene stretching in complexes 

12 (at 1470-1503 cm−1), 13 (at 1480 cm−1), and 14 (at 1483-1541 cm−1) show, i.e., they are shifted 

to higher frequencies compared to the C=C bond in the corresponding ligand precursors at ~1350-

1430 cm−1 (see Fig. 2.27-2.29).  

The C−S vibrations in 12 are observed at 799 cm-1 (symmetric vibration, infrared active) and at 443 

cm-1 (antisymmetric vibration, Raman active) which are comparable with the literature.68, 201 The 

C−S vibrational frequencies in complex 13 were observed at 703 cm-1 (infrared) and 410 cm-1 

(Raman). These bands are predicted with very low IR and Raman intensities (see Fig. 2.29). 

Interestingly, the Mo−S vibrational modes of complex 12 in Raman spectroscopy are predicted at 

around 328-379 cm-1, while the Mo−S vibrational modes of complex 13 are observed at 326-410 

cm-1. The DFT calculated values of Mo-S vibration modes are in good agreement with experimental 

                                                           
i The IR and Raman data (experimental and theoretical) provided by our cooperation partner Dr. Ingo Zebger 
and Prof. Maria Andrea Mroginski from TU-Berlin. 
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Raman data. The Mo-S and C−S bands are more Raman active and we, therefore, could not assign 

them in complex 14 through FT-IR spectroscopy technique.  

Furthermore, the trigonal deformation mode of C=Cph in complex 12 are predicted 980 cm−1. The 

later C=Cph as well as C–H vibrations in complex 12 show only Raman activity, while the C−S 

vibrational modes are both IR and Raman active. The vibration modes of C-Hene and C-Haldehyde in 

complex 13 are predicted at around 860 and 790 cm-1, respectively. Surprisingly, no Raman bands 

are belonging to the C-Hene, which is the Raman active mode, and only less intensive bands were 

observed at 798-812 cm-1 might belong to the C-Haldehyde vibration modes.  

 

 

Figure 2.27. “FT-IR spectra of complex 14 (a, bottom, blue) and ligand 

precursor 11 (b, top, green) in solid-state (KBr 

pellet).”142 

 

 

Figure 2.28. Expanded experimental Raman spectra of complex 

13 (A); DFT calculated Raman spectrum of complex 

13 (B). 
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 Figure 2.29. IR and Raman spectra of complex 12 (left); IR and Raman spectra of complex 13 (right). (A) 

experimental IR; (B) DFT calculated IR; (C) experimental Raman; (D) DFT calculated Raman.  

 

The experimental and DFT calculated Raman values for the Mo=O stretching mode of complexes 12 

at 936 cm-1 and 940 cm-1, respectively can be rationalized according to the present substituents in 

comparison with previously obtained data of related complexes (see Table 2.10 for comprehensive 

comparison). Unfortunately, we could not observe any band belonging to the Mo=O stretching 

mode in the experimental Raman spectrum of complex 13 and only a vibration band in the IR 

spectrum as a shoulder at around 936 cm-1 was detected (see Fig. 2.28). The aldehyde complex 13 

possibly decomposed during transportation or beam energy absorbance during the IR and Raman 

measurement might affect the active site and facilitate the formation of the Mo-O single bond 

(K2[MoOH(adt)2] species (13-O)). This plausible species was evaluated via DFT calculation. The 

calculated IR and Raman data of species 13-O were carefully compared with the experimental 

signals of complex 13 (see Fig. 2.29 and Table 2.8). The plausible single bond Mo-O vibration modes 

at 665 and 680 cm-1 are in accordance with the bands at around 650 and 684 cm-1 (exp. Infrared of 

13) and 667 and 684 cm-1 (exp. Raman of 13) (see Fig. 2.28). Other vibrational frequencies of C=O, 

C=Cene, C−Haldehyde, and C−Hene are in good agreement with DFT calculated modes.  

 

 

 

Exp. (complex 12) 
Exp. (complex 13) 

Exp. (complex 12) Exp. (complex 13) 

Theo. (complex 12) Theo. (complex 13) 

Theo. (complex 12) Theo. (species 13-O) 
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Table 2.6. Assignment of vibrational bands in the experimental and calculated Raman and IR spectra of 

complex 12 given in cm–1. 

Exp. Raman calc. Raman 
 

Mode 
assignment   

Rel. contribution [%] 
{if determined} 

Remarks 

n.d. - ν(C=O)   
n.d. 1503 ν(C=C)ene 23  
n.d. 1502 ν(C=C)ene 11  
n.d. 1498 ν(C=C)ene 17  
n.d. 1495 ν(C=C)ene 27  
n.d. 1470 ν(C=C) ene 27  
 
 
1003 

1027 s(C-H)  Raman active  
Raman active 1026 s(C-H)  

980    trigonal(C=C)ph  Raman active  
Raman active 979 trigonal(C=C)ph  

936 940 ν(Mo=O) 99  
873 – 913 
 (at least 5 bands) 

845 – 908 
 (7 bands) 

oop(C-H)ph   

753 720 as(COO)   
700 697 oop(C-H)ph   
601 607 (C=C)ph   
516 
493 

495 (C=C)ph   

439 443 as(C-S)   
384 
several bands 

379 ν(Mo-S) 43  
365 ν(Mo-S) 49  

364 
several bands 

354 ν(Mo-S) 21  
344 ν(Mo-S) 55  

353 328 ν(Mo-S) 38  
Exp. IR  calc. IR 

 
Mode 
assignment   

Rel. contribution [%] 
{if determined} 

Remarks 

1233, 1207 1213 ν(C-C)ester   
1154, 1113  1136 (COO)   
1068, 1050, 1034 1056 (COC)   
929a 940 ν(Mo=O)  IR and Raman active 
871 – 909 
 (at least 4 bands) 

845 – 908 
 (7 bands) 

oop(C-H)Ph  weaker in IR than in 
Raman  

768 799 νs(C-S)  IR and Raman active 
   n.d. = not determined, a Shift to higher wavenumbers with decreasing temperatures to 80 K. 
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Table 2.7. Assignment of vibrational bands in the experimental and calculated Raman and IR spectra of 

complex 13 given in cm–1. 

Exp. Raman calc. Raman 
 

Mode assignment   rel. contribution [%]  
{if determined} 

remarks 

n.d.  1647 ν(C=O)   
n.d. 1487 ν(C=C)ene 74  
n.d. 941 ν(Mo=O) 99 Weaker in Raman  
 867 ip,r(C-H)  less IR active 
- 864 ip,r(C-H)  Raman active 
812 790 oop(C-H)aldehyde  less Raman active 
798 789 oop(C-H)aldehyde  more IR active  
425 410 νas(C-S, Mo-S)   
388, 367 378 ν(Mo-S) 61  
357 333 ν(Mo-S) 64  
353 326 ν(Mo-S) 57  
n.d. 269 ν(Mo-S) 82  
Exp. IR  calc. IR 

 
Mode assignment   Rel. contribution [%] 

{if determined} 
Remarks 

1611  1644 ν(C=O)   
1501 1484 ν(C=C)ene 74  
936(sh) 941 ν(Mo=O) 99 Weaker in Raman  
711, 691 703 s(C-S)   
869 867 ip,r(C-H)   
831 864 ip,r(C-H)   

    n.d. = not determined, sh = shoulder 

 

Table 2.8. Assignment of vibrational bands in the experimental and calculated Raman (IR) spectra of 

complex 13-O given in cm–1. 

Band position exp. Band position calc. Mode assignment   Remarks 
n.d. 1683 νs(C=O)  active 
(1683(sh)) 1681 νas(C=O) IR active 
n.d. 1500 νs(C=C)ene Raman active 
(1501(s), 1511(w)) 1484 νas(C=C)ene IR active 
1000 977 (C-H)aldehyde  
899 862 ip,r(C-H)  
- 802, 792 (C-H)  
684a, 691, 711 (684, 670) 680 (Mo-OH)  
667a, 629, 691 (652, 654) 665 ν(Mo-OH)  
575 551 (559) s(C-S)  
425  410 ν(Mo-S) Raman active 
388  367 ν(Mo-S) Raman active 
367 351 ν(Mo-S) Raman active 
357 343 ν(Mo-S) Raman active 
353 331 ν(Mo-S) Raman active 

    n.d. = not determined, s = strong, sh = shoulder, w = weak, a dominant band 
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To exclude the unreacted Mo precursors K3Na[MoO2(CN)4] and its plausible dimerization [(CN)4Mo-

O-Mo(CN)4] form, the DFT calculations were performed and compared with the experimental data 

of molybdenum precursor K3Na[MoO2(CN)4] (see Table 2.9). The calculated bands at 762 and 707 

cm-1 might belong to the experimental Mo=O vibration modes in molybdenum precursor150, and the 

Mo-O-Mo vibration modes are estimated at 870 and 918 cm-1. Since the corresponding signals were 

not observed in the experimental Raman and IR spectrum, the Mo=O signal from unreacted Mo 

precursor and plausible Mo-O-Mo formation were excluded. 

 

Table 2.9. Assignment of vibrational bands in the experimental and calculated Raman (IR) spectra of 

molybdenum precursor K3Na[MoO2(CN)4] and it is hypothesized dimerized form [(CN)4Mo-O-

Mo(CN)4] given in cm–1. 

K3Na[MoO2(CN)4] 
Band position exp. Band position calc. Mode assignment   Remarks 
n.d. 762 νs(Mo=O) weak Raman active 
684 (728) 707 νas(Mo=O) IR active  
468 (517) 487 (Mo-CN) IR active  
425 413 (Mo-CN) Raman active 

Hypothesized dimerized form [(CN)4Mo-O-Mo(CN)4] 
- 918 νs(Mo-O-Mo) Weak Raman active 
- 870 νas(Mo-O-Mo) IR active 

n.d. = not determined 

 

 

The molybdenum bis(dithiolene) complexes 12, 13, and 14 are compared comprehensively with 

the reported complexes in the literature, as shown in Table 2.10 and Fig. 2.30. The recorded 

wavenumbers increase from those with electron-donating substituents in ene-backbone such 

methyl, cyclohexene, or substituents with less inductive effects on ene backbone such as H, 2-

quinoxalin, 2-pyridyl, NC(H)N(Me)2-ptedt to molybdenum bis(dithiolene) complexes with electron-

withdrawing substituents such as phenyl, CF3, CN, CONH2, CO2Me, O-phenyl. As shown in Table 2.10, 

Mo=O distances in complexes with electron-donating substituents on ene-backbone are typically 

longer than in complexes with electron-withdrawing substituents and the respective bonds 

consequently weaker which is following lower wavenumbers for the Mo=O vibrations.83  

As shown in Table 2.10, the IR frequencies of Mo=O stretching mode of complexes 12, 13 and 14 

indicate comparably weak Mo=O bond despite having electron-withdrawing substituents on ene-

backbone compared than those complexes with substituents on ene backbone such as R1 = R2 = 

CONH2, COOMe, CN and/or (R1 = R2 = COOMe; R1' = R2' = 3,6-dichloro-1,2-benzenedithiolate 

(bdtCl2)) and (R1 = R2 = H; R1' = R2' = CN). Particularly whereas the C=C distance is increased 

simultaneously with decreases in C−S bond lengths which clearly shows the actual strength of the 

non-innocence of the dithiolene ligand and pushing the electron density from ligand toward the 

molybdenum center. In the case of complexes 13 and 14, the C=Cene vibrations at around 1500 cm-1 

are relatively close to the reported Mo complexes with electron-withdrawing groups (see Table 

2.10 and ref.68). For Mo–S bonds one can expect that they are shorter in cases where the ligand is 

fully reduced (ene-dithiolate form) and longer when these two sulfur atoms are part of the fully 

oxidized (dithione form). Complexes 12 and 13 exhibit vibration bands at around 300-400 cm-1 
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which are in the range of the related complexes having electron pulling substituents on the ene 

moiety. The correlation of results with literature for the υ(Mo=O) and E ½ versus Mo=O distance (Å) 

for the complexes cited in Table 2.10 are depicted in Fig. 2.30. As shown in Table 2.10 and Fig. 2.30, 

the substituents on the ene backbone of dithiolene ligands could influence the redox potentials of 

the MoIV↔MoV transition of the model bis(dithiolene) complexes which were comprehensively 

tabulated by Holm research group.78, 79 Electron donating substituents on ene backbone lead to 

relatively low redox potential for MoIV/MoV (most frequently at negative potential). 

 

 
Figure 2.30. Values of υMo=O (left) and E ½ (right) vs. Mo=O distance (Å) for the complexes cited in Table 2.10. 
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Table 2.10. Summary of IR (Raman) bands (solid-state, KBr disk; cm-1), UV/Vis absorption bonds (λ, nm), 

redox potentials (in CH3CN, in V vs. SCE) and Mo=O distances (Å) of complexes 12, 13 and 14 

with related and comparable model complexes with electron-donating and -withdrawing groups. 

 

νC=C νMo=O νMo−S λmax Redox 
potential(E1/2)a 

Mo=O  

[Mo]2−/− 

R1 = Ph, R2 = COOEt (12)b,c (1470-1503) 929 
(936) 

(353-
384) 

273, 310, 412, 
626 

 −0.21 (−0.52)d 1.710(3) 

R1 = H, R2 = CHO (13)b,c 1501 (1511)e 936 (353-
367) 

251, 288, 403, 
462, 608 

−0.56 (−0.87)d 
−0.37 (−0.68)d 

- 

R1 = CH2OH, R2 = COOMe (14) 1483-1541 925 - 225, 256, 265, 
277, 323 

−0.25 (−0.62)d - 

R1 = R2 = CONH2 200 1530 (1540) 937 
(948) 

(367) 337, 377, 422, 
535  

−0.15f 1.682(6) 

R1 = R2 = COOMe 199 - 914 
(910) 

388, 
348 
(365) 

360, 460, 550  −0.03 1.686(6) 

R1 = H, R2 = naphthyl 150, 186, 202 1508 891 - 278, 337, 388 −0.58 (−0.89)d 1.7023 
R1 = R2 = CN 79 1483  932 335 293, 331, 364, 

491, 601 
+0.48 1.67(1) 

R1 = H, R2 = phenyl 77 1516 879 - 400, 556 −0.48f 1.700(5) 
R1 = R2 = benzene 79, 203 1481 903 

(902) 
(356) 328, 384, 454 −0.39 1.699(6) 

R1 = R2 = cyclohexane 148, 

183, 204 
1480 896 - 260, 310, 476  −0.70/+0.06g 1.745(6) 

R1 = R2 = Me 83 - 889g - 280, 363, 
575,826 

−0.62/+0.15g 1.712(2) 

R1 = H, R2 = 2-pyridin 77 1503 902 - 276,292, 338, 
388, 554 

−0.42f - 

R1 = H, R2 = 2-quinoxalin 77 1499 905 - 498, 474, 337 −0.28f - 
R1 = H, R2 = NC(H)N(Me)2 
ptedt 77 

- 890 - 509, 387, 348, 
277 

−0.33f - 

R1 = R2 = COPh 182 1490 950 - 310, 338, 400 −0.84i/ +1.76i  - 
R1 = R2 = Ph 148  - 903 - - −0.46 1.709(2) 
R1 = R2 = CF3 79, 205 - 917 - - +0.18 1.684(3) 
R1 = R2 = H 79 1479 904 - 260, 293, 468, 

531 
−0.61 1.739(2) 

R1 = R2 = H 79 
R1' = R2' = CN 
 

1483 919 - 286, 343, 433 −0.08/+0.54g 1.676(8) 

R1 = R2 = COOMe 206, 207 
R1' = R2' =  bdt 

1481 908 - - −0.24 1.696(2) 

R1 = R2 = 208 
X = NHCOCH3 

 

X = NHCOCF3 

 
- 
 
- 

 
922 
(921) 
914 
(920) 

 
 
(372) 
 
(373) 

 
333, 380, 452 
351, 416 

 
−0.13f 

 

+0.08f 

 
1.672(4) 
 
- 

aAll redox potential were converted to V versus the saturated calomel electrode (SCE) according to 

literature.209 bDFT calculation for Mo=O bonds; cAbsorption maxima in methanol; dRedox potential (V vs 

[Fc]/[Fc]+); eDFT calculated at 1484 cm-1; fIn DMF; gReversible [Mo]−/[Mo]0; hNujol; iIrreversible redox 

potential. 
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2.4 OAT Catalysis 

The OAT activities of many bis(dithiolene) MoIVO complexes were investigated with the standard 

model oxo transfer reaction between DMSO and PPh3.150 This specific transformation has the 

advantage that it can be easily monitored by 31P NMR spectroscopy. The OAT reaction proceeds via 

oxygen atom transfer from MoVIO2 complex to the PPh3 as oxo acceptor substrate producing the 

MoIVO moiety. In the following, this moiety is oxidized to the MoVIO2 upon reaction with DMSO 

yielding DMS to complete the catalytic cycle.210 As we discussed in our recent publication:142 “In the 

catalytic reaction mechanism, an electron pair on phosphorous establishes an initial single bond with 

oxygen and for the respective P=O double bond a lone pair on oxygen is used. At the same time one 

electron pair of the Mo=O double bond becomes the new second lone pair on oxygen and the other 

electron pair of the former metal-oxygen double bond remains entirely at the metal center (severing 

the bond between Mo and O), so that the two-electron reduction of the metal/oxidation of 

phosphorous proceeds smoothly together with the transfer of oxygen from metal to substrate” (see 

Chapter 1, Scheme 1.17).186, 210, 211  

The OAT activity of MoIVO complexes 12, 13, and 14 were investigated with the oxygen atom 

transfer reaction between DMSO and PPh3 as above (see Scheme 2.8). In the catalytic experiments 

employing complexes 12, 13 and 14 as respective OAT catalysts, 15 mM (7.5 × 10−6 mol) catalyst 

loadings for complexes 12 and 13 and 3 mM catalyst loading for complex 14 were tested at RT with 

only a small excess of PPh3 substrate (1:2.5; i.e. almost stoichiometric ratio) and 0.5 mL of 

deoxygenated DMSO serving as oxygen donor source and solvent in significant excess. PPh3 was 

chosen as a standard model substrate with a suitable affinity towards oxygen. PPh3 and PPh3O 

demonstrate well-separated signals (PPh3: s, at −5.88 ppm and PPh3O: s, at 26.30 ppm in DMSO-d6) 

in the 31P NMR spectra recorded during the catalytic reactions. In the absence of catalysts 12, 13, 

and 14 at no reaction take place under these conditions and obviously, there is no phosphorous 

signal belonging to the PPh3O in the 31P NMR spectrum. 

 

 

Scheme 2.8. Proposed reactions for the oxygen atom transfer catalyzed by 

corresponding molybdenum bis(dithiolene) complexes 12, 13, and 14. 

 

In the reaction mixture of complex 12 with the substrate, only a few percent of PPh3O production 

took place within weeks of monitoring. The reaction catalyzed by complex 13 was also very slow 

and inefficient, but at least it produced around 5% product after the first 120 hours, and another 

5% conversion were added during the following month. In total, not more than 10% transformation 
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was achieved, employing complex 13 as a catalyst. Both catalysts, are particularly poor at catalyzing 

OAT, which was not anticipated in such severity, in particular when comparing with related 

complexes. However, the OAT reaction proceeds faster using complex 14 as a catalyst with a 93% 

conversion after 60 h compared to complexes 12 and 13 (see Fig. 2.31). Quantification of the 

formation of PPh3O out of a threefold excess of PPh3 to the catalyst 14 results in the typical 

hyperbolic Michaelis-Menten graph. The respective plot of observed concentration vs. time is 

shown in Fig. 2.32. As we discussed in our recent paper142, “the considerable noise in this graph was 

puzzling in the beginning. We eventually found out that the NMR data was collected at RT without 

temperature control and the measurements were run over the weekend (Aug. 15th/16th) after having 

been started on Friday, Aug. 14th without proper air conditioning. Therefore, the changes in reaction 

rate are most likely due to the changing temperature in the lab.” Due to the resulting poor data to 

noise ratio and the slowness of the overall reaction, we did not calculate any kinetic parameters 

from this experiment. The slowness of the OAT reaction using complex 14 as a catalyst can be 

related not precisely to the low activity of complex 14, but also due to using DMSO as an oxidizing 

substrate.  

 

Figure 2.31. “Transformation of PPh3 to OPPh3 catalyzed by complex 14 in the presence of PPh3 

and DMSO-d6 as oxidizing agent monitored by 31P-NMR spectroscopy at RT 

(unregulated temperature). The cation of 14 (PPh4+) causes a steady signal at 23.36 

ppm. Fifteen spectra are shown taken with a frequency of 1 every 4 hours.”142 

 

 

Figure 2.32. “Increasing [PPh3O] (mM) plotted against time (h) for the OAT reaction between 

DMSO and PPh3 catalyzed by complex 14. Conditions: [PPh3]0 = 9 mM; [catalyst] = 

3 mM in DMSO (0.5 mL) at RT; concentration of PPh3O was monitored by 31P NMR 

spectroscopy every 4 hours (the times of day/night for each data point are 

indicated relating to the respective intensity of sunlight/warmth in the NMR-

lab).”142 
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In the literature, various reasons have been discussed why OAT catalysis may not proceed swiftly 

or thoroughly or at all. 

i. Dimeric or even oligomeric assemblies might form with μ-oxo ligands bridging two metal 

centers, e.g., yielding the dimeric catalytically inactive MoV2O3 moiety.212 These side 

products in the reaction mixtures might form irreversibly or be in equilibrium with the 

catalytically active monomers. In the latter case, it depends on where the equilibrium lies 

whether effective catalysis takes place or not.213 

ii. Mo dithiolene complexes bearing aromatic substituents on the dithiolene or where the ene 

itself is part of an aromatic ring are much more stable and much less reactive than those 

with aliphatic dithiolene ligands.213 

iii. Electron-withdrawing groups in MoIVO complexes result comparably weak Mo−S bonds, 

which on the other hand strengthen the Mo=O bond. While such electronic tuning stabilizes 

the monomeric species, it also decreases the catalytic activity.213 

iv. The coordination of alkylphosphines to the Mo center might produce a stable, hence 

unreactive intermediate with a [MoOn(PPh3)nLn] moiety and by that deactivate the 

catalyst.214, 215  In particular, Majumdar et al.216 reported the possibility of PPh3 

coordination to the Mo center such as in [Et4N][MoIV(SPh)(PPh3)(mnt)2]. 

 

After the poor catalytic performance with the PPh3/DMSO combination, we decided to use much 

stronger oxo donor substrate such as trimethyl n-oxide (Me3NO) instead of DMSO in dry and 

degassed CH3CN/MeOH solution (for complexes 12 and 13) and CH3CN (for complex 14) in a 

forward reaction (not catalytically). Therefore, a solution of 3 mM of each complex in the presence 

of Me3NO in respective solution was prepared and monitored by UV-Vis and ESI-MS under 

anaerobic condition.  

An ESI(-)-MS spectrum of the reaction mixture of complex 12 in the presence of Me3NO was 

recorded after the first hour (see Fig. 2.34). The observed typical Mo isotopic patterns at m/e 811.7, 

797.8, 783.8 and 767.8 most probably belong to trisdithiolates [MoIV(ecpdt)3] and its 

fragmentations, matching with calculated isotopic distribution patterns (see Fig. 2.35). On the other 

hand, there is no transition band in the UV-Vis spectrum belonging to trisdithiolates species not 

observed. Even though also monomeric species are still present in the mixture, it can be concluded, 

that the observed slowness of the OAT reaction with ‘catalyst’ 12 is at least to some extent, most 

likely based on the formation of trisdithiolates species.  

 The same experiments were applied for the complex 13, and disappointingly, we could detect no 

absorption bands in the UV-Vis spectrum and no isotopic pattern in the ESI-MS spectrum related to 

the inactive MoV species under a given condition. The dimerization during the OAT reaction catalyst 

by the system with bis-dithiolene co-ligands bearing aliphatic backbones such as complex 13 is 

probably responsible for a very slow reaction rate. While aromatic dithiolene ligands in 

molybdenum bis(dithiolene) complexes are much more stable due to resonance and consequently 

much less reactive compared to the aliphatic dithiolene systems as expected.  
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Figure 2.34. ESI(-)-MS spectrum (low resolution) of complex 12 in CH3CN/MeOH (1:1 

ratio) solution to which Me3NO was added.  

 

 

 

Figure 2.35. The calculated isotopic pattern (inset) compared with the experimental isotopic pattern of 

molecular derivatives of complex 12 in solution in CH3CN:MeOH (1:1 ratio) in the presence 

of Me3NO. 

 

The control experiment was also performed for complex 14 and monitored by UV-Vis and ESI-MS 

techniques under a given condition. Any specific Mo isotopic pattern was not observed in the ESI-

MS spectrometry, but surprisingly, two new external signals appear in the UV-Vis spectrum. As 

shown in Fig. 2.33, after initial formation of the MoVIO2 species at λmax: 540 nm, it decomposed to the 

catalytically inert MoV2O3 species at λmax: 375 nm. 

The inability to properly catalyze OAT reactions of the novel model complexes 12, 13 and 14, 

disappointingly, renders them unsuitable for any binding studies, which they were initially 

designed. However, the insights into their distinct electronic structures and behavior turned out to 

be rather exciting and will help the development of more appropriate molybdenum dithiolene 

systems. 

(b) 
 

(a) 
 

(c) 
 

(d) 
 

(a) 
 

(b) 
 

(c) 
 

(d) 
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Figure 2.33. “Electronic spectra of a CH3CN solution of [MoIVO(mohdt)2]2− (14) (3 

mM) in the presence of trimethylaminoxide (TMAO).”142 

 

2.5 Chapter summary 

Three new molybdenum bis(dithiolene) complexes 12, 13, and 14 were designed, synthesized, and 

characterized through various techniques which confirmed the coordination of corresponding 

dithiolene precursors 3, 7, and 11, respectively, to the molybdenum center. The ligand precursors 

3, 7, and 11 were also investigated by NMR, IR, APCI-MS, and X-ray diffraction. The C=O, C=C, and 

ene-C–S distances are comprehensively compared to understand the role of electron donating and 

withdrawing substituents on ene-moiety. Understanding the push-pull effects around the ene 

carbon atoms and possibility of extension of the potential conjugation related to the non-innocence 

character of the dithiolene ligands are essential in this chemistry. For instance, the ene-C-S 

distances in 3 are longer than in 7 and 11 whereas the higher differences on C=C and ene-C-S 

distances were observed in 7 due to a significant difference of push-pull effects around ene moiety.  

Single crystals of complex 12 were grown and refined through X-Ray diffraction. The Mo=O 

distance of complex 12 (1.710(3) Å) is slightly longer than the related molybdenum bis(dithiolene) 

complexes. Dithiolene fold angle bend between the S-M-S and S-C-C-S planes in complex 12 

presented the moderate rate of electron donation from ligand to metal and engaging of dithiolate 

and dithione forms. 

The UV-vis spectrum of the synthesized complexes exhibits a series of four bands with the 

difference that those bands in complex 14 were observed in lower wavenumber. The higher 

absorption bands of complexes 12 and 13 with extinction coefficient around 2000 M-1 cm-1 belong 

MoVIO2 

540 

MoV
2O3 

375 
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to the LMCT transition. This despite the fact that the higher absorption band in the complex 14 was 

observed at lower wavenumber with extinction coefficient 1000 M-1 cm-1, which is most probably 

due to the overlapping with LLCT transitions.  

The HOMO/LUMO energy levels (experimental and theoretical) of complexes 12 and 13 were 

determined to provide further insight into the structural and electronic properties of these 

complexes. The HOMO-LUMO gap investigations confirmed narrow band gaps which indicate 

electron deficiency of the d orbitals on molybdenum and electron delocalization of the dithiolene 

ring system. Interestingly, the electrochemical study of complex 13 is shown an unusual double 

redox event compared to complexes 12 and 14 which is separated by only 150 mV. This double 

redox event is excluded as metal-centered redox events due to distribution of the electron density 

between dithiolene ligand with non-innocence character and Mo center. Therefore, the first 

oxidation is ligand/metal-centered directly followed by a second redox event, which is belonging to 

an intermediate species between the dithiolate and dithione forms. This unusual behavior 

expresses a comparably high level of non-innocence in tiny size of complex 13, which is directly 

involved in the redox chemistry.  

Temperature-dependent electrochemistry was applied to determine thermodynamic behavior for 

the redox processes in complexes 12 and 13. The gradients δE/δT and ΔS changes for the 

reductions are negative. Therefore, a positive contribution to the Gibbs free energy (ΔG) was 

observed, which preset loose entropy when reduced (MoV → MoIV). This means the entropic point of 

view the oxidized form, MoV, is thermodynamically favored over the reduced form MoIV. 

IR and Raman studies of the synthesized complexes represent valuable data of the formation of 

complexes through following the Mo=O bonds and non-innocence character of corresponding 

dithiolene ligands. Notably, the vibration of Mo=O bond of aldehyde complex 13 was not observed, 

which is contrary to density functional theory (DFT) prediction. We speculate that the beam energy 

level during IR and Raman measurement on the complex 13 with high level of non-innocence 

character might facilitate the formation of K2[MoOH(adt)2] species (13-O). The structure of this 

species was evaluated through DFT calculation and surprisingly had a good agreement with 

experimental data.  

Since the synthesized dithiolene ligand precursors and their complexes can be considered a 

structural model for the molybdopterin bearing DMSO reductases. Therefore, these model 

complexes were applied as a catalyst for the oxygen atom transfer (OAT) reaction between DMSO 

and PPh3. The catalytic performance of the complexes 12 and 13 is unexpectedly poor most likely 

due to the formation of catalytically inactive MoV species, while complex 14 catalyzes the OAT 

reaction up to a 93% conversion within 60 hours within given conditions.  

 



sults and Discussions 

65 
 

 

 

 

3 Unexpected Results and Obstacles 

 

3.1 Dianionic Mixed-Valence Nickel Dithiolene Cluster 

3.1.1 Background 

For dithiolene metal complexes a variety of coordination geometries is known which depend on the 

metal center (Co217, 218, Fe219, 220 and Ni221, 222) and specific conditions. However, even though metal 

dithiolene complexes form different networks by covalent223, 224 and noncovalent bonds,225 still little 

is known about the dithiolene-based clusters. In this section, we report the synthesis and structural 

characterization, spectroscopic and magnetic investigations of an unusual and unexpected nickel 

dithiolene cluster with two K+ as countercations. It is a remarkable linear mixed-valence Ni4 cluster 

[Ni(II) and Ni(III)], which is rare among the metal-dithiolene complexes with relatively short Ni-Ni 

distances and distinct behavior in the solid-state and solution.  

 

3.1.2 Syntheses 

Since our research group is working on synthetic methodologies to produce Moco model 

complexes, we would like to develop a nickel bis(dithiolene) complex with the aim to use it in 

transmetalation reaction to generate Mo model complexes.186 The Ni cluster K2[Ni4(ecpdt)6] (15) 

was obtained by the reaction of Nickel(II) chloride with ligand precursor 3 which was deprotected 

by addition of KOH in anhydrous and degassed methanol under N2 atmosphere.160 A concentrated 

solution of the 15 was prepared and recrystallized by slow diffusion of diethyl ether to obtain 

reddish cubic shaped crystals. The synthesis of the Ni cluster 15 and its chemical structure are 

depicted in Fig. 3.1.  The formation of the Ni cluster depends on the partial oxidation of one of the Ni 

atoms. The Ni atoms have two formal oxidation states, two outer NiII, and two central NiIII.  
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Figure 3.1. Synthesis of the nickel cluster 15. 

 

3.1.3 Spectroscopic, Electronic, and Structural Studies 

Suitable crystals for X-ray analyses of complex 15 were grown at RT by direct diffusion of diethyl 

ether in acetonitrile solution. The reaction was carried out in methanol solution and crystalized in 

CH3CN/diethyl ether. General crystallographic data is shown in Table 3.1. The molecular structure 

of complex 15 is shown in Fig. 3.2; selected bond lengths and angles of complex 15 are listed in 

Table 3.2.  

 

Table 3.1. General crystallographic data of complex 15 at 170 K. 

 K2[Ni4(ecpdt)6] (15) 
Formula C68H60K2N2Ni4O14S14 
Mw 1891.06 
Crystal system, Space group Monoclinic, P 21/n 
a, b, c [Å] 13.588(3), 19.062(4), 16.764(3) 
β [o] 100.11(3) 
Z, V [Å3] 2, 4274.8(15) 
µ [mm-1] 1.363 
reflns collected, unique reflns   32961, 8052 
R1, wR2 (I>2σ(I) 0.0542, 0.0885 
dcalc [mg/m3] 1.469 
GOF [F2] 0.888 
residual density [Å-3] 1.622, -0.645 

 

In the crystal structure of [Ni4(ecpdt)6]2− the unit cell contains one dianion and two potassium as 

counter cations which interact with oxygen and sulfur atoms of the ligand along with two 

acetonitrile molecule as co-crystalized solvents (see Fig. 3.2). The coordination geometries around 

nickel atoms in bis(dithiolene) complexes are typically square planer and near tetrahedral.68 In the 

five-membered chelate ring containing the Ni1 and Ni1A atoms, the average C‒S and C=C bond 

distances are 1.747 and 1.470 Å, respectively. The average C‒S and C=C bond distances for Ni2 and 
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Ni2A are 1.732 and 1.367 Å, respectively, which is slightly shorter than these bands coordinated to 

outer nickel atoms. The five sulfur atoms surrounding the Ni2 and Ni2A atoms provide a square 

pyramidal coordination geometry with average S‒Ni‒S (square planes) angles and S‒Ni‒S (square 

pyramidal planes) of 87.36, 160.14° and 99.28°, respectively (see Fig. 3.3). The Ni2−S5A distance is 

2.3540(15) Å, which is longer than the average Ni−S distance 2.254 Å at the base of the pyramid 

(Table 3.2). Robin and Day226 were among the first to recognize that mixed-valence properties 

depend on the extent of delocalization of the valence electrons. The Robin-Day classification 

scheme they devised over 40 years ago remains in extensive use today. Hence, the anticipated 

electronic structure for complex 15 corresponds to a class I mixed-valence complex according to 

the Robin–Day classification in which the electron is localized on one redox center and cannot 

easily interconvert. 

 

 

Figure 3.2. Molecular structure of complex 15 shown with 50% 

probability ellipsoids and two potassium as countercation. 

Hydrogen atoms are omitted for clarity. 

 

Table 3.2. Select bond lengths [Å] and angles [o] for complex 15. 

Bond lengths Bond angles 
Ni(1)-Ni(2)                    2.6750(10) S(4)-Ni(1)-S(1)              176.28(6) 
Ni(2)-Ni(2A)                  2.9178(15) S(15)-Ni(1)-S(3)            167.08(6) 
Ni(1)-S(1)                     2.1493(16) S(4)-Ni(1)-S(15)            90.63(6) 
Ni(1)-S(15)                   2.1497(16) S(1)-Ni(1)-S(3)               84.48(6) 
Ni(1)-S(3)                     2.1714(16) S(1)-Ni(1)-S(15)             91.84(6) 
Ni(1)-S(4)                     2.1456(16) S(4)-Ni(1)-S(3)               92.50(6) 
Ni(2)-S(1)                     2.3124(15) S(5)-Ni(2)-S(1)              164.03(6) 
Ni(2)-S(3)                     2.3502(15) S(6)-Ni(2)-S(3)              156.25(5) 
Ni(2)-S(3A)                     2.3514(15) S(5)-Ni(2)-S(6)               90.24(5) 
Ni(2)-S(5)                     2.1763(15) S(3)-Ni(2)-S(5A)           102.42(5) 
Ni(2)-S(5A)                  2.3540(15) S(5)-Ni(2)-S(5A)            99.91(5) 
Ni(2A)-S5                  2.3563(15) S(6)-Ni(2)-S(1)               92.80(5) 
Ni(2)-S(6)                     2.1796(15) Ni(2)-S(5)-Ni(15)               52.63(4) 
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Figure 3.3. The coordination geometry around Ni1 and Ni2 (left) and the S1, 

S3, S5, S6 plane showing Ni2 to be out of the plane (right). The 

ligands were omitted for clarity. 

 

The nickel anionic cluster has an unexpected geometry and can be classified as a centrosymmetric 

Ni4 cluster.222 The anion is a tetranuclear complex with six bridging ecpdt ligands, in which the 

central Ni2…Ni2A distance, 2.9178(15) Å with two sulfur (S5 and S5A) as bridging atoms is longer 

than the outer Ni1…Ni2 distance, 2.6750(10) Å. These Ni…Ni bond distances and the entire cluster 

arrangement are comparable with the [Ni4(α-tpdt)6]2– cluster (α‐tpdt = 2,3‐thiophenedithiolate) 

[3.142(3) and 2.756(2) Å, respectively] (see Table 3.3). The chemical structures of the nickel 

dithiolene cluster derivatives with ene-backbones are depicted in Fig. 3.4. This establishes that the 

outer nickel-nickel bond distance is close enough to be characterized as a bond, albeit constituting a 

soft Ni-Ni interaction. The longest NiIII…NiIII and NiII…NiIII bonds are observed in the complex IV and 

I (see Fig. 3.4). Tremel et al.227 reported tetranuclear and trinuclear nickel thiolate clusters in which 

the Ni…Ni distances are longer than in Ni dithiolene clusters (see Table 3.3).  

 

Table 3.3. Comparison of Ni−Ni distances of complex 15 and nickel dithiolene coordination derivatives as 

depicted in Fig. 3.8. 

Nickel complexes Ni-Ni Bond distances 
Ni(1)-Ni(2) (Å)                    Ni(2)-Ni(2A) (Å)                 

I 221 2.9414(22)  
II 221 2.8301(13)  
III 228 2.7145(8)  
IV 222 2.754(3) i 3.140(3) ii 
V 229 2.792(2) 2.812(2) 
VI 229 2.852(1) 2.817(1) 
15 2.6750(10) i 2.9178(15) ii 
[Ni4(S2)(SCH2CH2S)4]2− 227 3.329(2) 2.822(1) 
[Ni3(SCH2CH2S)4]2− 227 2.856  
i Ni(II)-Ni(III); ii Ni(III)-Ni(III). 
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Figure 3.4. Chemical structures of the nickel dithiolene cluster derivatives. 

 

The average Ni–S bond lengths are significantly different for the outer Ni1 and central Ni2 bonds 

[2.154(16) and 2.274(4) Å, respectively], which suggests that the two nickel atoms have different 

oxidation states. The central nickel atoms are coordinated by five sulfur atoms indicating that the 

nickel has an oxidation state III. The outer nickel atoms with assigned oxidation state II are 

coordinated by four sulfur atoms. Ligand filed theory would also support the outer Ni to be in 

oxidation state II (d8-configuration often leads to square-planar geometry). The crystal packing of 

the Ni cluster is comprised of chains of clusters that interact by phenyl groups and acetonitrile, 

which is co-crystalized in the structure (see Fig. 3.5 and Fig. 3.6).  

 

 

  

Figure 3.5. Molecular structure of dianionic cluster 15 with two potassium as counter 

cations. K(1)…O(1): 2.592(5), K(1)…O(3): 2.651(4), K(1)…O(5): 2.674(4), 

K(1)…O(7): 2.453(7), K(1)…S(5): 3.379(2), K(1)…C(22): 3.515(6), 

K(1)…N(1): 2.823(7). 
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The dianion [Ni4(ecpdt)6]2− is linked to the cations (K+) by S(5) and S(5A) atoms, which are in the 

range of 3.4 Å presenting strong interactions (see Fig. 3.5). On the other hand, the very short 

contacts between potassium and O(1), O(3), O(5) and O(7) in the range of 2.45-2.67 Å could 

stabilize the crystal packing. It is worth noting, the relatively short intermolecular hydrogen bonds 

exist for C32–H32B···S2 (represents 1-x,1-y,1-z) and C23A−H23F···O5 with H…A distances of 2.85 

and 2.34 Å, respectively. The Hydrogen bonds are summarized in Table 3.4. 

In the many dimeric structures such as [Fe2(mnt)4]2− 230, [Co2(S2C6Cl4)4]2− 231 and 

[Co2(S2C2(CF3)2)4]232, the intermonomer apical M−S bonds are significantly longer than those within 

the chelate rings. The average Ni2−S bond lengths in the pyramidal based of complex 15 are 2.25 Å 

which is longer than the average planar Ni−S length around 2.2 Å in nickel bis(dithiolene) 

complexes.221, 228  While the apical Ni2-S5A bond length is significantly larger than average Ni2-S 

bond length, which means that there are two bonds holding the tetramer together, which are 

comparably weak. Such longer metal−sulfur bonds are also consistent with dissociation of the 

dimer, trimer, and tetramer in solution.233, 234  

 
Table 3.4.  Hydrogen-bond geometry of complex 15 [Å and °]. 

D⸻H...A D⸻H       H...A       D...A   D⸻H...A 
C8⸻H8…O4i      0.95        2.55   3.4169(8) 152 
C23A⸻H23F...O5 intra      0.98        2.34   2.6919(6) 100 
C32⸻H315…N1ii 0.98        2.45   3.2641(7) 140 
C32⸻H32B...S2iii intra   0.98        2.85   3.7307(8) 150 
Symmetry codes: (i) 1-x,1-y,1-z; (ii) 2-x,1-y,1-z (iii) 1/2-x,-1/2+y,1/2-z 

 

 
 

 

 

 Figure 3.6. Projection view along with the a and c axes of the crystal packing of complex 15. 

 

 



sults and Discussions 

71 
 

The ESI-MS spectrum of cluster 15 was recorded in methanol solution (see Fig. 3.7). As shown in 

the negative mode, the characteristic molecular ion peaks for a dissociated cluster 15 were 

detected with 100% intensity with charge ratios (m/e) of 533.9, 519.9 and 505.8 consistent with i 

(C22H20NiO4S4), ii (C21H18NiO4S4) and iii (C20H16NiO4S4) fragmentation isotopic patterns, and the 

fragment’s which match with calculated monomeric isotopic patterns.  

The application of IR spectroscopy in the solid state and solution can give valuable information 

about the nature of the Ni cluster. Infrared spectra of complex 15 in the solid-state and solution are 

shown in Fig. 3.8. Most of the vibrational bands were identified by comparison with free ligand data 

along concerning previous respective discussions in the literature.235 The solid-state infrared shows 

that the υC=O stretching frequency from the oxo-dithiole moiety in the IR spectrum of ecpdt-C=O (3) 

(at 1543 cm−1) disappeared in the Ni cluster 15. A broad band at 1670 cm-1 shows various carbonyl 

groups from the Ni cluster. The υNi−S bands of [Ni(dt)2]n− (n = 0–2) are typically observed around 

400−475 cm-1.235, 236 Therefore, it is quite tricky to assign υNi−S vibrations. We speculate that the 

bridging sulfur atoms in the dithiolene moiety between nickel(III) are around 500−660 cm-1. The 

bands in this region due to nickel-sulfur-nickel bridges are not observed in acetonitrile solution. 

The bands centered around 1361 to 1470 cm-1 are assigned to ene moiety. These C=C bonds are 

comparable with C=C bonds in free ligand precursor 3 (see Experimental section).  

  

Figure 3.7. The Low resolution of ESI(-)-MS of cluster 15 in 

methanol in the negative ion mode. 

 

The ability of the solvents such as acetonitrile in the first coordination sphere of Ni(II) or Ni(III) 

depends on the nature of the chelate ligand.237, 238 The tentative assignments of the IR bands in the 

solid state and solution are indicated in Fig. 3.3 via considering the differences in the spectra. These 

behavior are ascribed to the dissociation of nickel cluster 15 by acetonitrile coordination to the 

metal center, and this might lead to the two new vibrations in IR spectrum at 2225 and 920 cm−1 

belonging to the C≡N and CH3 vibrations, respectively.239 Vibrational band shifts as observed when 

going from solid-state to solution indicate considerable changes in the electronic state of the 

molecule, (most probably in our case it is dissociation) because the vibration frequency is directly 
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related to the force constant of the bond. This assumption is in accordance with X-Ray data (long 

Ni2−S5A/S5−Ni2A bridges (2.35 Å) could cause some instability of tetramer in solution). 

 

 

Figure 3.8. IR spectra of complex 15 in acetonitrile (red spectrum, top) and in solid-

state (blue spectrum, bottom) (KBr pellet). 

 

The absorption of photons with sufficient energy results in the promotion of electrons from π to π* 

orbitals. This HOMO/LUMO transition is responsible for the strong near-IR absorption in the 

transition metal dithiolene complexes.240-242 The nature of the functional substituents attached to 

ene backbone of the complex (e.g., promoting electron delocalization via aromatic ring structures 

with an extensive π-delocalization capability like phenyl) has a large effect on the position of the 

electronic absorption maximum.243 For Instance,  the [Ni(S2C2(R1R2)2)2]n complexes (R1=R2 = Ph (n 

= 0, -1), CN (n = -1, -2), 3,5-C6H3Br2 (n = 0, -1)) have near-IR absorption bands with λmax = 800−900 

nm for neutral and monoanionic complexes, while the dianionic complex with 

maleonitriledithiolate (mnt) ligand has no near-IR band.75, 243 

UV-Vis spectra of complex 15 were recorded in methanol, acetonitrile, and water at RT (see Fig. 

3.9). The absorption spectra in acetonitrile display a strong absorption band centered at 868 nm, 

extending from 750 nm up to 1050 nm in the near-IR region with an extinction coefficient of ε ~ 

3000 M-1m-1, a characteristic of anionic nickel bis(dithiolene) complexes. This broad low energy 

band is generally assigned to HOMO (π) to LUMO (Lπ*) transitions. For instance, the absorption 

properties of Ni(iPr2timdt)2] complex (iPr2timdt = 1,3-diisopropylimidazolidine-2,4,5-trithione) is 

different in various organic solvents in the near-IR region around 1000 nm.244 Protic organic 

solvents such as acetonitrile, methanol, and H2O (Gutmann’s donor numbers: 14.1, 19 and 18 

kcal/mol, respectively),234, 245 could coordinate to the metal center and cause the near-IR absorption 

band. Therefore, we speculate that the nickel cluster 15 was completely dissociated in water246 and 

that why there is no transition band in the respective region. While the band at 868 nm in complex 

15 might be owing to the interaction of solvent molecules (methanol and acetonitrile) (partially 

dissociation) on the apical sites of the cluster. 
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Figure 3.9. Left: UV-vis-NIR spectra of a light brown solution of complex 15 in acetonitrile, methanol, 

and water (5.16 × 10−4 M each); Right: Extinction coefficient diagram at 868 nm in 

acetonitrile. 

 

The covalent nature of Ni−S bonds in nickel bis(dithiolene) complexes were well addressed 

regarding the contributions of sulfur to the HOMO orbital.247-249 As explained in Chapter 1, the one-

electron oxidation of dithiolene system leads to a semi-oxidized form stabilized by resonance 

between two species; further, oxidation leads to resonance between four potential species.250 Kaim 

et al.248 published a review about the non-innocent ligands in bioinorganic chemistry which 

explained comprehensively the role of the non-innocent character of the dithiolene ligands which 

directly influences the redox behavior in metal dithiolene complexes. The cluster 15 was 

investigated by cyclic voltammetry referenced versus [Fc]/[Fc]+ in acetonitrile solution with 0.1 M 

of [nBu4N][PF6] as supporting electrolyte (Fig. 3.10). The evaluation here is complicated because we 

need to consider all possible chemical dissociation equilibria, which may occur in solution. For 

instance, reduction of the anionic dimeric species [Ni2(ecpdt)3]n− or monomeric species 

[Ni(ecpdt)2]n− may form mono-anionic and neutral species, respectively. The cyclic voltammograms 

of complex 15 (1 mM) in acetonitrile containing 0.1 M of Bu4NPF6 as electrolyte at different scan 

rates are shown in Fig. 3.11. The voltammograms exhibit two reversible redox processes most 

probably ascribed to the couples NiII/NiIII and NiIII/NiIV at –1.1 and −0.1 V, respectively. These may 

belong to the anionic monomer and/or dimer complex 15 in solution, which was also supported 

based on dissociated fragments in ESI-MS spectrometry, IR and UV-Vis findings, and weak Ni-S 

bridges.  
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Figure 3.10. Cyclic voltammogram of complex 15 (1 mM) in acetonitrile 

containing 0.1 M of Bu4NPF6 as electrolyte (scan rate: 0.1 

Vs−1). The peak potentials were recorded vs. internal 

reference [Fc]/[Fc]+ at 298 K. 

  

 

Figure 3.11. Cyclic voltammogram of complex 15 (1 mM) in acetonitrile containing 0.1 M of 

Bu4NPF6 as electrolyte at different scan rates. The peak potentials were 

recorded vs. internal reference [Fc]/[Fc]+ at 298 K (left); anodic peak current 

vs. scan rate plots for complex 15 with the linear fit (right). 

 

The above results were already discussed presuming that dissociation takes place in solution and 

that solvents might play a coordination role. Finding more satisfactory proof in terms of solvent 

displacement was followed by comparing the magnetic behavior in solid-state and solution. 

Williams et al.251 at 1966 reported the difference between the structural and electronic 

investigations of the spin state of the [Fe(mnt)2]− complex in solution (S = 3/2) and solid-state  (S = 

1/2). The magnetic character of cluster 15 was characterized by Magnetic Susceptibility Balance 

NiIII ↔ NiIV 

NiII ↔ NiIII 
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(MSB) in solid-state to compare that within the solution state (Fig. 3.12). The MSB works based on a 

stationary sample and moving magnets. When the magnetic sample is introduced into the magnetic 

field, it attempts to deflect the magnetic movement, which is optically detected. The direction in 

which the magnetic field moves indicates whether the sample is paramagnetic or diamagnetic, i.e., 

plus or minus indication on display. The magnetic susceptibility is calculated through the following 

questions: 

𝑥𝑚𝑜𝑙 =  
𝑀 × 𝐶 × 𝑙 × (𝑅 − 𝑅0)

𝑚 ×  109  

 

𝜇𝑒𝑓𝑓 = 
3 ×𝑘 ×𝑇 × 𝑥𝑚𝑜𝑙

𝑁𝐿 × 𝜇𝐵2  

 
Xmol = molar susceptibility 
μeff = magnetic moment 
C = calibration constant 1.0304 g−14m−1 
M = molecular weight 
l = length of sample in tube (cm) 
T = temperature [K] 
R0 = display of balance with empty tube 
R = display of balance with sample filled tube 
k = Boltzmann constant 1.380662 × 10−23 
NL = 6.0225 × 1023 mol−1  
μB = Bohr magneton 9.274 × 10−24 JT−1 (T = Tesla) 

 

 

The empty tube was placed in the magnetic balance, and R0 was −41. In the following, 1.5 cm of fine 

powder of the complex 15 was packed in the tube, and R was +86. Xmol was calculated as 62.2 × 10−3 

g−1. This calculated Xmol was placed into the μeff equation and magnetic moment can be calculated as 

1.5 BM for four nickel centers in the solid state. 

The magnetic moment depends on the number of unpaired electrons with S representing the total 

spin (n × 1/2). Calculation of the spin magnetic moment with one unpaired electron (S = ½) is 1.73, 

which corresponds for instance to a formal d7 NiIII oxidation state as central Ni atom.222  

𝜇𝑒𝑓𝑓 = 2 × √𝑆 × (𝑆 + 1) 

The magnetic character of cluster15 in solution was investigated by measuring the magnetic 

moment via Evan’s NMR method (Fig. 3.13).252 The magnetic moment was determined with an NMR 

experiment in CD3CN at 300 K with a Bruker Avance II-300 MHz spectrometer and a 5 mm Wilmad 

Coaxial insert NMR tube. The magnetic moment (μeff) was calculated using the following equation: 

 

𝜇𝑒𝑓𝑓 =  
𝐴

√𝑐
𝑇 × 𝛥𝑝𝑝𝑚⁄

 

c = concentration of cluster 15 in mol/L 
T = Temperature [K] 
∆ppm = difference of chemical shift by paramagnetic substances 
A = constant which can be determined by calibrating with paramagnetic substances with known μeff. 
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Figure 3.12. Magnetic Susceptibility Balance (left); Schematic basic design 

principle (right).2 

  

 

Figure 3.13. Magnetic moment via Evan’s NMR method (Left); Wilmad Coaxial Insert NMR tube (right). 

 

 
In this method, the NMR tube was filled with 0.5 mL of 3.55 × 10−3 M solution of 15 using a mixture 

of CD3CN (475 μL) and tert-Butanol (25 μL) as the solvent. The capillary tube was filled with 0.5 mL 

of the same solvent mixture. Then, the capillary was placed into the NMR tube and the spectrum 

measured at 300 K. The difference of the chemical shift of the methyl protons of t-BuOH due to the 

presence of a paramagnetic substance was found to be 1.283 as shown in Fig. 3.15. For calibration, 

we used the same method with the difference that we used 14.07 × 10−3 M of Cu(NO3)2 as a known 

paramagnetic compound. The difference in the chemical shift of the methyl protons of t-BuOH was 

found to be 1.31 (Fig. 3.14). Value A in the above equation was calculated to be 115.46 × 10−4 

through a known known μeff value of the paramagnetic substance (1.94 BM) (S = ½).253  

The magnetic moment of cluster 15 with considering a dimer in solution was determined to be 3.81 

BM from Evan’s equation. We are expecting that the dz2 orbital of the outer NiII centers might play 

as a ligand completing the coordination of the central NiIII ions in the solid state as reported by 

Neves et al.222 “The interaction of single electron occupied NiIII dz2 orbital would results in distorted 

octahedral coordination polyhedra for the central NiIII ions”.222 The calculated magnetic moment 

shows that the Ni cluster in solution has three unpaired electrons which belong to a presumed high 

spin octahedral anionic species whereas the solvent would win in coordination competing with NiII 

                                                           
2 http://www.sherwood-scientific.com/msb/msbindex.html 
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ions (see Fig. 3.15). This phenomenon is in contrast to the Ni cluster being in the solid state with 

one unpaired electron have partial antiferromagnetic coupling between two NiIII through nickel-

sulfur bridges. Therefore, the magnetic moment measurements in solid-state and solution confirm 

the suspected dissociation of 15 at least in acetonitrile solution, which most probably leads to NiIII 

centers in an octahedral geometry. 

 

 

Figure 3.14. 1H NMR spectra for measuring the magnetic moment of 15 (right) and Cu(NO3)2 (left) in 

acetonitrile at 25 oC (475 μL CD3CN+ 22 μL t-BuOH). 

 

 

 

Figure 3.15. d-Orbital splitting in square planar, square pyramidal and octahedral 

geometry and number of unpaired electrons. 

 

tBuOH 

 ∆ppm 

tBuOH 

∆ppm 
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3.2 Synthesis of 4-(2-Oxo-1,3-dithiol-4-yl)-3a,4,5,6-

tetrahydrobenzo[d][1,3]dithiol-2-one (16) 

Considering that dithiolenes and their metal complexes are widely used in electronics254 and in 

biochemistry255, 256 and continuing our interest in dithiolene ligands as structural and functional 

models of mpt,150, 257-259 we report in this section an unanticipated and unique bis dithiolene ligand 

(16) which was eventually obtained during our investigation of a substituted dithiolene pro-ligand. 

Compound 16 was synthesized and consequently characterized, as shown in Scheme 3.1.  

 
Scheme 3.1. Reaction procedure for the synthesis of 16. 

 

 

Previously, Joule et al.92, 154, 260, 261 reported the synthesis of quinoxalin-2-yl and pteridind-yl 

dithiolene pro-ligands to build up to a synthesis of quinoxalin-2-yl-1,3-dithiole-2-thione262 which 

has a four-carbon side-chain, a dithiolene masked as a 1,3-dithiole-2-thione, and two hydroxyl 

groups located on the distal two carbons of the side-chain, modelling the oxygens on the side-chain 

of mpt. A new route, to a four-carbon unit with both oxygen substituents, was investigated 

considering the hydroxylation of a 4-ethenyl-1,3-dithiole.154 Based on a modified procedure by 

Joule et al.154 for 4-ethenyl-1,3-dithiol-2-one, a hydroxylation with an AD-mix-α263 as 

dihydroxylation reagent was carried out and partially led to the dithiolene di-alcohol plus 

compound 16 as side product (see Scheme 3.1). These white crystals were obtained during the 

slow evaporation of the final crude compound in EtOAc. The side-product most probably results 

from self-condensation of 4-ethenyl-1,3-dithiol-2-one with ene-dialcohol in the presence of AD-mix-

α which contains the hydroquinidine (DHQ)2PHAL, K2CO3, potassium ferricyanide (C6N6FeK3) and 

potassium osmate dihydrate (K2OsO4·2H2O).  

A single-crystal X-ray diffraction study confirmed the molecular structure of 16 (Fig. 3.16). This 

compound crystallized in the monoclinic P21/c space group. The C(10)-O(2) C=O bond in the ene-

dithiocarbonate part is with 1.200 Å slightly shorter than the C(1)-O(1) C=O distance of 1.202 Å. 

Both are in the range of similar reported oxo dithiolene ligand precursors.136 Notably, the C(2)-S(1) 

and C(3)-S(2) distances in the reduced dithiocarbonate dithiolene ring of 16 are 1.824 and 1.754 Å, 

respectively, which are longer than the analogous C−S bonds (1.724-1.745 Å) in the oxidized 

dithiolene ring (see Table 3.5). As we would expect, the semi-aliphatic dithiolene ring is very 

distorted and out of the plane. The C(3)-C(4) distance is 1.320 Å, hence by a double bond. Crystal 

data, data collection and structure refinement details are summarized in Table 3.6 
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Figure 3.16. Crystal structure of 16 with 50% 

probability thermal ellipsoids. 

 

 

The crystal packing of 16 appears to be dominated by intramolecular hydrogen-bonding 

interactions. Fig. 3.17 shows projections of the crystal packing of 16 in the unit cell. The 

intramolecular hydrogen bonding interactions of C—H···O are depicted in green. The acceptor 

interactions involve O1 [O1···H2—C2 (x, −y+1/2, z+1/2); H···A = 2.44 Å] and O2 [O2···H9—C9 (x, 

−y+3/2, z+1/2); H···A = 2.38 (2) Å] and the donor interactions involve C2 [C2—H2···O1(x, −y+1/2, 

z+1/2); D···A = 3.324 (2) Å] and C9 [C9—H9···O2(x, −y+3/2, z+1/2); D···A = 3.311 (2) Å]. The 

intermolecular hydrogen bonding interactions between CH and sulfur comprise C4 as donor [C4—

H4···S2(−x+2, y+1/2, −z+1/2); D···A = 3.880 (2) Å] and as an acceptor S2 [S2···H4— C4(−x+2, 

y+1/2, −z+1/2); H···A = 3.01 Å]. 

 

  

 
Table 3.5. Select bond lengths [Å] and angles [o] for 16. 

Bond lengths Bond angles 
S(1)-C(1)                     1.7531(19) C(1)-S(1)-C(2)                97.58(8) 
S(1)-C(2)                      1.8236(18) O(1)-C(1)-S(1)               123.92(16) 
S(2)-C(3)                      1.7545(18) O(1)-C(1)-S(2)               122.40(16) 
S(2)-C(1)                      1.775(2) S(1)-C(1)-S(2)               113.68(10) 
S(3)-C(8)                      1.7430(16) C(3)-C(2)-S(1)               107.38(11) 
S(3)-C(10)                     1.7659(18) C(7)-C(2)-S(1)               112.78(11) 
S(4)-C(9)                      1.7243(17) C(4)-C(3)-S(2)               122.49(14) 
S(4)-C(10)                     1.7655(19) C(2)-C(3)-S(2)               113.66(13) 
O(1)-C(1)                      1.202(2) C(9)-C(8)-C(7)               122.16(14) 
O(2)-C(10)                     1.200(2) C(9)-C(8)-S(3)               115.66(13) 
C(2)-C(3)                      1.502(2) C(7)-C(8)-S(3)               122.13(11) 
C(2)-C(7)                      1.541(2) C(8)-C(9)-S(4)               118.99(13) 
C(3)-C(4)                      1.320(3) O(2)-C(10)-S(4)              124.33(15) 
C(4)-C(5)                      1.494(3) O(2)-C(10)-S(3)              123.45(15) 
C(5)-C(6)                      1.525(3) S(4)-C(10)-S(3)              112.21(10) 
C(8)-C(9)                      1.340(2)   
C(6)-C(7)                      1.538(2)   
C(7)-C(8)                      1.507(2)   
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Figure 3.17. Projection views of 16 in the unit cell.  

 

Table 3.6. Crystal and refinement data for 16 at 170 K. 

Compounds 16 
Formula C10H8O2S4 
Mw 288.40 
Crystal system, Space group Monoclinic, P21/c 
a, b, c [Å] 12.564 (3), 7.3245 (15),  

12.291 (3) 
β [o] 90.02 (3) 
dcalc [g/cm3] 1.694 
Z, V [Å3] 4, 1131.1 (4) 
µ [mm-1] 0.82 
reflns collected, unique reflns, Rint  7277, 2312, 0.038 
R1 (wR2) (I>2σ(I)) 0.031 (0.082) 
GOF [F2] 1.04 
residual density [Å-3] 0.27, −0.37 

 

 

We always have many surprises in chemistry, especially in inorganic and organometallic chemistry, 

which is due to the high oxygen sensitivity of metal ion and resulting in unexpected coordination 

behavior. It has happened many times that unexpected reactions and coordination behavior led to 

new and unique products with specific properties. In the course of this project, we characterized 

the unexpected Ni4S12 cluster, which exhibits particular properties in the solid-state and solution. 

Further, a bis-oxo-dithiolene ligand was obtained from the crystallization of 4-ethenyl-1,3-dithiole 

in the presence of AD-mix-α.  
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4. Phosphonate Dithiolene Models 

 

4.1 Background 

Many research papers have been published which discuss the synthesis of bioinspired mpt model 

ligands88, 89, 264, and their complex structures.103, 265 However, only very few reports are existing 

which refer to the pyrane phosphate model synthesis.101, 266 Nowadays, synthetic phosphonates find 

an increasing range of biological applications.267 The enhanced stability of phosphonates is due to 

the more stable C−P bonds as compared to the O−P bonds found in phosphate esters.268 Thus, it 

seems prudent to explore an efficient pathway for introducing phosphate or phosphonate functions 

into the mpt model. Our continued effort to develop efficient methodologies for the synthesis of 

ketophosphonates and corresponding dithiolene ligands for the mpt models150, 160 are presented in 

this chapter.  

 

 

4.2 Approaches to the Bio-Inspired Models   

To develop suitable phosphate- or phosphonate-bioinspired models, there are some issues and 

possibilities need to be taken into account, as are: 

Cycloaddition approach: Coucouvanis et al.199, 269, 270 reported cycloaddition methodologies using 

alkynes activated by electrophilic substituents with the metal precursors X2[MoO/S(S4)2] (X = Ph4P 

and Et4N) (Scheme 4.1). The cycloaddition approach with mild reaction conditions could be a 

practical and useful method for introducing phosphate (P-O) functions. Therefore, a partially 

electrophilic phosphate-alkyne precursor was selected and investigated for the reactivity with 

molybdenum precursor (Et4N)[MoO(S4)2].  

 

 

 

Scheme 4.1. Cycloaddition approach. 
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Dithiocarbonate approach: A powerful route to dithiolene complexes employing dithiocarbonate 

ligand precursors is depicted in Scheme 4.2. This methodology has been widely used for its 

simplicity and a straight forward way to install different substituents on the dithiocarbonate’s 

backbone.140 The procedure includes four steps:  

A. Synthesis of a suitable ketophosphonate.  

B. Bromination on the α-carbon.  

C. Nucleophilic substitution by xanthogenate.  

D. Acid-catalyzed cyclization. 

In each step, the tolerance of phosphonate functions toward acidic/basic medium were tested. 

These phosphonate-dithiocarbonate precursors may readily be deprotected to form 1,2-dithiolate 

anions in situ in basic medium ready for reaction with appropriate metal precursors.  

 

 

 

Scheme 4.2. Dithiocarbonate approach. 

 

 

4.3 Results and Discussion 

4.3.1 Cycloaddition Approach 

Based on the provided concept by Coucouvanis et al.199, the ligand 19 was synthesized using 3-

butyn-2-ol as starting material. In the first step, trimethylsilyl (TMS) ether was used as protection 

as a quickly introduced and removed group even under mild conditions. Thus, the silylation of 3-

butyn-2-ol with 0.5 equiv. of hexamethyldisilazane (HMDS) in THF at 70 °C afforded the silyl ether 

17A (see Scheme 4.3A). Adjusting the pH around 6 with sulfuric acid facilitated the silylation step. 

The conversion of the silyl ether 17A to the final compound 17 proceeded via a two sequence step 

by lithiation and carbobenzyloxylation. Lithiation was carried out by adding n-BuLi at low 

temperature (−35 °C) in the presence of 0.1 equiv of HMDS. Then, adding ethyl chloroformate to the 

lithiated compound afforded the desired colorless oily compound 17 with 71% isolated yield. The 

reaction of 17 with highly electrophilic diethyl chlorophosphate 18 in the presence of triethylamine 
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leads to the final alkyne-phosphate 19 (see Scheme 4.3B). The compounds were characterized by 

multinuclear NMR spectroscopy. The quartet signal of the methine proton at δ 5.30 ppm in 

compound 19 shifted 1 ppm upfield due to the electron-donating effect from the phosphate group 

(see appendix, Fig. S2). Triple bond carbon signals of 19 are observed at δ 74.9 and 88.8 ppm, 

which is at roughly the same range as for compound 17. The 31P NMR spectrum of 19 shows a 

singlet signal at δ −0.56 ppm, which is shifted to upfield compared to 18 where it is at δ +3.71 ppm.  

The cycloaddition reaction of the electrophilic alkyne to the coordinated S4
2- chelate leading to the 

proposed intermediate is depicted in Scheme 4.1.271 Several attempts for the cycloaddition of 19 to 

the molybdenum bis-tetrasulfide reagent (Et4N)2[MoIVO(S4)2] were unsuccessful due to the 

insufficiently low electrophilic nature of this specific acetylene moiety. 

 

 

 

Scheme 4.3. The synthetic procedure of (A) ethyl 4-hydroxy-2-pentynoate 17 

and (B) ethyl 4-(diethoxyphosphoryloxy)pent-2-ynoate 19; 

Caution: Ligand 18 is highly toxic and corrosive. 

 

The reaction of compounds 17 and 19 with ethylene trithiocarbonate136, 272 at 140 °C to form a 

dithiolene ring were unsuccessful too. Both compounds were reacted with a rather reactive reagent 

such as 4-phenyl-1,3-dithiolane-2-thione84 in xylene or toluene solution and even in neat reagent to 

introduce the dithiolene unit. At higher temperatures (180 °C) only tar was formed, and no 
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dithiolene ring was detected. None of the tested reactions and reaction conditions resulted in an 

isolated product. Thus, the scope of this approach appears to be limited to acetylenes with extreme 

electron-withdrawing groups. 

 

4.3.2 Dithiocarbonate Approach 

The synthesis of α-ketones is one of the most critical steps toward the synthesis of dithiolene 

models. In particular, the heteroaryl α-ketones are very frequently used for mpt models.273, 274 Our 

interest to synthesize ketophosphonates with proper backbones to be suitable mpt models led us to 

investigate respective practical approaches.  

The synthesis of bromoketones from the corresponding olefins275, 276 is a short cut procedure which 

is applicable for biological molecules277 and especially for mpt models.150 N,N-dibromo-p-toluene 

sulfonamide (TsNBr2) could be an efficient candidate for the synthesis of bromoketophosphonates 

as was recently reported, albeit only for aliphatic and aromatic α-bromoketones.278 It is one of the 

reagents which was used as bromine donor leading to the final α-bromoketones directly from 

olefins in the presence of water.  

Various methods have been used for the synthesis of phosphonate esters, particularly the 

Michaelis-Arbuzov reaction.279, 280 This reaction is the most commonly employed one for the 

synthesis of phosphonates, but some of the other methods such as Abramov, Pudovik, and 

Michaelis-Becker reactions are also well known in the literature.281 Quote from R. M. Richardson in 

her Ph.D. thesis3: “The driving force of this specific procedure lies in the P=O bond formation after an 

SN2 nucleophilic attack by the displaced halide, which affords 32-65 kcal of bond stability in the final 

conversion of the halide to the phosphonate ester”. All phosphonate compounds (20, 24, and 36) 

were synthesized by treating corresponding bromo compounds with P(OEt)3 based on the 

Michaelis-Arbuzov reaction at reflux conditions282 or by microwave irradiation in the presence of 

Al2O3.283, 284 The purification of the final phosphonate compounds was carried out by Kugelrohr 

distillation.  

The diethyl-4-pentenylphosphonate 20 was treated with 2.2 equiv. TsNBr2 in the presence of 

acetone/water (30:1) at RT. The red solution was stirred overnight, and then the excess amount of 

bromine was neutralized by sodium thiosulfate (Na2S2O3). The pale yellowish crude mixture was 

purified by column chromatography (Et2O/EtOAc, 90:10) with a 42% yield (see Scheme 4.4). The 

crude product is apt to contain certain organic impurities since the bromo-hydroxyl intermediate 

could undergo a double-bromination resulting complex mixture of mono- and di-brominated 

compounds. This double bromination occurred in the presence of an excess amount of TsNBr2 due 

to the highly acidic nature of the α-proton of 21. The p-toluenesulfonamide derivatives and 

unreacted starting material made the separation procedure very complex. Nevertheless, the mono-

brominated compound 21 was isolated by column chromatography, but with minor amounts of p-

toluenesulfonamide still present. The separation of the well-dissolved p-toluenesulfonamide as an 

impurity was unsuccessful even by centrifuge.  
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Scheme 4.4. Reaction procedure for the synthesis of 21. Caution: the bromoketones are strong lachrymators. 

 

 

The characterization of 21 with mentioned impurities was performed using 1H-, 13C- and 31P-NMR 

spectroscopy together with APCI-MS spectrometry. The =CH and =CH2 vinyl signals of 20 

disappeared, and new singlet signals belonging to the protons of the –CH2Br and –CH2Br2 moieties 

are observed at δ 3.9 and 5.9 ppm, respectively (see Appendix, Fig. S3). The 31P NMR spectrum of 

21 after purification by column chromatography showed a single signal at δ 33.5 ppm 

corresponding to the phosphonate phosphorus. The APCI(+)-MS shows a typical bromine pattern of 

the molecular ion at m/e = 302.9 and 304.9 ([M+H]+) corresponding to 79Br and 81Br, respectively 

together with fragmentations for 21. If two lines in the molecular ion region are observed with a 

gap of 2 m/e units between them and with almost equal heights, this confirms that the bromination 

has occurred. The dibromoketophosphonate was also observed at m/e 376.0 ([M+H]+). 

Subsequently, the spectroscopic characterization of the following steps to xanthogenate compound 

22 and oxo-dithiocarbonate 23 was not very clear due to the p-toluene sulfonamide impurities, and 

this approach was not used for any further investigation since the final complexation reaction 

demands high purity of the final dithiocarbonate precursor (see Appendix, Fig. S4). 

After the limited success with the direct conversion of olefins into bromoketophosphonates, an 

alternative strategy was examined. Reactions of organometallic reagents with carboxylic acid 

derivatives are frequently used to obtain heteroaryl ketones.285-287 Demkiw et al.288 previously 

reported the synthesis of heteroaryl ketones directly from carboxylic acids and heteroaryl halides, 

which provided us the initial idea to test the tolerance of the phosphonate functions in the presence 

of Grignard reagents.  

The corresponding iodo heteroaryls and phosphonate carboxylic acids as starting materials were 

synthesized and characterized as shown in Scheme 4.5. The phosphonate carboxylic acids 25 and 

26 were prepared based on the hydrolysis of corresponding phosphonate esters using 1M sodium 

hydroxide in anhydrous DCM/EtOH solution (see Scheme 4.5A).289 The 31P NMR signals of 26 and 

25 are observed at δ 30.9 and 32.2 ppm, respectively, which support the proposed hydrolysis of the 

ester to the carboxylic acid function.289 Iodopyrazine derivatives 28 and 29 were synthesized by 

adding sodium iodide (NaI) in acidic condition290 to the corresponding chloropyrazine derivatives 

(see Scheme 4.5B).  
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The heteroaryl ketophosphonate synthesis from the corresponding phosphonate carboxylic acid 

and pyrazidnyl Grignard reagents were investigated. The reaction of phosphonate carboxylic acids 

(26 and 25) with iodopyrazine derivatives (28 and 29) in the presence of i-PrMgBr and i-

PrMgCl∙LiCl complexes at 10 °C lead to the desired heteroaryl ketophosphonates 30 and 31 with 

moderate 40-50% isolated yield after purification by chromatography (DCM with 5% methanol as 

eluent) (see Scheme 4.5C). The pyrazine α-nitrogen next to iodide is critical for binding to the 

corresponding phosphonate carboxylic acid.288 The fast iodine−Mg exchange is supposed to 

stabilize the entire phosphonate intermediate as proposed in the respective plausible 

mechanism.288 

 

 

 

Scheme 4.5. Synthetic procedure for (A) phosphonate carboxylic acid 
derivatives; (B) iodo pyrazine derivatives; (C) heteroaryl 
ketophosphonates. 

 

 

The Grignard type reactions were monitored and characterized by NMR spectroscopy and APCI(+)-

MS analysis. APCI(+)-MS spectra show the molecular peaks of 30 and 31 at m/e 345.2 and 273.2 

respectively, which confirm the acylation step. The C=Ocarboxylic acid signal in compounds 25 and 26 at 

around δ 170 ppm has entirely vanished, and a new signal belonging to the C=Oketone at around δ 

200 ppm was observed for compounds 30 and 31. The 31P NMR spectra of 30 and 31 display a 

singlet signal at around 32 ppm assigned to the phosphonate moiety which is a reliable indicator 

for this category of products. As presented in Fig. 4.1, the proton of the carboxylic acid has 

disappeared, and the α-protons next to carbonyl and pyrazine protons are shifted to 

downfield/high frequency due to the electron-withdrawing nature of the carbonyl group, while the 

other methylene’s proton signals remained.  
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Figure 4.1. 1H NMR spectra of 31 (bottom) and 30 (top). 

 

 

Within a series of alkyl phosphanes,291 the magnitude of nJHP is 3J > 2J > 4J. The methylene proton 

signals of compounds 30 and 31 are complicated due to the AB coupling between the magnetically 

inequivalent protons with the phosphorous atom. Therefore, the second-order effect is expected. 

This phenomenon is appreciable when the coupling constant between two protons is similar or 

smaller in magnitude as the chemical shift (Δυ) between them. Notably, the coupling of carbon 

atoms with phosphorus (JCP) is detectable in the 13C NMR spectra. For instance, the carbon atoms 

next to the phosphonate moiety in compounds 30 and 31 are observed as a doublet at δ 19.3 and 

25.1 ppm, respectively, with coupling with phosphorous of around 140-145 Hz.  

The bromination of carbonyl compounds such as α-ketones using various brominating agents has 

been reported in the literature.292-294 Pyrrolidone hydrotribromide (PHT) is a brominating agent 

with selectivity for ketones295, and due to the mild reaction conditions, it is frequently used for 

modeling biological compounds.296 The compounds 32, 33 and 37 were readily accessible in 

moderate yields from corresponding ketophosphonate by treatment with 1.1 equiv. of PHT 

{(C4H7NO)3.HBr3} and 2-pyrrolidone in anhydrous THF (see Scheme 4.6). The combination of PHT 

with 2-pyrrolidone prevents any acidic or basic hydrolysis avoiding the formation of a 

hemihydrobromide salt with the leaving hydrobromic acid.295  The reactions were initially heated 

up to 50 °C and then stirred at RT for as long as the reaction is not completed. The progress of the 

bromination can be monitored by TLC, which showed in these cases the appearance of a more polar 
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spot compared to the starting material. The excess liberated HBr is trapped as (pyrrolidone)2.HBr 

and precipitated from solution as colorless needles. Bromine specific patterns in the APCI(+)-MS 

spectra were observed (79Br and 81Br) in each individual compound (see Experimental part).  

The nucleophilic substitution of bromine with potassium o-isopropyl xanthate at a saturated α-

carbon leads to the corresponding phosphonate ketoxanthate esters 34, 35 and 38 (see Scheme 

4.6). The KBr by-product was filtered off, and the final pure product extracted with water. Typically, 

the ketoxanthate esters were used without further purification. These intermediate products were 

analyzed by APCI(+)-MS spectrometry (m/e [M+H]+: 479.3 (34), 407.4 (35) and 405.1(38).  

 

 

 

 
 

 

Scheme 4.6. Synthetic route to the phosphonate ketoxanthate esters 35, 34 and 38. 

 

 

The chiral α-proton (CH−Br) in brominated compounds 32, 33 and 37 are shifted around 2.5 ppm 

to the downfield compared to methylene protons in corresponding ketophosphonates. This chiral 

α-proton (CH−S) after the xanthogenation step is observed almost in the same region as those of 

corresponding bromoketophosphonates (see Fig. 4.2, Fig. 4.3 and Fig. 4.4). The new signals 

belonging to the methine and methyl groups of the xanthogenate moiety are observed at around δ 

5.7 (multiplet) and 1.4 (doublet) ppm, respectively, which confirms xanthate implementation. The 

magnetically inequivalent methylene β-protons were observed at δ ~ 2.5 and 3.0 ppm as ddd 

(through coupling with the phosphorus atom and the chiral α-proton) which comprises small 

upfield shifts compared to the corresponding bromoketophosphonates. Isolating the 

(pyrrolidone)2.HBr salt is sometimes problematic even by washing multiple times with water.  
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Figure 4.2. 1H NMR spectra of 33 (bottom) and 35 (top). *(pyrrolidone)2.HBr salt. 

 

 

 

 

 

Figure 4.3. 1H NMR spectra of 32 (bottom) and 34 (top). *(pyrrolidone)2.HBr salt. 
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Figure 4.4. 1H NMR spectra of 36, 37, and 38 in CDCl3 from bottom to the top, respectively. 

*(Pyrrolidone)2·HBr salt. 

 

 

 

The recorded 13C NMR spectra strongly support the formation of the final compounds. The α-carbon 

is shifted downfield after bromination and xanthogenate steps. The methylene carbon next to the 

phosphonate for compounds 33/35 and 37/38 is shifted downfield compared to corresponding 

ketophosphonates, while the chemical shift for compounds 32/34 remains constant in comparison 

due to the long methylene chain. The C=Sxanthate signals in 13C NMR are observed at around 210-215 

ppm which is a strong indication for xanthate binding. The 13C NMR spectra exhibit a doublet signal 

at around δ 19-30 ppm belonging to the methylene carbon next to the phosphonate moieties with a 

coupling constant of around 140 Hz, typical for a C−P bond. These chemical shifts and coupling 

constants are frequent for phosphonate derivatives.297 

The phosphorus signal is shifted upfield by around 8-10 ppm for compounds 33/35 and 37/38 

indicating successful bromination and xanthogenation steps, respectively (see Fig. 4.5 and Fig. 4.7). 

This phosphorus signal for compounds 32 and 34 is observed at around 32 ppm (i.e., with a minor 

downfield shift compared to the corresponding ketophosphonate due to the substitution reactions 

are taking place on the α-carbon four bonds away from the phosphorus atom) (see Fig. 4.6).  
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Figure 4.5. 31P NMR spectra of compounds 31, 33, 35, and 39 from bottom to the top, respectively. 

 

 

 

Figure 4.6. 31P NMR spectra of compounds 24, 25, 30, 32, 34, and 40 from bottom to the top, respectively. 
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To evaluate the success and quality of phosphonate reactions, 31P NMR is a practical method which 

reliably detects as side reactions. As presented in Fig. 4.5, there is an interesting phosphorus signal 

of compound 39 at δ 31.3 ppm which is most probably due to partial C-S cleavage during the acid-

catalyzed cyclization.298 A similar partial cleavage of the xanthogenate during the acid-catalyzed 

cyclization of 34 is also supported by a 31P signal at δ 32.44 ppm (see Fig. 4.6). These proposed 

species are also observed in the recorded APCI(+)-MS spectra (see Fig 4.7). The molecular ion peaks 

of starting ketophosphonates 30 and 31 appear at m/e 345.2 and 273.3, respectively. Most 

probably, the corresponding ketoxanthate ester exhibits keto-enol tautomerism. The electrophilic 

nature of an enol might release an H+. The phosphonate moiety possibly affects the C−S cleavage, 

via modulation of the acidity of the proton on the carbon next to the phosphonate moiety.  

Notably, due to the high polarity of the phosphonate moiety, the purification of the final 

phosphonate dithiocarbonates is quite complex. The purification by chromatography on dry Al2O3 

requires very polar eluents, e.g., DCM/CHCl3/MeOH or solvent mixtures. Unfortunately, after 

numerous attempts, no efficient purification of the crude mixture could be achieved, and 

purification by chromatography on Al2O3 with different eluents did not succeed due to the very 

close Rf values of side product and target compound. TLC-express APCI(+)-MS of the 

dithiocarbonate 40 also confirms the C-S bond cleavage during the acid-catalyzed cyclization. Two 

sticky spots on the Al2O3 TLC plate were analyzed which belong to m/e 345.2 and 419.1 following 

our assumption.    

 

 

   

Figure 4.7. APCI-MS spectra of 39 (left) and 40 (right). SM: Starting Material. 

 

 

The acid-catalyzed cyclization of a ketoxanthate ester to give the corresponding dithiocarbonate is 

a critical step in the synthesis of dithiolene ligands (see Scheme 2.2). It is important to take into 

account that the acid-catalyzed cyclization depends on the type, number, and strength of the 

potentially acidic/basic sites, which has not yet been investigated for phosphonate-

dithiocarbonates. These features most probably have direct roles in the performance of the 

reagents (activity, selectivity). Notably, the ideal acid for the cyclization step had to be determined 

experimentally, e.g., to avoid any side products.  

SM:31 

SM:30 39 

40 
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The cyclization of the ketoxanthate esters 34, 35 and 38 were investigated by applying excess 

amounts of concentrated H2SO4, AcOH and a mixture of H2SO4:AcOH in diethyl ether/DCM medium 

and even in neat acids (see Scheme 4.7). It was expected that the solvent medium allows for the 

slow diffusion of the acidic protons in particular when using H2SO4 and thereby to soften the 

cyclization step. With monoprotic acetic acid or a mixture of H2SO4:AcOH (1:1 ratio), it was not 

possible to reach full conversion not even in days. Using neat sulfuric acid for the ring closure of 

compounds 34 and 35 led to a dark brown oil which contains various degradation products. 

Hydrolysis of phosphonates to phosphonic acid in acidic media such as HX (Br, Cl and I) limit the 

range of applicable H+ donors.299 it was actually found that the P–C bond was break using 

concentrated HCl or HBr.300, 301 The best results were obtained via sulfuric acid in Et2O:DCM 

solution. The final products 39 and 40 were analyzed by APCI(+)-MS and two molecular ion peaks 

were identified at m/e 347.1 and 419.0 [M+H]+, respectively. Further characterization was not 

possible since they could not be isolated in high enough purity after the acid-catalyzed cyclization. 

These phosphonate dithiocarbonate ligands are reported as unique model compounds but still need 

some further optimization for the acid-catalyzed cyclization of each ketoxanthate ester. 

Nevertheless, the spectroscopic characterization of compounds 39 and 40 was not unambiguous, 

and these two were not used for further complexation reactions.  

 

 

Scheme 4.7. Acid-catalyzed cyclization to synthesize dithiocarbonates 

39, 40, and 41. 

 

The dithiocarbonate 41, however, can be formed using 30 equiv. of H2SO4 in DCM/ether over 3 days 

at RT. The desired compound 41 was isolated in 58% yield by column chromatography using 
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chloroform as eluent. The APCI-MS shows the molecular ion peak belonging to compound 41 at 

m/e 345.1. The phosphorus signal at δ 22.3 ppm, as well as the vanishing of the C=S signal, 

confirmed the cyclization process. The unexpected C-S cleavage was as side reaction observed in 

the 13P NMR and APCI(+)-MS spectra but only of minor intensity (see Fig. 4.8). The carbons of the 

ene-dithiolene backbone in 41 are observed at δ 118 and 130 ppm in the 13C NMR spectrum. The 

recorded DEPT-135 NMR spectrum shows the methylene signals in the negative region, while CH 

(aromatic carbons of phenyl) and methyl groups are observed in the positive region (Fig. 4.9). The 

observation of the methylene protons of 41 at 3.10 and 3.17 ppm together with the disappearing of 

the CH−S and isopropyl signals confirm the formation of the dithiolene ring.  

 

 

Figure 4.8. 31P NMR spectra of compounds 36, 37, 38 and 41 from bottom to the top. 

 

  

 

Figure 4.9. DEPT-135 NMR spectrum of 41. 
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4.4 Complexation 

To generate dithiolene metal complexes from compound 41 (dmppdt-C=O), the dithiolate form 

should be prepared in situ in a basic medium using, most commonly, an alkaline solution of a metal 

hydroxide.151, 302 In situ phosphonate-dithiocarbonate ring-opening remained a challenge due to the 

sensitivity of the phosphonate functions in basic medium. Furthermore, it was not clear how 

different bases (organic or inorganic bases) behave and whether it will be better to work at the 

lowest possible base concentrations or in access. Furthermore, the treatment of phosphonates with 

nucleophilic basic reagents could yield phosphoric acid mono-esters in a monohydrolysis step,303-305 

and the activity of the in situ phosphonate-dithiolate forms was also unknown. Therefore, 

developing an efficient method or protocol was and is essential and a challenge.  

In the early attempt, a typical complexation procedure was followed according to a modified 

reported protocol.102 Two complexes were synthesized by reacting the respective metal precursors 

K3Na[MoO2(CN)4] and NiCl2·6H2O with ligand precursor 41 in the presence of 2.5 equivalents of 

KOH under N2 atmosphere as shown in Scheme 4.8. Unexpectedly, the corresponding 

K2[MoIVO(dmppdt)2] and K[Ni(dmppdt)2] complexes did not precipitate by adding anhydrous 

diethyl ether or n-hexane to the dissolved crude products in acetonitrile. The isolated crude oily 

products contained unwanted oily side products and unreacted ligand precursor 41. Unfortunately, 

several attempts to find a practical method to purify the corresponding complexes failed. Therefore, 

the reaction mixtures were analyzed only by ESI(-)-MS spectrometry. The molecular ion peak is 

observed at m/e 745.2, while the diionic pattern [MoIVO(dmppdt)2]2- was observed at m/e 372.8. 

The molecular ion peak of the Ni complex was observed at m/e 691.1 (see Appendix, Fig. S5). 

 

 

 

 

Scheme 4.8. Complexation reaction of 41 with Mo and Ni precursors under N2 atmosphere in 

degassed solvents. 
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4.5 Chapter summary 

In summary, we have developed new approaches to the synthesis of bio-inspired phosphonates 

species. These approaches were investigated to obtain proper ketophosphonates and related 

dithiocarbonates, which are promising precursors for the incorporation of a phosphonate moiety 

into dithiolene mimics of mpt. Developing the phosphonate dithiocarbonates based on the acid-

catalyzed cyclization reaction and introducing a metal ion to the dithiolate form remain challenges 

due to the sensitivity and instability of the P-C bond in strongly acidic and basic medium, 

respectively. Multiple attempts to synthesize and purify the molybdenum and nickel 

bis(phosphonate-dithiolene) complexes as mpt active site models were unsuccessful. However, 

several keys issues to optimize the ring-opening reactions in a basic medium for subsequent 

projects could be gleaned from these studies.  
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5 Sophisticated mpt-Models Addressing the Phosphate Moiety 

 

5.1 Background and Aims 

The role of mpt’s diverse functional groups has not been entirely addressed yet; this concerns, in 

particular, the role of the phosphate moiety. Modeling mpt is a challenging field of research 

requiring multi-step organic syntheses. Therefore, we have focused on developing a practical 

approach to synthesize mpt ketophosphonate models toward introducing a dithiolene ring. Various 

methods were carefully investigated to introduce the phosphonate function in position-6 and 

position-7 by taking inspiration from the natural mpt.  

The following aims were investigated: 

i) In order to introduce the various phosphonate moieties to pterin scaffolds, a novel method 

needs to be developed. This methodology should be able to overcome some synthetic 

challenges, such as low solubility of the substrate and high instability of phosphonate 

function. The Minisci reaction was applied due to the highly selective acylation pathway to 

obtain pterin-dithiolene ligands, which are carrying phosphonate groups and unprotected 

amino and keto functions. 

ii) Investigation of stability and reactivity of mpt-phosphonate compounds toward dithiolene 

synthesis under acidic and basic medium applying the dithiocarbonate approach (see 

Chapter 4). 

iii) Determination of pKa values of the pterin compounds. 

 

5.2 Pterin-phosphonate approach 

7-chloro-4-(pentyloxy)-2-pteridinamine was used as a starting material based on reported 

procedure in Ivan Trentin’s Ph.D. thesis. The main idea was to introduce a hydroxy-phosphonate 

functionality in the position-7 of this pterin compound (see Scheme 5.1). For this purpose, the 

hydroxyl-phosphonate 44 was synthesized in three steps using 3-bromo-1-propanol as starting 

material as depicted in Scheme 5.2. In this procedure, the alcohol function was protected using 3,4-

dihydro-2H-pyran (DHP) in the presence of p-toluenesulfonic acid monohydrate.306, 307 This alcohol 

can be restored later by acidic hydrolysis.307 The compound 42 was phosphorylated by a typical 

Michaelis–Arbuzov reaction. Compound 43 was deprotected using pyridinium para-

toluenesulfonate (PPTS) in methanol, and the pale yellow oily compound 44 was collected by 

separation from the remaining PPTS by centrifugation.306 
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Scheme 5.1. 7-Chloro-4-(pentyloxy)-2-pteridinamine. 

 

 

Scheme 5.2. Synthetic route to compound 44. 

 

Deprotonation of the hydroxyl group of 44 is not possible with strong nucleophilic alkoxides such 

as sodium ethanolate or methanolate due to their high nucleophilicity to coordinate on position-7 

of the pterin. Therefore, compound 44 was treated with NaH (60% mineral oil) in THF solution. 

Alternatively, potassium tert-butoxide was employed as a strong and non-nucleophilic base. In both 

cases, in situ deprotonated salt did not react appropriately with 7-chloro-4-(pentyloxy)-2-

pteridinamine308 at RT and not even at 50 °C. Some impurities were always detected due to 

unwanted side reactions. The strong affinity of the oxygen to the partially positive formal charge on 

phosphorus is most probably impeding the nucleophilic substitution reaction at position-7.309  

The search of a versatile acylation method toward hetroaryl ketophosphonates led us to the Minisci 

acylation, which is a comprehensive method for medicinal and biological chemists (see Scheme 

1.13). The Minisci reaction, as first reported by Pfleiderer et al.308 for a similar purpose was quite 

interesting due to the high reactivity rates, easy purification, and high selectivity, especially when a 

protection/deprotection sequence is not required. Although the Minisci reaction is a compelling 

acylation method, some limitations are having to be taken into account:  

i. Generation of regioisomeric compounds; in a case where there is more than one position 

open to substitution (this could be an opportunity as well for chemists to develop new 

compounds). 

ii. Often low yield and very high amount of substrate. 

iii. The starting material is not always transformed completely, requiring extensive purification 

of reaction mixtures.  

Due to the low solubility, painful purification and the known un-reactivity during the Minisci 

reaction of a related pterin compound which carries an ethoxy function in position-7, we 
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alternatively turned to thiol instead of the hydroxyl function. A pterin with a thiol function at 

position-7 is more comfortable to handle and then not a determinative in the acylation step. 

Notably, the nucleophilicity of sulfur in the thio-phosphonate compound is much higher than that of 

oxygen concomitant with less affinity to the phosphorous atom during synthesis.310 

The thio-phosphonate synthon 47 was synthesized in three steps using 1,3-dibromopropane as 

starting material (Scheme 5.3). 1,3-Dibromopropane was treated with P(OEt)3 via Michaelis–

Arbuzov reaction at reflux conditions.282 Only 0.2 equiv. of triethyl phosphite was used as an 

optimized amount to minimize double phosphorylation as a by-product. Compound 45 was purified 

with a Kugelrohr distillation apparatus leading to 82% yield as a colorless oil. The 31P NMR 

spectrum of 45 showed a single signal at δ 30.2 ppm corresponding to the targeted bromo-

phosphonate compound. Compound 46 was synthesized by treating 45 with thioacetic acid and dry 

Et3N in anhydrous DCM.311 The reaction was monitored by APCI(+)-MS spectrometry (m/e: 255.0 

[M+H]+). The triethylammonium bromide was precipitated by adding an excess amount of diethyl 

ether to the mother liquid. The final crude product was purified by gradient column 

chromatography using n-hexane:EtOAc (1:3) and then EtOAc as eluent yielding compound 46 with 

64% yield. The appearance of a new signal in the 13C NMR at δ 194.0 ppm belonging to the carbonyl 

group of the coordinated thioacetic acid confirms the successful thiolation. Diethyl 3-

mercaptopropylphosphonate (47) was synthesized using HCl 37% at 50 °C for 22 hours in 

degassed ethanol.312 A soft stream of nitrogen counter-current was flushed into the flask during the 

reaction to avoid unwanted protonation.  

The proton signal of the SH group in the 1H NMR spectrum was not observed due to the proton 

exchange equilibrium in chloroform solution. Nevertheless, the disappearing of the carbonyl signal 

in the 13C NMR spectrum confirms the formation of the final product. The methylene protons next 

to the thiol function are shifted upfield (δ 2.6 ppm) compared to the same protons in the protected 

thiol in 46. Due to the three methylene group in between P and S, the 31P signal is very slightly 

downfield shifted to δ 31.0 ppm. 

 

 

 

Scheme 5.3. The synthetic procedure of 47. 
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Addition of freshly prepared sodium ethoxide solution to compound 47 at 0 °C gave the sodium 

thiolate anion. The nucleophilic substitution reaction of freshly activated a thiolate with 7-chloro-4-

(pentyloxy)-2-pteridinamine (48)iii at 0 °C led to the desired compound 49 with 79% yield (see 

Scheme 5.4). The reaction was monitored by TLC-express APCI(+)-MS spectrometry, and the 

molecular ion peak was observed at m/e 444.4 [M+H]+. Compound 49 showed enough solubility for 

a complete characterization which is most probably related to the thio-phosphonate anchor, and in 

contrast to solubility issues of unprotected pterins. 

The 31P NMR spectrum of 49 showed a singlet signal at δ 31.3 ppm, which is slightly downfield 

shifted compared to 47. The recorded 1H- and 13C-NMR spectra are also indicative of the formation 

of the final product. The carbon in position-7 in 49 is upfield shifted due to lower electron density 

around this carbon. The spin-spin coupling constant of the methylene carbons with phosphorus are 
1J = 140.65, 3J = 18.58 and 2J = 4.0 Hz. The 1H NMR spectra of 49 exhibit a proton signal in position-

6, which is slightly upfield shifted and is comparable to that in compound 48 (see Fig. 5.1). 

Unfortunately, multiple attempts to crystallize this compound always led to very fine crystals which 

were unsuitable for X-ray measurement. 

The reaction of 48 with 3.3 equiv. of 1-propanethiol in sodium methoxide solution for 1 hour at RT 

led to the creamy colored precipitate of 50 with 70% yield (see Scheme 5.4). Compounds 49 and 50 

have been used as starting substrates for Minisci acylation reactions. 

 

 

 

Scheme 5.4. Thiolation in position-7. 

 

 

                                                           
iii Note: preparation of compound 48 was carried out based on a procedure developed by Pfleiderer et al. based on the 
Gabriel-Isay condensation presented in detail in I. Trentin’s Ph.D. thesis.  
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Figure 5.1. 1H NMR spectra of 47 (bottom), 49 (center) and 48 (top). 

 

 

A working hypothesis was that the preparation of the tricyclic form of the pteridinone together 

with the phosphate P−O moiety could be achieved by application of the appropriate aldehyde which 

might be accessed through the 2-(2,2-dimethyl-1,3-dioxolan-4-yl)acetaldehyde (52) and compound 

48 to obtain compound 53iv (see Scheme 5.5). Therefore, 1,2,4-butantriol was chosen as a starting 

material. The possibility to easily remove the propylthio substituent following a general protocol 

reported by Graham et al.313 for the nitrogen-containing heterocycles via Pd/C(10%), Et3SiH or 

alternatively oxidation of thiol to sulfone via appropriate methods reported in the literature,314-316 

could facilitate the spontaneous ring-closing at position-7 leading to the pyrane ring and a CH2OH 

anchor to introduce the phosphate function afterwards. The synthesis of 52 was achieved in two 

steps starting from 1,2,4-butantriol (see Scheme 5.6). The 1,2-diol protected as 5-membered cyclic 

ketal using acetone in the presence of an acid catalyst (HCl and TsOH) led to the compound 51 with 

73% yield. Pyridinium chlorochromate (PCC) was used primarily for the oxidation of alcohols to 

form aldehyde 52.317 Here, PCC was synthesized via the addition of chromium trioxide into a cold 

solution of anhydrous pyridine in concentrated hydrochloric acid. The oxidation of the aldehyde to 

the corresponding carboxylic acid was not detected when PCC as an oxidizing agent was applied. 

 

Scheme 5.5. Minisci acylation reaction. 

                                                           
iv Note: preparation of compound 53 was carried out by Minisci acylation presented in detail in I. Trentin’s Ph.D. thesis. 
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Scheme 5.6. Synthetic procedure for compound 52.  

 

PCC oxidized compound 51 in the presence of dry and neutral Celite at pH = 7 in anhydrous DCM.318 

Addition of Celite to PCC oxidation reactions can simplify the work-up because the reduced 

chromium salts precipitate in the reaction mixture as tar. The crude compound containing Celite 

was charged to a short silica pad with diethyl ether as eluent giving compound 52 in 57% yield. 

Deprotection after the acylation step might be performed by mild acid in acetone or by hydrolysis 

in wet solvents or aqueous acid (AcOH), even though this protecting group is stable against mild 

high-valent chromium reagents such as PCC or PDC. However, in the course of the timeframe of this 

thesis, it was not possible to investigate these follow up reactions.  

 

 

Figure 5.2. 1H NMR spectrum of compound 52 in CDCl3 at RT. *Pyridinium chlorochromate. 

 

 

1,2 

7 6 5 4 3 

* * * 
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Subsequently, in order to modulate a specific mpt model, we decided to develop a novel ligand 

bearing the possibility to introduce a pyrane ring by the intermolecular acylation. β-

Ketophosphonate 54 was synthesized by treatment of 3-buten-2-one (activation of the double bond 

by a strongly polarizing substituent such as carbonyl)  with P(OEt)3 in a protic solvent, such as 

ethanol, followed by acidic hydrolysis according to a procedure reported by Harvey procedure (see 

Scheme 5.7).319 The phosphorus signal was observed at δ 32.0 ppm, which is in the range of 

phosphonate compounds. Compound 54 was reacted with ethyl formate in the presence of NaH 

(60% mineral oil) in anhydrous Et2O at 0 °C under N2 atmosphere.320, 321 Sodium hydride in etheric 

solvents such as THF is frequently used for enolate anion formation. The sodium salt of the 

phosphonate substituted hydroxyl enal 55 was reacted directly with compound 48 in anhydrous 

THF and at RT overnight (Scheme 5.7B). Compound 56 as brownish solid was collected and 

analyzed by APCI(+)-MS spectrometry. The peak at m/e 468.8 belongs to the desired compound 56. 

Fragmentations of the compound 56 were detected as well (see Appendix, Fig. S6). Interestingly, 

the fragmentation at m/e 179.8 belongs to the anionic form of compound 55, which confirms the 

previous substitution reaction. The final precipitate of 56 was directly used without any further 

purification. Iron sulfate hexahydrate (FeSO4·6H2O) and tert-Butyl hydroperoxide solution 70%  

(TBHP) were added to a solution of 56 in AcOH:H2O (3:1 ratio) and stirred for 10 min at RT (see 

Scheme 5.7). Adding water in order to quench the reaction was not followed by the expected 

precipitation of the desired tricyclic product 57. Therefore, the crude product was extracted with 

chloroform and analyzed by TLC-express APCI(+)-MS spectrometry. The fragmentation of the 

pterin and the aldehyde-phosphonate moieties was observed, which indicate a cleavage of the 

phosphonate moiety from the oxygen atom in the course of the reaction (see Appendix, Fig. S7). 

Exploring a milder acylation method as reported by Laha et al.322 might be a possibility to 

circumvent the conditions of the related intramolecular Minisci acylation.  

This intermolecular acylation has three presumable limitations:  

i. The high affinity of the oxygen atom of the hydroxyl enal α,β-unsaturated aldehyde to 

induce a partially positive charge on the phosphorus atom decreases the reactivity of 

the compound 55. 

ii. The instability and insolubility of the final compound 56. 

iii. Steric hindrance of the intermolecular acylation via the Minisci reaction.  

 

Scheme 5.7. Intramolecular acylation procedure for the attempted synthesis of compound 57.  
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To acylate at position-6 of the pterin, we developed β- and δ-aldehydephosphonates with two- and 

four-methylene chains, respectively. As displayed in Scheme 5.8, the β-aldehydephosphonate 58 is 

synthesized by oxidizing alcohol 44 with Dess-Martin Periodinane (DMP) in anhydrous DCM.323 

This oxidizing agent offers selective and very mild oxidation of alcohols to aldehydes or ketones, 

and the products are easily separated from by-products after basic work-up. The α- and β-

aldehydephosphonates are more sensitive than γ- and δ-aldehydephosphonates324, and it is 

necessary to store them under N2 at 5 °C to avoid any decomposition. Due to the low yield of the 

desired acylated compound and the high amount of the aldehyde-phosphonate 58, the alternative 

δ-aldehydephosphonate 59 with the same methylene length as in the mpt structure (see Scheme 

5.9) was chosen for further investigations. 

 

 

Scheme 5.8. Oxidation of alcohol to the aldehyde 

using DMP as an oxidizing reagent. 

 

The synthesis of compound 59 was achieved in two steps using ethyl 5-bromovalerate as starting 

material (Scheme 5.9). For this purpose, phosphonate-ester 24 was synthesized based on the 

Michaelis–Arbuzov reaction. Diisobutylaluminium hydride (DIBAL-H) was used to reduce the ester 

to the aldehyde. Compound 24 was treated with 4 equiv. DIBAL-H (20 % in n-hexane) under an 

argon atmosphere at –78 °C for 3 hours.325 The resulting mixture was quenched by adding 

anhydrous methanol dropwise at −78 °C to 0 °C, which was followed by adding Rochelle’s salt 

solution at 0 °C. The crude product was checked by neutral TLC (95:5 hexanes/EtOAc) and analyzed 

by TLC-express APCI(+)-MS spectrometry. The molecular ion peak was observed at m/e 223.1 

[M+H]+. The final aldehyde-phosphonate 59 as a pale yellowish oil was purified by Kugelror 

distillation (or by column chromatography) and stored under N2 at 5 °C. This compound was used 

directly for the next step without any further purification. Notably, using 4 equiv. of DIBAL-H is 

necessary to avoid an inseparable mixture of aldehyde and recovered ester. Due to the sensitive 

phosphonate function, it is also necessary to run this reaction at −78 °C to avoid corresponding 

phosphite side product326 and further oxidation of the aldehyde to alcohol327 (see Scheme 5.10B).  

 

 

Scheme 5.9. Synthetic procedure for 59. 
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Scheme 5.10. The mechanisms of reaction with DIBAL-H [(i-Bu15lH)2]. 

 

The phosphonate signal in the 31P NMR of δ-aldehydephosphonate 59 is observed at δ 31.4 ppm. 

The 1H signals from the ester function have disappeared, and the aldehyde proton signal was 

observed at δ 9.7 ppm. The DEPT-135 spectrum of 59 is presented in Fig. 5.3. The carbon-

phosphorus coupling constants for 1J, 2J, and 3J together with the multiplicity of the carbon atom 

substitution with phosphorus are mentioned in Fig. 5.3.328  

 

 

Figure 5.3. DEPT-135 spectrum of 59 in CDCl3 at RT. 

 

 

Subsequently, we sought to investigate the tolerance of the two different phosphonate functions 

during the Minisci reaction. Therefore, coupling reactions of acetaldehyde and δ-

aldehydephosphonate 59 in position-6 of the corresponding pterin were performed. The reactions 

were carried out using TBHP, FeSO4·6H2O, and 17 equiv. of the corresponding aldehyde in a 

mixture of AcOH:H2O (3:1) (see Scheme 5.11).308 The reaction mixtures were quenched after 3 

O-CH2 

CH3 

C1 
C4 

C3 C2 
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minutes by the addition of water. The acylation product 60 was extracted with chloroform and 

purified through column chromatography, while product 61 was immediately precipitated by 

adding water and purified by washing several times with water and n-hexane. The yellowish 

products were analyzed by APCI(+)-MS spectrometry (m/e 486.0 [M+H]+ (compound 60) and m/e 

528.3 [M+H]+ (compound 61)). 

 

 

Scheme 5.11. Acylation pathway towards 60 and 61. 

 

From a mechanistic point of view, the reaction of Fe2+ with peroxide leads to the radical tert-

butoxide which reacts in situ with aldehyde and yields the corresponding acyl radical R·CHO. The 

addition of the acyl radical to the hetroaromatic ring and finally the re-aromatization leads to the 

final acylated product. The pyrazine nitrogen next to α-carbon function plays the leading role in 

stabilizing the radical toward acyl radical coordination. The proposed mechanism of the acylation 

reaction is depicted in Scheme 5.12.329 

 

 

Scheme 5.12. The proposed reaction mechanism for the Minisci reaction.329 

 

The characterization of pterin ketophosphonates 60 and 61 was performed using multi-nuclear 

NMR spectroscopy. The phosphorus signals of acylated compounds were observed as anticipated 

around δ 32 ppm due to the long methylene chains. In both cases, the pterin proton in position-6 

and aldehyde proton signals in the 1H NMR spectra of the acylated products have disappeared 

supporting the successful Minisci reactions. The new carbonyl signals in both cases are observed in 
13C NMR spectra at around δ 199.8 ppm. As presented in Fig. 5.4, the methyl protons in 60 were 
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observed at δ 2.73 ppm. The α-ketoprotons and pyrazine protons in 61 were shifted to the 

downfield/high-frequency region, as polarized by electron-withdrawing moieties. However, the 

other methylene’s proton signals remained almost constant (see Fig. 5.5). The recorded DEPT-135 

spectra show the methylene carbons pointing down, while the methyl carbons are pointing up (see 

Fig. 5.6) which is representative of the multiplicity between carbons and phosphorus atom. As 

shown in Fig. 5.6, the methylene carbon labeled “1” in compounds 60 and 61 is coupled with 

phosphorous as a doublet with coupling constant 140 Hz. 

 

Figure 5.4. Compared 1H NMR spectra of 49 (down) and 60 (top) in CDCl3 at RT. 

 
Figure 5.5. 1HNMR spectra of 50 (top), 59 (bottom) and 61 (center) in CDCl3 at RT. 
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Figure 5.6. DEPT-135 spectra of 60 (top) and 61 (bottom) in CDCl3 at RT. *Aldehyde 59. 

 

 

Compounds 60 and 61 were also crystallized by slow solvent evaporation of the final product 

solution in EtOH/n-hexane and MeOH/CHCl3/n-hexane, respectively, and characterized by single-

crystal X-ray diffraction (see Fig. 5.7). The pentanolate function in 60 is replaced by the ethoxy 

group during crystallization in ethanol solution. The crystal data and structure refinement 

parameters for ligand parameters 60 and 61 are presented in Table 5.1.  
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Figure 5.7. Molecular structure of 60 (left) and 61 (right) with 30% probability thermal ellipsoids. 

 

Both compounds 60 and 61 crystallize in the triclinic P-1 space group. Selected bond lengths and 

angles are listed in Table 5.2. The bond parameters of 60 are in good accordance with those 

observed for 61. The phosphonate function is disordered due to the flexibility of the PO(OEt)2 

moiety. Notably, the phosphonate anchor in 61 points in the direction of the pentenyl moiety. The 

P=O bond distance in 60 is 1.45 Å and is slightly shorter than that in 61 with 1.47 Å, most likely due 

to interactions such as H-bonding and packing effects. The average P-O bond distance (1.56 Å) in 

both compounds is much shorter than a formal P-O bond (1.59-1.60 Å) and considerably longer 

than a formal P=O bond (1.45-1.46 Å).330 The C-S distance of position-7 in 60 is shorter than in 61 

(see table 5.2), while the C=O distance in 60 is longer than the same bond in 61 due to the direct 

electron-withdrawing nature of the phosphonate moiety. The P-C bond distances are around 1.73 Å 

which is slightly shorter than the standard P-C bond distance, 1.84 Å.331 

 

Table 5.1. Crystal data and structure refinement parameters for compound 60 and 61. 

Compound 60 61 

formula  C17H26N5O5PS C25H42N5O7PS 

formula weight  443.46 587.66 

Crystal size                       0.454 × 0.428 × 0.148 mm 0.471 × 0.457 × 0.124 

crystal system, space group Triclinic,  P -1 Triclinic,  P -1 

a (Å),  b (Å), c (Å) 
10.5743(16), 10.8436(17), 
11.0584(19) 

9.0318(18), 9.0559(18), 
20.371(4) 

α (°), β (°), δ (°) 
118.587(12), 91.490(13), 
98.908(12) 

93.39(3), 97.30(3), 90.98(3) 

Z, dcalc [mg/m3] 2,  1.348 2,  1.183 

V [Å3] 1092.6(3) 1649.3(6) 

µ [mm-1] 0.259 0.192 

Reflections, unique, Rint 9010, 4427, 0.0868 7233, 3413, 0.1452 

GOF on F2  0.902 1.019 

R1[a], wR2[b] [I >2σ(I)]  0.0884, 0.2173 0.1145, 0.2880 

largest diff. peak, hole (e Å-3)  0.826, -0.412 0.619, -0.420 
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Table 5.2. Selected bond lengths [Å] and angles [o] of 60 and 61. 

 

 

Four absorption bands in the UV-vis spectra of compounds 48, 49, and 60 in CH3CN and MeOH at λ 

200-380 nm (Fig. 5.8) are very much similar to the spectra of natural pterin and biopterin.332 The 

UV cutoff wavelength of acetonitrile at 190 nm is below that of methanol at 205 nm and allows us to 

detect the pterin n-π* transitions. Almost the same absorption bands are observed in the UV-vis 

spectra of compounds 50 and 61 in CH3CN and MeOH solution (see Fig. 5.8). All represented 

molecules in Fig. 5.8, exhibit a bathochromic shift in acetonitrile and methanol. The high energy 

bands have been assigned to π-π* transitions, while the low energy bands are due to n-π* 

transitions. Comparing the acylated compound 60 with 61 confirms that the carbonyl moiety has 

almost no effect on pterin conjugation and the same absorption bands were observed in both cases.  
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Figure 5.8. UV-Vis spectra of series of compounds 48, 49, and 60 (in acetonitrile (top 

left)), (in methanol (top right)); compounds 50 and 61 (in acetonitrile 

(bottom left)), (in methanol (bottom right)).  

 

N-heterocycles such as pterin derivatives are basic, and the basicity is essential for their properties, 

as it determines, for example, their ability to take part in hydrogen-bonding333 and the absorption 

of drugs depends on their basicity.334 The relationship between the pterin structures and solvent 

effects was investigated based on the basicity of conjugated N‐heterocyclic pterin scaffolds in 

different media and the relation between the pKa values and UV absorption bands was derived.335 

The pKa values of compounds 53, 60, and 61 were provided by our cooperation partner Prof. Ivo 
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Leito, University of Tartu to investigate the role of phosphate function on the basicity of the related 

pterin scaffold. The pKa measurement method is based on the determination of differences in the 

basicities of two bases.336-338 The first base is a target compound, and the second one is a reference 

base with a previously established pKa value. Both compound solutions are UV-Vis 

spectrophotometrically titrated individually and as a mixture in order to obtain the spectra of the 

neutral and protonated forms of the individual bases; i.e., spectra of the neutral and protonated 

forms of both bases when present in the mixture as well as a number of spectra of mixture 

solutions containing both bases protonated. The spectrophotometric data were used to calculate 

the dissociation levels 𝛼 =
[B]

[B]+[BH+]
 of the conjugate acids of both bases in all mixtures formed 

during the titrations. Using the dissociation levels (α) the differences in pKa values (∆pKa) of the 

studied compounds and the reference base can be calculated according to the following equation. 

 

∆𝑝𝐾𝑎 = log
𝛼1(1 − 𝛼2)

𝛼2(1 − 𝛼1)
 

 

The basic properties of 60 and CT39v differ by almost 0.6 pK units proving the stronger basic 

properties of 60 compared to related pterin compound CT39 without the phosphonate function, 

while the pKa value of 61 is the almost same value as in the CT39. The pKa value of 53 is 

significantly lower compared to the other pterin compounds (see Fig. 5.9), i.e., it has the weakest 

basic properties of the target compounds (see Table 5.3).  The position of the phosphonate 

substituent relative to the protonation site and location of partial charge in the molecule to bring 

maximum resonance stabilization might affect the suitable protonation sites in these models. 

 
Table 5.3. Determination of pKa values of 60, 61, CT39, and 53. 

Compound Reference Base pKa (Ref) ΔpKa pKa (Base) 
Assigned pKa 

(ACN) 

60 Quinoline 11.96 0.15 11.81 11.80 

 4-Methoxyaniline 11.86 0.02 11.84  

  N,N-dimethylaniline 11.43 -0.32 11.75  

61 4-Methoxyaniline 11.86 0.71 11.15 11.18 

 5-NO2-benzimidasole 10.39 -0.72 11.11  

 2-methyl-quinoline-amine 11.54 0.26 11.28  

CT39a 4-Bromoaniline 9.43 -1.82 11.25 11.21 

 4-Methoxyaniline 11.86 0.66 11.20  

  Quinoline 11.96 0.74 11.22  

53 N,N-dimethylaniline 11.43 0.40 11.03 11.03 
a see Fig. 5.8. 

 

                                                           
v Note: preparation of compound CT39 was presented in detail in I. Trentin Ph.D. thesis. 
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The protonation affecting the UV-Vis absorption spectra depends on the pKa of the related pterin in 

solution. Intramolecular hydrogen bonding may affect the basicity of N-heterocycles as well.336 An 

intramolecular hydrogen bond within the protonated species is a basicity increasing effect which 

directly depends on the solvation ability.  

 

 

    
 

 

 

Figure 5.9. The structure of compounds CT39 (left) and 53 (right). 

 

The bromination of compounds 60 and 61 were conducted, as discussed in Chapter 4, with PHT 

and 2-pyrrolidone, which is highly selective for α-ketones.294 This bromination reaction strongly 

depends on the substrate, and therefore, the reaction condition varies for each substrate. 

Compounds 62 and 63 were obtained by applying 5.3 equiv. of PHT in THF and the reaction 

mixtures were then heated at 50 °C for one week (see Scheme 5.13). Usually, the 

(pyrrolidone)2·HBr precipitation indicates the progression of the reaction, but most probably due 

to the excellent solubility of this salt in THF at 50 °C, the precipitation was not observed. However, 

compounds 62 and 63 were purified by column chromatography and characterized by APCI(+)-MS 

spectrometry (m/e 565.1 [M+H]+ (compound 62) and m/e 606.3 [M+H]+ (compound 63); see 

Appendix, Fig. S8). The collected oily compounds most probably contain partially hydrolyzed 

phosphonate compounds due to the in situ formation of HBr during the bromination.300 This is 

unavoidable as the heat is needed to increase the reaction rate, and the temperature cannot be 

lowered for these substrates. The signals of the hydrolyzed compounds 62 and 63 were observed 

at m/e: 509.3 [M+H]+  and 550.3 [M+H]+  in the APCI(+)-MS spectra.  

The 1H NMR spectrum of 62 was recorded and the (CH2−Br) protons are shifted around 0.5 ppm to 

the downfield compared to methyl protons in the ketophosphonate compound 60. The 

phosphorous signal was observed at δ 31.6 ppm along with minor contamination at δ 30.6 ppm, 

which could belong to the hydrolyzed compound of 62. The separation of partially hydrolyzed 

compounds was unsuccessful, notwithstanding the brominated compound was sensitive and 

preferred to use for the next step without further purification. 
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Scheme 5.13. Bromination reactions on pterin-substituted models with phosphonate moieties. 

 

The nucleophilic substitution of bromine using o-isopropyl xanthate in compound 62 and 

diethyldithiocarbamate in compound 63 led to the thio-phosphonate ketoxanthate ester 64 and 

ketocarbamide ester 65, respectively (see Scheme 5.14). The advantage of the ketocarbamide ester 

compared to the ketoxanthate ester is the higher stability and more facile crystallization, while the 

acid-catalyzed ring-closing and the base-catalyzed ring-opening steps are more complicated than 

with xanthate. Compounds 64 and 65 were analyzed by APCI(+)-MS spectrometry (m/e: 619.9 

[M+H]+ and 675.5 [M+H]+, respectively) which confirmed the presence of sulfur instead of bromine 

(see Appendix, Fig. S8). The mono-hydrolyzed form 64A was observed at m/e 577.8 [M+H]+. Two 

peaks at δ 31.54 and 32.11 ppm were observed in the 31P NMR spectrum belonging to compound 

64 and its hydrolyzed form 64A, respectively. The Separation of these two compounds was 

unsuccessful, even using column chromatography. The CH2−S protons of 64 are observed at δ 4.26 

ppm and overlap with the methylene protons of the pentenyl group. The new signals belonging to 

the methine and methyl groups of the xanthogenate moiety in 64 are observed at around δ 5.67 

(multiplet) and 1.30 (doublet) ppm, respectively, confirming xanthate implementation. The 

recorded 13C NMR spectrum supports the formation of the thio-phosphonate ketoxanthate ester 64. 

The C=Sxanthate and CH-(CH3)2 signals in the 13C NMR are observed at 213.8 and 77.4 ppm, which 

confirms xanthate binding. The 1H and 13C NMR spectra are rather complicated due to the 

contamination with the hydrolyzed form 64A with target compound 64 and cannot be assigned 

comprehensively.  

Notably, the hydrolyzed and unprotected form 65A was separated by Al2O3 column 

chromatography, but this compound was still not enough to proceed with the reaction. The 

compared 1H NMR spectra are shown in Fig. 5.10. The carbamide methyl protons of 65 and 65A are 

observed as a multiplet at 1.26 ppm, and they overlap with the protons of the remaining methyl 

groups in the structure. Two peaks at δ 31.54 and 32.07 ppm were observed in the 31P NMR 

spectrum belonging to compound 65 and its hydrolyzed and unprotected form 65A, respectively.  
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Scheme 5.14. Sodium isopropyl xanthate and sodium diethyldithiocarbamate tri-hydrate 

pathways to synthesize compounds 64 and 65. 

 

 

 

Figure 5.10. Comparison of the 1HNMR spectra of 65 (bottom: protected form 

and center: unprotected form) with acylated compound 61 (top) in 

CDCl3 at RT in order to present signals shifts.  

 
 

The final step was carried out in H2SO4:AcOH (1:3), which caused cyclization and led to the 

formation of the dithiolene ring. Meanwhile, the cleavage of the pentyloxy chain resulted in the 

dithiocarbonate ligand precursor 66 (Scheme 5.15). Unfortunately, the acid-catalyzed cyclization of 

64 was unsuccessful. The final product 66 was analyzed by APCI(+)-MS spectrometry (m/e: 601.9 

[M+6H]+) (see Appendix, Fig. S9). The deprotected and hydrolyzed form 66A was observed at m/e 

537.7 [M+6H]+). Applying even less acidic medium such as H2SO4:AcOH (1:3 ratio) compared to 

neat sulfuric acid reported in the literature,77 led to partial hydrolysis of the pentyloxy chain. 
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Carrying out the ring-closing step directly via 10 equiv. of H2SO4 in diethyl ether and DCM solution 

(1:1 ratio) was unsuccessful. In particular, sensitive functional and protecting groups are partially 

cleaved and hydrolyzed. Further investigations to discover the appropriate acid for the ring-closing 

step, to avoid side products, and to eventually find a more applicable purification method are 

required.  

 

 

Scheme 5.15. Acid-catalyzed cyclization. 

 

 

5.3 Chapter summary 

The π-deficient character of pteridines is mostly maintained in the pterins subclass, which makes 

these compounds suitable for nucleophilic attack. The so-called “Minisci reaction” developed by 

Pfleiderer, comprises a powerful method for the preparation of pterin derivatives and it has 

therefore been explored in this work for the synthesis of pterin-phosphonate dithiolene systems 

(containing a C-P bond) with unprotected amino and keto forms. The protocol was applied for the 

synthesis of new 6-pteridinones, taking into consideration the critical aspects of the natural 

molybdopterin, including the phosphate anchor group. Even though some aspects of this protocol 

require further optimizations, this novel synthetic route has exceptional potential and flexibility. It 

represents an exciting and reliable to apply instrument for the preparation of bioinspired 

phosphonate models. The collaboration with other colleagues resulted in three highly developed 

mpt models with the focus on the implementation of the phosphate (O-P bond) anchor and the 

prospect of addressing the pyrane ring in the near future. 
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6 Ongoing and Future Investigations 

 

 

6.1 Thesis summary 

This thesis presents the results from projects focusing on the design, synthesis, electronic structure 

determination, and reactivity of bio-inspired molybdenum cofactor models. A suite of experimental 

and theoretical investigations, as well as various analytical techniques, allows us a more in-depth 

insight into the geometry and electronic structure of the developed models. 

The preparation of a series of MoIV oxo bis(dithiolene) complexes of varying electron-donating and -

withdrawing abilities was outlined. The role of substituents attached to the ene moiety of the 

dithiolene ligand precursors and respective complexes were analyzed via FT-IR, resonance Raman, 

multi-nuclear NMR, cyclic voltammetry and rationalized by DFT calculations. Notably, the 

asymmetrically substituted dithiolenes in this thesis are confirmed through a significant push-pull 

effect, which is tuning its electronic structure. A comparison of bond lengths and 13C-NMR signals of 

final ligand precursors ascertains lower push-pull effect is directly related to higher electron-

withdrawing nature of the substituents and vice versa. The redox behavior of developed complexes 

was investigated by temperature-dependent cyclic voltammetry. Since the synthesized dithiolenes 

and their complexes can be considered as structural models for the Moco dependent 

oxidoreductases, catalytic oxygen atom transfer reactions in DMSO/PPh3 were investigated. The 

models with electron-withdrawing substituents, not hindered by sterically bulky groups show 

relatively higher catalytic activities than those bearing electron-donating groups. A comprehensive 

comparison of our studies and the reported Moco model complexes in the literature resulted in 

tabulated trends in Mo=O bond frequency and redox potential (E½) vs. Mo=O crystallographic 

distances.  

The anticipated structures, including bis-dithiolene ligands and nickel dithiolene cluster 

compounds, and their electronic and magnetic properties were investigated. In particular, the 

mixed-valence nickel cluster with NiII and NiIII centers exhibits new properties in the solid and in 

solution. 

By applying various synthetic methodologies, it was possible to obtain a series of phosphonate 

bearing compounds which can serve as precursors for dithiolene ligands mimicking the central 

molybdopterin including its phosphate moiety. Although with many investigated substrates, even 

multiple attempts to rationally optimize the acid-catalyzed cyclization and dithiolene ring-opening 

in basic medium proved eventually unsuccessful, they gave an insight into the sensitivity and high 
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reactivity of the phosphonate functions. However, several critical issues for the design of a 

phosphonate dithiolene ligand important for subsequent projects were addressed, carefully 

investigated, and respective conclusions derived. Future work on the P-C or P-O connections to 

dithiolene moieties can now focus on improving the stability and reaction conditions (acidic or 

basic medium) considering the in-depth knowledge regarding the weakness of those bonds.  

The unique and most advanced investigation was performed on the molybdopterin models 

containing the pterin-phosphonate moiety. The different pterin derivatives were used in order to 

attach the phosphonate group on position-6 and position-7 and finally monitor the stability and 

reactivity of the phosphonate group during the dithiolene ring formation. Although the Minisci 

pathway is synthetically easier and cheaper than the reported protocols and does not require any 

protection of amino and amide functionalities of the pterins, further optimization for each 

particular step is required. Generally, the novel results described in this thesis including a much 

better understanding of the reactivity and stability of the phosphonate moiety in acidic and basic 

condition will facilitate further research in the context of continuing in the development of the 

target compounds with all of mpt’s functional groups.  

 

6.2 Future Direction 

The chemistry of metal dithiolenes is fascinating, and one single phosphonate dithiolene model 

ligand along with its related complexes will most likely deliver noteworthy contributions in this 

field. There are numerous open questions for the future. It will be necessary to complete the 

synthesis of the phosphonate-dithiolene ligands and their molybdenum and tungsten complexes 

and explore the stability and reactivity of the phosphonate moiety in acidic and basic medium. Since 

bis(dithiolene) molybdenum(IV) complexes were shown to be very versatile catalysts for the OAT 

reaction, such phosphonate-dithiolene complexes should be synthesized and investigated. It should 

be investigated whether the phosphonate activity has any role in the OAT catalytic cycle. With the 

contributions of this thesis, the vision of a synthetic molybdenum (or tungsten) cofactor with 

biological relevance has come a good step closer, although quite some effort is still required.    

 

While the novel methodologies in this thesis provide interesting guidelines for future research, the 

research contributions suggest more specific clear directions.  

 

i. Outcome optimization: we saw how the amount and type of reagents during the ring-

opening and -closing steps could affect the sensitive functional groups such as phosphate 

and derived side-products. Therefore, investigating the other candidates, or more specific 

optimization might lead us to a deeper understanding of those processes which can 

drastically speed up the research in this field.  

 

ii. Coordination chemistry: Synthesis of bis(phosphonate-dithiolene) MoIVO complexes with 

detailed characterization and understanding their reactivity towards the oxygen transfer 
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reactions will provide more insight into the role of phosphorous in Mo dithiolene 

coordination compounds (vide infra) (see Scheme 6.1).  

iii. Mechanistic design: It would be desirable to insert new thio sources in the dithiolene 

moiety that possibly overcome the weaknesses during ring-closing and -opening steps as 

depicted in Scheme 6.2.  

 

 

Scheme 6.1. Proposed complexation reactions of phosphonate-dithiolene ligand precursors. 

 

 

Scheme 6.2. Proposed synthetic pathway to dithiolate ligands, including the phosphonate moiety.  
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7.1 General  

All reactions and manipulations were carried out using standard Schlenk and glovebox techniques 

under an atmosphere of high purity nitrogen or argon. The solvents were dried from the following 

drying agents, refluxed for two days and then distilled and stored over molecular sieve under N2 

atmosphere (Table 7.1).  

O-isopropyl xanthate was synthesized according to a previously reported procedure.151 Ethylene 

trithiocarbonate339 and the molybdenum precursor K3Na[MoO2(CN)4]·6H2O340 were synthesized 

according to previously reported procedures. 4-methyl-1,3-dithiol-2-one was synthesized based on 

a developed procedure.341 N,N-dibromo-4-methylbenzenesulphonimide was synthesized based on a 

report342 and stored at ‒80 °C. 

 

Table 7.1. Drying agents to prepare anhydrous solvents. 

Solvents Drying agents 

Acetone   Calciumchloride; stored over 3 Å molecular sieve 

Acetonitrile Calciumhydride; stored over 3 Å molecular sieve 

Chloroform/Dichloromethane Phosphorus pentoxide; stored over 4 Å molecular sieve 

Diethylether/THF/ Toluene Na wire/benzophenone; stored over 4 Å molecular sieve 

Ethanol/Methanol Mg metal (activated by iodine); stored over 3 Å molecular sieve 

 

 

7.2 Physical Methods 

NMR measurements were recorded on a Bruker Avance II-300 MHz instrument. All samples were 

dissolved in deuterated solvents and chemical shifts (δ) are given in parts per million (ppm) using 

solvent signals as reference (CDCl3 1H: δ = 7.24 ppm; 13C: δ = 77.0 ppm; CD3CN 1H: δ = 1.94 ppm; 13C: 

δ = 1.3 ppm) related to external tetramethylsilane (δ = 0 ppm). Spectra were obtained at 25 °C 

unless otherwise noted. Coupling constants (J) are reported in hertz (Hz) and splitting patterns are 

designated as s (singlet), d (doublet), t (triplet), q (quartet), quint (quintet), sext (sextet), m 

(multiplet), dd (doublet of doublet).  

UV/vis spectra were recorded on a Shimadzu UV-3600PC spectrophotometer. Solutions with 

concentrations ranging from 10 to 1 μM were prepared for the measurements.  All measurements 

were carried out at RT (25 °C) in quartz cuvettes (path length = 1 cm).  

Elemental analyses (C, H, N, and S) were carried out with an Elementar Vario Micro Cube elemental 

analyzer.  
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The magnetic moment experiment was performed with a Johnson-Matthey Mark I Magnetic 

Susceptibility Balance.  

Mass spectra (APCI and ESI) were recorded with an Advion Expression CMS spectrometer with a 

resolution of 0.5-0.7 m/e units (FWHM) at 1000 m/e units sec-1 over the entire acquisition range. 

For compounds with higher molecular weight, mass spectra were measured on a Brucker Microflex, 

matrix-assisted laser desorption ionization (MALDI-TOF) spectrometer.  

The infrared spectra were recorded on a Perkin-Elmer Fourier-Transform Infrared (FTIR) 

spectrophotometer in the range of 4000–400 cm-1 using KBr pellets.  Alternatively, Nujol mulls 

between KBr plates were used.  The assignment of the bands was done with subjective 

appreciation: w = weak, m = medium, s = strong, vs = very strong, br = broad. IR spectra of 

complexes were measured from powder samples inside a nitrogen-filled glovebox using a 

Thermofisher Nicolet iS5 IR Spectrometer (ATR-Diamond) and the OMNIC software (Version 

9.3.30) for data acquisition. 

Resonance Raman spectra with a resolution of 2 cm-1 were recorded using a confocal Raman 

spectrometer (Lab Ram HR-800, Jobin Yvon) equipped with a liquid-nitrogen cooled charge-

coupled device (CCD) camera for data acquisition. Spectra were probed by 514 nm excitation of a 

continuous Argon laser. The laser power on the sample was set to 0.2 mW, focused on a spot of ca. 2 

µm in diameter. The complex 12 was measured as crystal using a Linkam Cryostage THMS600 

cryostat. The temperature of the samples was kept at 80 K throughout the measurements. Before 

each experiment, the spectrometer was calibrated using toluene as an external standard.  

 

 

7.2.1 Electrochemistry  

Electrochemical measurements were carried out with an AUTOLAB PGSTAT12 

potentiostat/galvanostat using glassy carbon or platinum disc electrodes with a reaction surface of 

1 mm2 as working electrode. A platinum knob electrode (together with internal referencing versus 

ferrocene/ferrocenium (Fc/Fc+) was used as a reference electrode and a platinum rod electrode as 

an auxiliary electrode. All measurements were carried out inside a glove box under argon 

atmosphere which was controlled by the NOVA software. Tetrabutylammonium 

hexafluorophosphate (0.1 M; electrochemical grade from Fluka) was used as an electrolyte. The cell 

temperature for T-dependent cyclic voltammetry was controlled between 5 and 65 °C within ± 0.2 

°C. 

 

7.2.2 Computational Chemistry 

Geometry optimization and vibrational spectra calculations (including vibrational frequencies, IR 

intensities, and Raman activities) were performed using DFT at the BP86 level of theory.343, 344 The 

corresponding crystal structure geometries were chosen as initial coordinates for energy 

minimization. The total charges of the MoIV/ MoV dithiolene models were set to -2 and -1 

respectively. The two metal atoms, as well as the sulfur atoms, were described with the def2-

TZVP345 basis set, the remaining atoms with 6-31G* basis set. Energy-adjusted ab initio 
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pseudopotentials for Mo cores were employed in order to reduce the computational effort and 

improve simultaneously the description of relativistic effects.345 All calculations were performed 

with the Gaussian09 suite of programs.346 FT-IR and resonance Raman spectra in vacuum were 

plotted assuming Lorentzian band shapes with bandwidths of 12 cm-1.347 Absolute one-electron 

redox potential for the redox transition MoIV↔MoV was computed according to the Born-Haber-

cycle.348 The free energies of solvation of the oxidant and reductant were calculated with a 

continuum solvation model using acetonitrile as solvent.  

 

7.2.3 Catalytic procedure 

The samples were prepared under an inert gas atmosphere with a catalyst: PPh3 ratio of 1:3 in 0.5 

mL of deoxygenated DMSO-d6 in an airtight NMR tube (J. Yang tube). Immediately after sample 

preparation, the formation of Ph3O was monitored by 31P-NMR and with subsequent measurements 

of decreasing frequency. All spectra were recorded at ambient temperature, and the sample tubes 

were stored in-between measurements at RT. 

 

7.2.4 Determinations of pKa values 

A Perkin Elmer Lambda 40 or Agilent Cary 60 UV-Vis spectrophotometer connected with optical 

fiber cables to an external cell compartment inside an MBraun Unilab glovebox filled with argon 

(5.0 purity) was used for all spectrophotometric titrations. This setup ensured that moisture and 

oxygen in the glovebox atmosphere contents during titrations were always under 10 ppm. 

Trifluoromethanesulfonic acid (Aldrich, 99+ %) and tert-butylimino-tris(pyrrolidino)phosphorane 

(Fluka, ≥97%) were used to prepare the acidic and basic titrant, respectively. The concentrations of 

the titrants were in the range of 1 – 5 × 10-3 mol L-1 and the concentrations of the studied and 

reference bases were in the range of 1 – 12 × 10-5 mol L-1. Acetonitrile (Romil 190 SpS far 

UV/gradient quality) was used as solvent after drying with molecular sieves (3 Å) for at least 12 

hours, which lowered the water content to under 6 ppm. Bases with previously published pKa 

values were used as reference bases.336, 337 All studied compounds were measured against at least 

two reference bases. 

 

7.2.5 X-ray crystallography 

Suitable single crystals were mounted on a thin glass fiber coated with paraffin oil. X-ray single-

crystal structural data were collected using a STOE-IPDS II diffractometer equipped with a normal-

focus, 2.4 kW, sealed-tube X-ray source with graphite-monochromated Mo Kα radiation (λ= 0.71073 

Å). The program XArea was used for integration of diffraction profiles; numerical absorption 

corrections were made with the programs X-Shape and X-Red32; all from STOE ©. The structures 

were solved by direct methods with SIR-2014 or shelxt or superflip349 and refined by full-matrix 
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least-squares methods using SHELXL-2013.350 The non-hydrogen atoms were refined 

anisotropically. All calculations were carried out using the WinGX system, Ver1.70.01.351 

 

7.3 Synthesis and Characterization 

Ethyl 2-bromo-3-oxo-3-phenylpropanoate (1) 

Method a: the ethyl benzoylacetate (10 g, 52 mmol) and N-Bromosuccinimide (NBS) (9.26 g, 52 

mmol) were triturated together in a porcelain mortar for 15 min. The resulting liquid paste was 

allowed to stand for 3 h and then washed three times with 100 mL H2O in a separating funnel. The 

final crude product was distilled by Kugelrohr distillation to remove the unreacted starting 

material. Distillation was performed at 70 °C under a vacuum of 100 mmHg (b.p. 135 °C). The final 

product was a pale yellow oil that is a severe lachrymator. Yield: 6.34 g, 45 %.  

Method b: to ethyl benzoyl acetate (10 g, 52 mmol) was added NBS (9.26 g, 52 mmol). The reaction 

mixture was refluxed one hour under microwave heating (magnetron power of 750 W till to 160 

°C). The dark brown reaction mixture was cooled slowly for 30 min and was distilled by Kugelrohr 

distillation. Yield: 10 g, 71 %. 1H NMR (CDCl3, 300 MHz): δ, ppm = 7.94−8.05 (m, ortho-phenyl, 2H), 

7.55−7.67 (m, para-phenyl, 1H), 7.43−7.54 (m, meta-phenyl, 2H), 5.73 (s, −CHBr, 1H), 4.27 (q, J = 6.9 

Hz, −CH2, 2H), 1.23 ppm (t, J = 7.2 Hz, −CH3, 3H). 13C NMR (CDCl3, 75 MHz): δ, ppm = 187.9 (PhC=O), 

164.8 (C=O), 134.0 (C-phenyl), 133.0 (C-phenyl), 128.8 (C-phenyl), 128.6 (C-phenyl), 62.9 (CH2), 

46.2 (CHBr), 13.5 (CH3). APCI-MS (EI+): m/e calculated for C11H113rO3: 269.99, Found: 270.99 

([M+H]+). 

 

 

Ethyl 2-(isopropoxycarbonothioylthio)-3-oxo-3-phenylpropanoate (2) 

O-isopropyl xanthate (3.34 g, 19.1 mmol) was added portion-wise to a solution of 1 (4.33 g, 16 

mmol) dissolved in 60 mL acetone. The red mixture was heated at 50 °C for 1 h and then stirred 

overnight at RT. Precipitated white KBr was filtered off with suction using dry filter Celite aid. The 

brown-yellow solution was concentrated on a rotary evaporator, and the red oil was dissolved in 

chloroform. The organic phase was washed with 10% HCl and water, dried over anhydrous Na2SO4, 

and the solvent was evaporated on a rotary evaporator resulting a red-brown oil which was used 

without further purification. Yield: 4.4 g, 84 %.  

APCI-MS (EI+): m/e calculated for C12H12O4S2: 284.02, Found: 284.65 ([M+H]+). 

 

4-Ethylcarboxylate-5-phenyl-1,3-dithiole-2-one (ecpdt-C=O, 3) 

20 mL of sulfuric acid was slowly added to a cold solution of 2 (4.09 g, 12.5 mmol) in 75 mL of 

Et2O:DCM solvent mixture (1:1 ratio) and was stirred overnight at RT. The reaction was controlled 

by TLC (n-hexane/EtOAc). The final product in the acidic ring-closing step was ecpdt-C=O. The 

solution was cooled down in an ice bath and slowly poured into ice-cooled H2O (200 mL). The 

solution was stirred for one hour and then extracted with CH2Cl2 (3×50 mL), dried over anhydrous 
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Na2SO4 and concentrated on a rotary evaporator to produce crude, dark red oil that is purified by 

flash column chromatography with gradient elution (5% →15% EtOAc) to afford 3 as colorless 

crystals. Yield: 2.2 g, 66 %. 1H NMR (CDCl3, 300 MHz): δ, ppm = 7.31−7.54 (m, phenyl, 5H), 4.13 (q, J 

= 7.2 Hz, −CH2, 2H), 1.12 ppm (t, J = 7.0 Hz, −CH3, 3H). 13C NMR (CDCl3, 75 MHz): δ, ppm = 188.3 

(C=Odithiolene), 159.0 (C=Oester), 145.5 (Ph−C=Cdithiolene), 131.0 (C-phenyl), 129.8 (C-phenyl), 128.9 (C-

phenyl), 128.3 (C-phenyl), 119.9 (COOEt−C=Cdithiolene), 62.1 (CH2), 13.7 (CH3). FT−IR (KBr): (ν, cm−1) 

= 3421 (br), 3005 (ws), 2980 (s), 1728 (s), 1695 (s), 1674-1658 (br), 1543 (s), 1489 (m), 1471(s), 

1444 (m), 1390 (s), 1363 (w), 1263-1253 (br), 1205 (m), 1155 (m), 1109 (s), 1087 (w), 1066 (w), 

1033 (m), 1020 (s), 948 (m), 912 (m), 893 (s), 867 (m), 825 (w), 802 (w), 761 (w), 748 (m), 727 

(w), 690 (w), 628 (w), 588 (w), 591 (w), 491 (w), 466 (w), 445 (w). Elemental analysis for 

C12H10O3S2 calc. C, 54.12; H, 3.78; S, 24.08. Found: C, 55.30; H, 4.04; S, 22.73. APCI-MS (EI+): m/e 

calculated for C12H10O3S2: 266.01, Found: 266.94 ([M+H]+). Fragmentation calc. for C10H6O3S2: 

237.98, Found: 238.97 ([M+H]+).   

 

4-Chlorobut-2-yn-1-ol (4)  

This compound was synthesized based on a modified procedure by Joule et al.154  A three-neck 

round-bottomed flask equipped with an overhead stirrer, thermometer and dropping funnel was 

charged with but-2-yn-1,4-diol (100 g, 0.96 mol), pyridine (103.5 ml) and benzene (115 ml). The 

solution was then warmed with vigorous stirring to attain a homogeneous solution. Thionyl 

chloride (SOCl2) (93.6 ml, 0.96 mol) was added slowly with a dropping funnel throughout 7 hours, 

and the internal temperature was maintained below 20 °C with ice bath cooling until the initial 

exothermic reaction had abated, then maintained at RT. After complete addition of SOCl2, the 

solution was stirred for a further hour then poured onto ice, and then diethyl ether was added, the 

layers separated and the aqueous layer extracted with ether three times. To the combined organic 

extracts was added sat. aq. NaHCO3 and the resulting solution was basified by the addition of solid 

NaHCO3 until a neutral pH was attained. The layers were separated, the organic layer washed with 

brine, and dried over anhydrous Na2SO4. Distillation of the residue (0.3 mmHg) provided 

dichlorobutyne as a side product (b.p. 32−42 °C) which is unavoidable in this reaction, and then the 

title compound was distilled afterward. Yield: 16 g, 48 %. Mol. Wt. for C4H5ClO: 104.53. 1H NMR 

(CDCl3, 300 MHz): δ, ppm = 4.30−4.37 (m, −CH2−Cl, 2H), 4.22 (t, J = 1.9 Hz, −CH2−OH, 2H), 3.47 ppm 

(s, −OH, 1H). 13C NMR (CDCl3, 75 MHz): δ, ppm = 84.4 (≡CCH2Cl), 80.1 (≡CCH2OH), 50.4 (CH2OH), 

30.3 (CH2Cl),  

 

S-(4-hydroxybut-2-yn-1-yl) ester o-isopropyl ester (5) 

This compound was synthesized based on a modified procedure by Joule et al. 154. 4 (20 g, 0.191 

mol) was added dropwise over 20 min (an exothermic reaction is evident, the temperature rises to 

50 °C) to the isopropyl xanthate (36.7 g, 0.21 mol) in 300 mL THF and the solution stirred 

overnight. Saturated aq. NH4Cl was added and the resulting solution extracted with ether three 

times. The combined organic layers were washed with brine and dried over with anhydrous Na2SO4 

and concentrated to obtain a dark red oil which was used in the next step without further 

purification Yield: 16 g, 82 %. Mol. Wt. for C8H12O2S2: 204.31. 1H NMR (CDCl3, 300 MHz): δ, ppm = 

5.74 (dt, J = 12.5, 6.2 Hz, −CH(CH3)2, 1H), 4.18−4.35 (m, −CH2−OH, 2H), 3.86-3.97 (m, −CH2C≡C−, 
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2H), 3.68 (br. s., −OH, 1H), 1.39 (br. S., CH3, 3H), 1.41 (br. S., CH3, 3H). 13C NMR (CDCl3, 75 MHz): δ, 

ppm = 211.1 (C=S), 81.3 (≡CCH2S), 78.8 (≡CCH2OH), 78.1 (CH(CH3)), 50.1 (CH2OH), 24.1 (CH2S), 

20.8 (CH3). 

 

4-vinyl-1,3-dithiol-2-one (6)  

This compound was synthesized based on a modified procedure Joule et al. 154. A solution of 5 (10 g, 

49 mmol) in CH2Cl2 was added dropwise over 1.5 h to a stirred solution of trifluoroacetic acid (TFA) 

(45 ml) cooled an ice bath. The solution was maintained at ~4-6 °C for 48 h, then concentrated in 

vacuo and traces of acid removed as an azeotrope with diethyl ether. The resultant residue was 

absorbed onto a short silica pad and purified by flash chromatography, (25% CH2Cl2 in petroleum 

ether) to give the title compound as a colorless oil. Yield: 3.74 g, 53 %. Mol. Wt. for C5H4OS2: 144.21. 
1H NMR (CDCl3, 300 MHz): δ, ppm = 6.62 (s, −CHdithiolene,1H), 6.39−6.57 (dd, J = 17.7, 11.3 Hz, 

−CHvinylene, 1H), 5.22−5.29 (d, J = 17.3, 11 Hz, −CHvinylene(H-trans), 1H), 5.30-5.36 (d, J = 11.3 Hz, 

−CHvinylene(H-cis) 1H). 13C NMR (CDCl3, 75 MHz): δ, ppm = 191.5 (C=O), 134.4 (C=CH), 129.8 

(CH=CH2), 118.0 (CH=C), 115.8 (CH=CH2). 

 

2-oxo-1,3-dithiole-4-carbaldehyde (adt-C=O, 7) 

Method a: The ligand precursor 7 was prepared by oxidation of vinyl hydroxyl peroxide on an acidic 

silica surface in a mixture of Et2Or:DCM (25:75%) under an oxygen atmosphere. Yield: 2.3 g, 33%. 

Method b: This ligand precursor was alternatively synthesized based on the published literature156 

by adding selenium dioxide (1.23 g, 11 mmol) to the solution of 4-methyl-1,3-dithiol-2-one341 (1 g, 

7.58 mmol) in anhydrous dioxane. The reaction mixture was heated at reflux temperature for 24 h. 

Colorless crystalline solid, Yield: 4.83 g, 68%. m.p. 79−81 °C. Mol. Wt. for C4H2O2S2: 146.19. 1H NMR 

(CDCl3, 300 MHz): δ, ppm = 9.55 (s, −CHO, 1H), 7.87 (s, −CHdithiolene, 1H). 13C NMR (CDCl3, 75 MHz): δ, 

ppm = 188.6 (C=Oaldehyde), 181.2 (C=Odithiolene), 137.9 (C=CH), 135.4 (C=CH). FT-IR (KBr): υ, cm-1 = 

455 (w), 466 (w), 554 (w), 655 (m), 681 (w), 804 (w), 832 (w), 884 (s), 1009 (w), 1138 (s), 1241 

(m), 1377 (w), 1531 (m), 1612 (s), 1645 (vs), 1669 (vs), 1716 (m), 3030 (w), 3078 (w), 3410 (b). 

Elemental analysis for C4H2O2S2 calc. (%): C, 32.86; H, 1.38; S, 43.87. Found: C, 33.06; H, 1.59; S, 

43.54. 

 

Dimethyl 2-thioxo-1,3-dithiole-4,5-dicarboxylate (8)  

Dimethyl acetylenedicarboxylate (6.1 mmol, 0.75 mL) and ethylene trithiocarbonate (6.1 mmol, 

0.84 g) were heated to reflux for 10 h under N2 in anhydrous toluene. The solution was chilled and 

the first part of the final compound was collected. The remaining solvent was removed under 

reduced pressure and purified by column chromatography (DCM) providing the final ligand. 

Purification step: The solution was kept at −20 °C and adding n-hexane to the solution led to 

precipitation of the compound 8. Yield: 0.85 g, 60%. 1H NMR (CDCl3, 300 MHz): δ, ppm = 3.90 (s, 6H, 

CH3). 13C NMR (CDCl3, 75 MHz): δ, ppm = 207.2 (C=S), 157.9 (C=O), 138.1 (C=C), 53.85 (CH3). FT−IR 

(KBr): ν, cm−1 = 3446 (br), 2954 (s), 2918 (ws), 1745 (s), 1720 (s), 1552 (s), 1257 (br), 1101 (s), 

1087 (ms), 1060 (s), 1008(s), 993(s), 921(s), 837 (ws), 777(ws), 761(ws), 744(ws), 698(ws), 511 

(ms). APCI-MS (EI+): m/e calculated for C7H6O4S3: 249.94, Found: 250.7 ([M+H]+).  
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Methyl 5-(hydroxymethyl)-2-thioxo-1,3-dithiole-4-carboxylate (9)  

General procedure158: To a well-stirred solution of 8 (3.75 g, 14.5 mmol) and dry LiCl (1.23 g, 29 

mmol) in anhydrous THF (40 mL) and anhydrous EtOH (15 mL) at –15 to –10 °C was slowly added 

powdered NaBH4 (4.80 g, 30.5 mmol) in portions over 20 min. The reaction should keep under –10 

°C to control exothermic reaction for a further 30 min. After the addition of H2O (150 mL, 0 °C), HCl 

(4N) was carefully added until the evolution of H2 gas ceased. The mixture was extracted with 

EtOAc (3× 100 mL), and the extract was dried over anhydrous Na2SO4. Evaporation of the solvent 

gave a yellow oily residue which was re-dissolved in CH2Cl2 and then filtered through a long silica 

column chromatography. The first yellow fraction contained a trace amount of the starting material, 

and the second fraction contained 70% mono alcohol (9). The second fraction was concentrated in 

vacuum to give yellow crystals of the final compound. Note: Separation of the trace amount of di-

alcohol was performed by DCM:EtOAc (2:1 ratio) as eluents. 1H NMR (CDCl3, 300 MHz): δ, ppm = 

4,94 (s, 2H, CH2), 3.88 (s, 3H, CH3). 13C NMR (CDCl3, 75 MHz): δ, ppm = 210.7 (C=S), 163.6 (C=O), 

158.6 (CO−C=C), 124.82 (CH2−C=C), 60.5 (CH2), 52.9 (CH3). FT−IR (KBr): ν, cm−1 = 3446 (br), 3012 

(ws), 2951 (s), 2924 (ws), 2017 (br), 1994 (br), 1745 (s), 1718 (ms), 1627 (ms), 1618 (ms), 1550 

(ms), 1435 (s), 1261 (br), 1070 (s), 758 (s), 599 (ws), 514 (ws), 460 (ms). APCI-MS (EI+): m/e 

calculated for C6H6O3S3: 221.95, Found: 222.8 ([M+H]+).   

 

4,5-Bis(hydroxymethyl)-1,3-dithiole-2-thione (10)  

Based on the general procedure for 9: 2.9 equiv. of LiBr and 3 equiv. of NaBH4 were applied and the 

reaction was stirred for 2-3 hours. The first yellow fraction contained trace amounts of the starting 

material and the second fraction was containing 10-15% mono alcohol. The di-alcohol was 

collected in DCM:EtOAc (1:1 ratio) until the solution was colorless. 1H NMR (CD3OD, 300 MHz): δ, 

ppm = 4.52 (s, 2H, CH2). 13C NMR (CD3OD, 75 MHz): δ, ppm = 214.4 (C=S), 143.5 (C=C), 57.8 (CH2). 

FT−IR (KBr): ν, cm−1 = 3421 (br), 2953 (s), 1982 (br), 1718 (br), 1436 (ms), 1361 (ws), 1327 (ws), 

1247 (ms), 1201 (ms), 1180 (ms), 1074 (ms), 1053 (s), 1035 (ms), 991 (s), 635 (ms), 518 (ms). 

Elemental analysis for C5H6O2S3: calcd. C 30,91, H 3.11, S 49.51; found C 31.14, H 3.20, S 49.17. APCI-

MS (EI+): m/e calculated for C5H6O2S3: 193.95, Found: 194.8 ([M+H]+). 

 

4,5-Bis(hydroxymethyl)-1,3-dithiol-2-one (10A)  

General procedure159: 6.93 g of Mercury acetate (4 eq., 21.7 mmol) was added to a stirred solution of 

10 (5.4 mmol, 1.05 g) in 150 mL AcOH:CHCl3 (2:1) for 4 hours. The reaction was followed by TLC 

(silica, DCM). The pale green mixture was filtered through a Celite pad to remove the mercury salts 

(HgS). The resulting solution was washed with water and aqueous NaHCO3 to reach pH=7 and dried 

over anhydrous Na2SO4. The final compounds were collected as a powder after removing the 

solvent under reduced pressure and column chromatography (DCM/EtOAc; 3:1). Yield: 0.33 g, 35 

%. 1H NMR (CDCl3, 300 MHz): δ, ppm = 5.07 (s, 2H, CH2), 2.0 (s, 2H, OH). 13C NMR (CDCl3, 75 MHz): 

δ, ppm = 170.3 (C=O), 128.8 (C=C), 57.7 (CH2). APCI-MS (EI+): m/e calculated for C5H6O3S2: 177.98, 

Found: 178.80 ([M+H]+). 
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4-Methyl-carboxylate-5-hydroxymethyl-1,3-dithiole-2-one (mohdt, 11)  

Based on the general procedure for 11’: 4 equiv. of Hg(OAc)2 (7 g, 21.8 mmol) were added to a 

stirred solution of 9 (1 g, 5 mmol) in 100 mL AcOH/CHCl3 (2:1) for 6 hours at RT. Yield: 0.51 g, 50 

%. 1H NMR (CDCl3, 300 MHz): δ, ppm = 4.93 (s, 2H, CH2), 3.86 (s, 3H, CH3). 13C NMR (CDCl3, 75 MHz): 

δ, ppm = 188.7 (C=Odithiolene), 160.2 (C=OCOOMe), 151.6 (CO−C=C), 117.6 (CH2−C=C), 60.1 (CH2), 53.1 

(CH3). FT−IR (KBr): ν, cm−1 = 3483 (br), 2956 (ws), 1701(s), 1654 (s), 1618 (ms), 1544 (ms), 1435 

(s), 1352 (ms), 1286 (br), 1220 (ms), 1068 (ms), 1029 (ws), 970 (ws), 952 (ws), 894 (ws), 813 

(ws), 759 (ws), 607 (ws), 470 (ws). Elemental analysis for C5H6O2S3: calcd. C 34.94, H 2.93, S 31.09; 

found C 35.01, H 2.95, S 30.52. APCI-MS (EI+): m/e calculated for C6H6O4S2: 205.97, Found: 206.8 

([M+H]+). UV-Vis (CH3CN): λmax, nm = 285 (br). 

 

K3Na[MoO2(CN)4]·6H2O  

Na2MoO4·2H2O (7 g, 30 mmol), NaBH4 (2.38 g, 63 mmol) and KCN (5 g, 77 mmol) were dissolved in 

water and cooled to 5 °C, followed by the dropwise addition of AcOH (5 ml, 80 mmol) over 10 

min.340 More KCN (5 g, 77 mmol) was then added, followed by the dropwise addition of another 

aliquot of AcOH (5 ml, 80 mmol) over 10 min. A mixture of NaOH (10 g, 250 mmol) and KOH (14 g, 

250 mmol) was added slowly to the Mo(IV) solution followed by slow addition of ethanol (30 mL). 

The pink crystals were washed successively, in small portions with an EtOH/H2O (9:1, 600 ml) 

mixture. Recrystallization was performed by dissolving the crystals in a minimum of water, the 

addition of NaOH and KOH (1g of each) and precipitation of K3Na[MoO2(CN)4]·6H2O by the slow 

addition of ethanol. Yield: 5.4 g, 49%. Elemental analysis for C4H12K3MoN4NaO8: calc. (%). C, 10.00; 

H, 2.52; N, 11.66; Found: C, 10.78; H, 2.38; N, 12.20. 

 

K2[MoO(ecpdt)2] (12) 

0.25 g of 3 (ecpdt-C=O) (0.94 mmol) were added to a Schlenk flask containing 5 mL of 0.47 M (2.5 

equiv.) KOH solution in anhydrous methanol under N2 and stirred for 2 hours. The solution turned 

light yellow and to this, a blue solution of K3Na[MoO2(CN)4]·6H2O (0.225 g, 0.47 mmol) dissolved in 

degassed water (5 mL) was added by the cannula. The reaction mixture was stirred overnight. The 

resultant red solution was concentrated under reduced pressure near to dryness. The residue was 

dissolved in 10 mL of acetonitrile and then filtered. The filtrate was precipitated by ether, dried 

under vacuum and stored under N2. Yield: 0.43 g, 69 %. Crystallization method: The red-brownish 

precipitate was dissolved in acetonitrile and covered very carefully by a layer of anhydrous diethyl 

ether to crystalize via slow solvent diffusion. 1H NMR (CD3OD, 300 MHz): δ, ppm = 7.33−7.38 (m, 

phenyl, 4H), 7.21−7.29 (m, phenyl, 6H), 3.93 (q, J = 7.2 Hz, OCH2, 4H), 0.78−1.00 (m, CH3, 6H). 13C 

NMR (CD3OD, 75 MHz): δ, ppm = 172.7 (C=O), 157.4 (=C-CO), 146.8 (=C-Ph), 129.3 (C-phenyl), 

128.3 (C-phenyl), 127.3 (C-phenyl), 61.4 (OCH2), 14.0 (CH3). DEPT-135 (CD3OD, 75 MHz): δ, ppm = 

129.3 (CH), 128.3 (CH), 127.3 (CH), 61.4 (OCH2), 14.0 (CH3). ESI-MS (EI-): m/e calculated for 

C6H4MoO5S4: 589.92, Found: 590.19 ([M+H]-). FT-IR (KBr): ν, cm-1 = 768 (w), 871-909 (w), 929 (w, 

C=O), 1034 (w), 1050 (m), 1068 (m), 1113 (m), 1154 (w), 1207 (m), 1233 (m), 1661 (m, C=O). 

Raman: ν, cm-1 = 353 (w), 364 (br), 384 (br), 439 (w), 493 (w), 516 (w), 601 (w), 700 (w), 753 (w), 

873-913 (br), 936 (m, C=O), 1003(m). UV-Vis (CH3CN): λmax (ε/M−1 cm−1), nm = 541 (1,934), 455 
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(3,421), 393 (8,486), 352 (12,526), 280 (32,197). Cyclic voltammetry (CH3CN, Bu4NPF6 vs. Fc/Fc+): 

E1/2 = −0.47 V (E2p,c), +0.31 V (E1p,c). Elemental analysis for C70H60MoO5P2S4 (PPh4 as counter cation) 

calc. (%): C, 66.34; H, 4.77; S, 10.12. Found: C, 65.02; H, 4.79; S, 10.47.  

 

K2[MoO(adt)2] (13)  

0.25 g of 7 (adt-C=O) (1.7 mmol) were added to a Schlenk flask containing 10 ml of 0.42 M (2.5 

equiv.) KOH solution in anhydrous methanol under N2 and stirred for 1 hour at RT. The solution 

turned light yellow and subsequently changed to red. To this a blue solution of 

K3Na[MoO2(CN)4]·6H2O (0.408 g, 0.85 mmol) dissolved in degassed water (10 ml) was added drop 

wise by cannula. The reaction mixture was stirred overnight at RT. The resultant red solution was 

concentrated in vacuum to almost dryness. The residue was dissolved in a minimum amount of 

CH3CN and filtered off. The filtrate was treated with anhydrous diethylether to precipitate the 

product. The brownish powder was isolated by filtration, dried under high vacuum and stored 

under Ar. Caution: The MoIVO complex 13 is extremely air sensitive. Yield: 0.3 g, 42 %. 1H NMR 

(CD3OD, 300 MHz): δ, ppm = 9.81-9.96 (m, CHO, 2H), 8.36-8.54 (m, CHdithiolene, 2H). 13C NMR (CD3OD, 

75 MHz): δ, ppm = 187.4 (C=O), 168.9 (=C-CO), 152.6 (=CH). ESI-MS (EI-): m/e calculated for 

C6H4MoO3S4: 348.3, Found: 349.9 ([M+H]−). m/e calculated for C6H4MoO3S4K: 394.7, found: 395.9 

([M+K]−). FT-IR (KBr): ν, cm-1 = 798 (w), 812 (w), 831 (w), 869 (w), 936 (sh, Mo=O), 1501 (m), 

1611 (m, C=O). Raman: ν, cm-1 = 353 (w), 357 (w), 367 (w), 388 (w), 425 (br), 691 (w), 711 (w). UV-

Vis (CH3CN): λmax (ε/M−1 cm−1), nm = 412 (17,750), 310 (22,750), 273 (29,000). Cyclic voltammetry 

(CH3CN, Bu4NPF6 vs. Fc/Fc+): E1/2 = −0.78 V (E2p,c), −0.63 V (E2p,c), −0.10 V (E1p,c). Elemental analysis 

for C7H9.5K2MoN0.5O5S4 (1/2 × CH3CN and 2 × H2O as co-crystallized lattice solvents) calc. (%): C, 

17.41; H, 1.98; S, 26.55; N, 1.45. Found: C, 19.96; H, 2.43; S, 26.45; N, 1.77. 

 

[Ph4P]2[MoO(mohdt)2] (14) 

Ligand precursor 11 (0.12 g, 0.6 mmol) was added to a Schlenk flask containing 16 mL of 0.1 M KOH 

solution in anhydrous methanol under N2. The solution turned to yellow and to this a blue solution 

of K3Na[MoO2(CN)4]·6H2O (0.15 g, 0.3 mmol) dissolved in 20 mL degassed water was added by 

cannula under N2. The reaction mixture was stirred at 50 °C for 2 hours. Then 0.21 g of Ph4PCl 

dissolved in 8 mL degassed water was added to the reaction mixture. The final red solution was 

concentrated in vacuum to almost dryness. It was then dissolved in 40 mL of CH3CN and the residue 

was filtered off. The organic solution was transferred to another flask and anhydrous diethylether 

was added slowly. The red-brownish precipitate was collected and dried under reduced pressure. 

Yield: 0.3 g, 40%. 1H NMR (CD3CN, 300 MHz): δ, ppm = 7.80-8.93 (m, Ph4P+, 4H), 7.51-7.75 (m, 

Ph4P+, 16H,), 4.57 (s, CH2, 2H,), 3.66 (s, CH3, 3H,). 13C NMR (CD3CN, 75 MHz): δ, ppm = 165.2 (C=O), 

152.8 (=C-CO), 136.35 (C-phenyl), 135.7 (C-phenyl), 135.5 (C-phenyl), 131.3 (C-phenyl), 119.4 (=C-

CH2), 63.7 (OCH2), 54.7 (CH3). 31P NMR (CD3CN, 75 MHz): δ, ppm = 23.12. FT-IR (KBr): υ, cm−1 = 

3431 (br), 3055 (w), 3022 (w), 2924 (s), 1718 (br), 1585 (m), 1541(s), 1483 (s), 1436 (s), 1330 

(br), 1228 (s), 1188 (w), 1165, 1109 (s), 1026 (w), 997 (s), 977 (s), 925 (s), 885 (s), 758 (s), 723 (s), 

688 (s), 615 (w), 526 (s), 459 (w). MALDI-TOF-MS: m/e calculated for C10H12MoO7S4: 469.85, 

Found: 469.86. Elemental analysis for C58H54MoO7P2S4: calc. (%): C, 60.62; H, 4.74; S, 11.16. Found: 

C, 60.70; H, 4.37; S, 11.10. Cyclic voltammetry (CH3CN, Bu4NPF6 vs. Fc/Fc+): E1/2 = −0.62 (E2p,c), +0.24 
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V (E1p,c). UV-Vis (CH3CN): λmax (ε/M−1 cm−1), nm = 225 (10,653), 256 (sh, 2,563), 265 (2,758), 277 

(2,340), 323 (1,023). 

 

K2[Ni4(ecpdt)6] (15) 

0.15 g of 3 (0.56 mmol) were suspended with 78 mg of KOH (1.4 mmol, 2.5 equiv.) in 10 mL of 

degassed methanol and stirred under nitrogen for 1 hour at 50 °C, affording an orange solution. 3 

mL solution of NiCl2∙6H2O (0.5 mmol, 0.12 g) in methanol was added, and the resulting reaction 

mixture was stirred for 30 minutes. Then it was concentrated to dryness, affording the dark brown 

colored precipitate. Single crystals were obtained from a solvent mixture of CH3CN:Et2O under air 

by slow diffusion. Yield: 90 mg, 40%. FT-IR (KBr): ν, cm−1 = 3446 (br), 3055 (w), 2974 (s), 1668 

(br), 1365−1473 (s), 1132−1303 (br), 985−1062 (m), 804 (w), 744 (w), 696 (w), 657 (w), 617 (m), 

503 (m). ESI-MS (EI-): m/e calculated for C20H16NiO4S4 [M]2− (i): 505.9, found: 505.0; calc. for 

C21H18NiO4S4 (ii): 519.9, found: 519.0, calc. for C22H20NiO4S4 (iii): 533.9, found: 533.0. Note: only 

monomers are detected in the mass spectrum. UV-Vis (CH3CN): λmax (ε/M−1 cm−1), nm = 256, 315, 

366, 476, 518, 868 (2000). Cyclic voltammetry (in CH3CN, Bu4NPF6 vs. Fc/Fc+): E1/2 = −1.1 V (E2p,c), 

−0.1 V (E1p,c).  

 

4-(2-Oxo-1,3-dithiol-4-yl)-3a,4,5,6-tetrahydrobenzo[d][1,3]dithiol-2-one (16) 

4-ethenyl-1,3-dithiole-2-one, 6 (0.68 g, 4.75 mmol) was added to a stirred solution of AD-mix α 

(6.75 g) in 50 mL of t-BuOH:H2O (1:1 ratio) pre-cooled at 0 °C. The reaction mixture was stirred for 

24 hours at RT, and the solution of Na2SO3 (25 ml) was added. The solution was stirred for a further 

30 min., and then filtered through a pad of Celite and washed thoroughly with EtOAc/t-butanol (1:1 

ratio) (2 × 50 mL). The organic layer was separated, and the aqueous layer extracted again. The 

combined organic fractions were washed with brine, dried over anhydrous Na2SO4, and the solvent 

evaporated in vacuo to obtain a brownish oil. Crystallization from ethyl acetate afforded the white 

crystalline product 16 in 40% yield. Mol. Wt. for C10H8O2S4: 288.43. 

 

Ethyl 4-Hydroxy-2-Pentynoate (17)  

The synthesis was based on a modified procedure.352 To a round-bottom flask equipped with a 

condenser was added 3-butyn-2-ol (0.5 mL, 6.25 mmol) and THF (4 mL).  Some drops of 

concentrated sulfuric acid were added to adjust the pH around 6.5. Then, hexamethyldisilazane 

(HMDS, 0.75 mL, 3.48 mmol, 0.5 equiv.) was added, and the white mixture obtained was heated at 

70 ºC over a period of 5 h. The reaction was cooled down to RT, and the second portion of HMDS 

(0.16 mL, 0.70 mmol) was added. After cooling the reaction to –35 °C, 2.5 M n-BuLi solution in 

hexanes (2.80 mL, 7.02 mmol) was added dropwise. The resulting yellow solution was stirred for 

30 min. This reaction mixture was added dropwise via a cannula to another flame-dried flask 

containing ethyl chloroformate (0.75 mL, 7.66 mmol) in THF (4 mL) at –35 °C over a period of 25 

min. After stirring for one hour, the reaction was quenched by adding dropwise sulfuric acid (6N, 

10 mL) solution.  The organic phase was diluted with ethyl acetate, and layers were separated. The 

aqueous phase was extracted twice with ethyl acetate. Organic phases were combined, dried over 

anhydrous Na2SO4 and concentrated by rotary evaporation. The crude product was purified by 
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column chromatography (EtOAc:n-hexanes; 3:17) to give the final alkyne LI as a colorless oil. Yield: 

0.6 g, 71%. Mol. Wt. for C7H10O3: 142.15. 1H NMR (CDCl3, 300 MHz): δ, ppm = 1.32 (t, J = 6.99 Hz, 

3H), 1.55 (d, J = 6.80 Hz, 3 H), 2.53 (d, J = 1.89 Hz, 1H), 4.22 (q, J = 7.18 Hz, 2H), 5.19-5.38 (m, 1H). 
13C NMR (CDCl3, 75 MHz): δ, ppm = 14.05 (CH3), 21.06 (CH3), 63.56 (CH), 64.10 (CH2), 73.58 (≡C-

CO), 81.33 ((≡C-CH)), 154.00 (C=O). FT-IR (KBr): ν, cm−1 = 3292 (w), 2987 (w), 2937 (w), 1749 (s), 

1450 (w), 1396 (w), 1373 (m), 1338 (w), 1313 (m), 1259 (s), 1118 (w), 1091 (m), 1083 (m), 1026 

(m), 908 (w), 879 (w), 790 (w).  

 

Diethyl chlorophosphate (18)  

A solution of POCl3 (30.7 g, 18.7 mL, 200 mmol) in toluene (70 mL) was stirred at RT while a 

mixture of ethanol (360 mmol) and Et3N (36.4 g, 50.2 mL, 360 mmol) was added slowly so that the 

temperature did not rise above 60 °C. After the addition, the mixture was filtered to give Et3N·HCl 

as a white solid (>90%). The filtrate containing the diethyl chlorophosphate in toluene was stirred 

vigorously while steam from an external steam generator was passed through it for 1 hour. The 

organic layer was separated, dried over MgSO4, and the toluene evaporated to give the pure diethyl 

chlorophosphate, LII as a colorless oil. This oil was used directly without further purifications. 1H 

NMR (CDCl3, 300 MHz) δ, ppm = 1.25 (dt, J = 7.13, 1.18 Hz, CH3, 6H), 4.03-4.17 (m, CH2, 4H). 31P {1H} 

NMR (CDCl3, 75 MHz) δ, ppm = 3.71. 

 

Ethyl 4-(Diethoxyphosphoryloxy)pent-2-Ynoate (19) 

200 μl of diethyl chlorophosphate (1.5 mmol) was added drop-wise to the well-stirred and cold 

solution of ethyl 4-hydroxy-2-pentynoate (0.2 g, 1.4 mmol) and anhydrous Et3N (200 μl) in 

anhydrous DCM (10 mL) under nitrogen atmosphere. The reaction mixture was stirred for 3 hours 

at RT. Water was added to the reaction and extracted by DCM. The combined organic layers were 

washed with 2N HCl, brine and NaHCO3 solution. The final solution was dried over anhydrous 

Na2SO4 and concentrated by rotary evaporation yielded a colorless oil. 1H NMR (CDCl3, 300 MHz): δ, 

ppm = 1.17-1.21 (m, CH3, 6H), 1.22-1.29 (m, CH3, 3H), 1.35 (d, J = 6.80 Hz, CH3, 3H), 3.89-4.00 (m, 

CH2, 4H), 4.07 (d, J = 7.18 Hz, CH2, 2H), 4.50 (q, J = 6.80 Hz, CH, 1H). 13C NMR (CDCl3, 75 MHz,): δ, 

ppm = 13.66 (CH3), 15.65 (CH3), 22.87 (CH3), 57.32 (CH2), 61.82 (CH2), 63.52 (CH), 74.99 (≡C-CO), 

88.81 (≡C-CH), 153.40 (C=O). 31P {1H} NMR (CDCl3, 75 MHz): δ, ppm = −0.56. 

 

Diethyl-4-pentenylphosphonate (20)  

This compound was synthetized based on a modified procedure by Douglass et al.282 Triethyl 

phosphite, P(OEt)3 (3.8 mL, 22 mmol) was added to 5-bromo-1-pentene (3.0 g, 20 mmol) and 

stirred overnight at 150 °C.  The mixture was monitored by APCI-MS spectrometry and the 

resulting brown phosphonate 20 was distilled by Kugelrohr distillation to yield a colorless oil. 

Yield: 3.0 g, 72%. 1H NMR (CDCl3, 300 MHz): δ, ppm = 5.76 (dd, J = 17.0, 10.3 Hz, CH, 1H), 4.90‒5.13 

(m, CH2=CH, 2H), 3.97‒4.20 (m, CH2, 4H), 2.0‒2.21 (m, CH2, 2H), 1.61‒1.82 (m, CH2, 4H), 1.32 (t, J = 

7.1 Hz, CH3, 6H). 13C NMR (CDCl3, 75 MHz): δ, ppm = 136.9 (CH2=CH), 115.2 (CH2=CH), 61.0 (d, J = 

6.6 Hz, O-CH2), 33.8 (d, J = 16.6 Hz, CH2), 24.5 (d, J = 141.3 Hz, CH2), 21.2 (d, J = 4.6 Hz, CH2), 16.0 (d, J 
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= 5.9 Hz, CH3). 31P {1H} NMR (CDCl3, 161 MHz): δ, ppm = 32.10. APCI-MS (EI+): m/e calculated for 

C9H19O3P: 206.10, Found: 207.10 ([M+H]+). 

 

Diethyl 5-bromo-4-oxopentylphosphonate (21)   

Based on a modified reported procedure.278 To a solution of 20 (1.5 g, 7.2 mmol) in 26 mL of 

acetone:water (30:1), N,N-dibromo-4-methylbenzenesulphonimide (5.25 g, 16 mmol) was added at 

RT and stirred overnight. After completion of the reaction, sodium thiosulfate solution was added 

and stirred for another 1 hour.  Then 5 mL degassed water was added and the solvents removed 

under reduced pressure. Cold chloroform was added to the mixture and the benzenesulfonamide 

filtered off. The colorless solution was diluted in n-Hexane, and the oil was extracted by centrifuge 

to remove the rest of p-toluene sulfonamide as solid in the bottom of the flask. The reaction mixture 

was purified by column chromatography (Petrolether:EtOAc; 90:10) which gave a pale yellow oil as 

a final product. Caution: compound 9 is a severe lachrymator. Yield: 0.9 g, 42%. 1H NMR (CDCl3, 300 

MHz): δ, ppm = 3.92-4.08 (m, O-CH2, 4H), 3.82 (s, CH2Br, 2H), 3.27-3.45 (m, CH2, 2H), 1.54-1.93 (m, 

CH2, 4H), 1.17-1.31 (m, CH3, 6H). 13C NMR (CDCl3, 75 MHz): δ, ppm = 199.8 (C=O), 61.6 (d, J = 6.6 Hz, 

O-CH2), 39.3 (CH2), 34.8 (CH2Br), 24.5 (d, J = 140.1 Hz, OP-CH2), 21.3 (CH2), 16.2 (d, J = 6.6 Hz, CH3). 
31P {1H} NMR (CDCl3, 161 MHz): δ, ppm = 33.5. APCI-MS (EI+): m/e calculated for C9H18BrO4P: 

300.01, Found: 300.90 ([M+H]+). 

 

S-5-(diethoxyphosphoryl)-2-oxopentyl O-isopropyl carbonodithioate (22)   

O-isopropyl xanthate (1.7 g, 10 mmol) was added portion-wise to a solution of 21 (2.4 g, 8 mmol,) 

dissolved in 40 mL acetone. The brown mixture was stirred overnight at RT. The precipitated white 

KBr was filtered off through Celite. The brown-yellow solution was concentrated on a rotary 

evaporator, and the brown oil was dissolved in DCM. The organic phase was washed three times 

with 10% HCl and water, dried over anhydrous Na2SO4 and the solvent was evaporated on a rotary 

evaporator yielding a red-brown liquid which was used directly without any further purification. 

Yield: 2.7 g, 77%. APCI-MS (EI+): m/e calculated for C13H25O5PS2: 356.09, Found: 357.01 ([M+H]+). 

 

6-Diethylpropylphosphonate-1,3-dithiole-2-one (dppdt-C=O, 23)   

9.4 mL of H2SO4 was slowly added to a solution of 22 (2 g, 5.6 mmol) in a diethylether:DCM solvent 

mixture (1:1= total 40 mL) and was stirred overnight at RT. The reaction was monitored by TLC. 

The solution was cooled on an ice bath and slowly poured into ice-cooled H2O (100 mL). After 

stirring for one more hour, the solution was extracted with DCM (3×30 mL), dried over anhydrous 

Na2SO4 and concentrated on a rotary evaporator to give a dark red oily product which was purified 

by column chromatography (petroleum ether:EtOAc; 90:10) yielded a pale yellow oil. Yield: 1 g, 

60%. 1H NMR (CDCl3, 300 MHz): δ, ppm = 6.33 (s, CHene, 1H), 4.01-4.15 (m, CH2, 4H), 3.74 (dd, J = 

11.9, 5.1 Hz, CHaHb (magnetically inequivalent proton), 1H), 3.42 (dd, J = 12.1, 7.6 Hz, CHaHb, 1H), 

1.60-1.89 (m, CH2, 4H), 1.31 (t, J = 7.0 Hz, CH3, 6H). 13C NMR (CDCl3, 75 MHz): δ, ppm = 194.1 (C=O), 

130.7 (O=C−C=C), 111.8 (H−C=C), 61.7 (d, J = 6.6 Hz, O-CH2), 40.8 (CH2), 33.6 (d, J = 138.0 Hz, CH2-

PO), 21.3 (CH2), 16.2 (d, J = 5.3 Hz, CH3). 31P {1H} NMR (CDCl3, 161 MHz): δ, ppm = 31.40. APCI-MS 

(EI+): m/e calculated for C10H17O4PS2: 296.03, Found: 296.09 ([M+H]+). 
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Ethyl 5-(diethoxyphosphoryl)pentanoate (24) 

Method a: On the solid surface of neutral alumina (15 g) was added a mixture of P(OEt)3 (9 mL, 

55.59 mmol) and ethyl 5-bromovalerate (7.12 mL, 44.47 mmol). This mixture was irradiated by 

microwave (350 W) for 20 min at 150 °C. The reaction mixture was washed with DCM (4×500 mL), 

dried over CaCl2, and filtered through Celite. The evaporation of the filtrate led to the crude product 

24. Method b: 30 mL of P(OEt)3 (178 mmol) was added to ethyl 5-bromovalerate (18.6 g, 89 mmol) 

and stirred at 160 °C for 7 hours. A pure colorless oil was obtained by Kugelror distillation at 155 

°C/1 mbar. {P(OEt)3: 90 °C/1 mbar}. Yield: 9.34 g, 79% (method a). 22.12, 93% (method b). 1H NMR 

(CDCl3, 300 MHz): δ, ppm = 4.01-4.22 (m, O-CH2, 6H), 2.25-2.39 (m, CH2, 2H), 1.56-1.84 (m, CH2, 

6H), 1.32 (t, J = 7.2 Hz, CH3, 6H), 1.25 (t, J = 7.2 Hz, CH3, 3H). 13C NMR (CDCl3, 75 MHz): δ, ppm = 

172.39 (C=O), 60.81 (d, J = 6.6 Hz, O-CH2), 59.57 (O-CH2), 33.11 (CH2), 24.78 (d, J = 140.8 Hz, OP-

CH2), 25.10 (d, J = 17.0 Hz, CH2), 21.49 (CH2), 21.45 (d, J = 5.5 Hz, CH2), 15.88 (d, J = 6.0 Hz, CH3), 

13.60 (CH3). 31P {1H} NMR (CDCl3, 121 MHz): δ, ppm = 31.39. APCI-MS (EI+): m/e calculated for 

C11H23O5P: 266.1, Found: 267.2 ([M+H]+).  

 

5-(Diethoxyphosphoryl)pentanoic acid (25) 

2.46 g of 24 (2.46 g, 9.26 mmol) in 10 mL DCM were added dropwise to 1M NaOH (0.8 g, 20 ml, 20 

mmol) in anhydrous EtOH. After stirring for 3 hours at RT, EtOH was removed and the reaction 

mixture was treated with 2N HCl (reaching pH = 5 to avoid esterification). The aqueous layer was 

extracted with DCM. The combined organic layers were washed with brine and dried over 

anhydrous Na2SO4. The final pure colorless oil was obtained by evaporation of the solvent in a 

vacuum. Yield: 1.4 g, 63%. 1H NMR (CDCl3, 300 MHz): δ, ppm = 8.23 (br., COOH, 1H), 4.01-4.18 (m, 

CH2, 4H), 2.33 (dt, J = 6.8, 3.4 Hz, CH2, 2H), 1.55-1.95 (m, CH2, 6H), 1.21-1.38 (m, CH3, 6H). 13C NMR 

(CDCl3, 75 MHz): δ, ppm = 176.0 (C=O), 61.7 (d, J = 6.6 Hz, O-CH2), 33.2 (CH2), 24.8 (d, J = 140.6 Hz, 

OP-CH2), 25.4 (d, J = 17.2 Hz, CH2), 21.5 (d, J = 5.3 Hz, CH2), 16.1 (d, J = 6.6 Hz, CH3). 31P {1H} NMR 

(CDCl3, 121 MHz): δ, ppm = 32.25. APCI-MS (EI+): m/e calculated for C9H19O5P: 238.1, Found: 239.1 

([M+H]+). 

 

3-(diethoxyphosphoryl)propanoic acid (26) 

General procedure:289 Ethyl 3-(diethoxyphosphoryl)propanoate (2 mL, 9.9 mmol) in 10 mL DCM 

was added dropwise to 1M NaOH (22.4 mL, 22.4 mmol) in anhydrous ethanol. After stirring for 3 

hours at RT, EtOH was partially evaporated and the reaction mixture was treated with 2N HCl (until 

pH=1). The aqueous layer was extracted with DCM. The combined organic layers were washed with 

brine and dried over anhydrous Na2SO4. The solvent was removed in vacuum to yield 3-

(diethoxyphosphoryl)propanoic acid as a colorless oil. Yield: 1.78 g, 86%. Mol. Wt. for C7H15O5P: 

210.16. 1H NMR (CDCl3, 300 MHz): δ, ppm = 10.10 (br., OH, 1H), 3.98-4.25 (m, CH2, 4H), 2.45-2.78 

(m, CH2, 2H), 1.97-2.21 (m, CH2, 2H), 1.32 (t, J = 7.2 Hz, CH3, 6H). 13C NMR (CDCl3, 75 MHz): δ, ppm = 

174.1 (d, J = 18.5 Hz, C=O), 62.0 (d, J = 6.6 Hz, O-CH2), 26.8 (CH2), 20.45 (d, J = 144.6 Hz, CH2-P=O), 

15.9 (d, J = 6.6 Hz, CH3). 31P {1H} NMR (CDCl3, 121 MHz): δ, ppm = 30.98. FT-IR (KBr): ν, cm−1 = 2983 

(br), 2931 (s), 2912 (s), 1732 (s, C=O), 1479 (w), 1444 (w), 1432 (w), 1394 (m), 1369 (w), 1286 

(w), 1211 (br), 1097 (m), 1053 (s), 1026 (s), 975 (s), 900 (w), 825 (m), 800 (m), 530 (m). 
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2-Ethoxy-3-chloropyrazine (27)  

To the mixture of 2,3-dichoropyrazine (2 g, 13.4 mmol) in anhydrous THF (25 mL) was added 

dropwise of in situ prepared sodium ethanolate {from the reaction of anhydrous ethanol (10 mL) 

with sodium metal (370 mg, 16.1 mmol)} under N2 and stirred for 2 hours. Sodium chloride 

precipitated in course of the reaction. When the reaction was finished, THF was evaporated and the 

crude mixture was extracted with DCM which gave the 2-chloro-3-ethoxypyrazine (27). 1H NMR 

(CDCl3, 300 MHz): δ, ppm = 8.01 (d, J = 2.6 Hz, pyrazine, 1H), 7.91 (d, J = 2.6 Hz, pyrazine, 1H), 4.47 

(q, J = 7.1 Hz, CH2, 2H), 1.46 (t, J = 7.0 Hz, CH3, 3H). 13C NMR (CDCl3, 75 MHz): δ, ppm = 156.0 (C-

pyrazine), 138.8 (C-pyrazine), 137.5 (C-pyrazine), 134.7 (C-pyrazine), 63.2 (CH2), 14.0 (CH3). APCI-

MS (EI+): m/e calculated for C6H7ClN2O: 158.02, Found: 159.01([M+H]+).  

 

2-Ethoxy-3-iodopyrazine (28)  

A reaction mixture of 27 (1.4 g, 5.6 mol), NaI (2.1 g, 14 mmol), glacial acetic acid (0.32 mL) and 

H2SO4 (0.017 mL) in acetonitrile (5 ml) was heated at reflux overnight. The reaction mixture was 

cooled to RT and then diluted with 25 mL DCM. The organic solution was basified with saturated 

NaHCO3 (3×). The combined organic layers were combined, washed with saturated Na2S2O5, and 

dried over anhydrous Na2SO4. The removal of the solvent gave a crude compound as light brown oil. 

The crude product was distilled under reduced pressure (1 mbar, b.p. 60 °C) yielding a white oil 

which was the unreacted 2-chloro-3-ethoxypyrazine. The residue was purified by sublimation to 

obtain white crystals of the desired product. Yield: 0.9 g, 66%. 1H NMR (CDCl3, 300 MHz): δ, ppm = 
1.46 (t, J = 7.06 Hz, CH3, 3H), 4.43 (q, J = 7.06 Hz, CH2, 2H), 7.91 (d, J = 2.66 Hz, pyrazine, 1H), 7.96 

(d, J = 2.66 Hz, pyrazine, 1H). 13C NMR (CDCl3, 75 MHz): δ, ppm = 14.23 (CH3), 63.86 (CH2), 108.10 

(C-pyrazine),137.05 (C-pyrazine), 139.34 (C-pyrazine), 158.90 (C-pyrazine). APCI-MS (EI+): m/e 

calculated for C6H7IN2O: 250.4, Found: 251.0 ([M+H]+). Crystal data: C6H7IN2O; Mr = 250.04; 

Orthorhombic, Space group Pnma; a = 8.7771(18), b = 6.8020(14), c = 13.597(3) Å; α = β = γ = 90; V 

= 811.8(3) Å3; Z = 4; T = 170(2); Dcalc. = 2.046 gcm-3; μ = 3.880 mm-1; Reflections collected / unique = 

8794 / 1177 [Rint = 0.0434]; R1 = 0.0305, wR2 = 0.0821 I>2σ(I).      

 

2-Iodopyrazine (29)  

A reaction mixture of chloropyrazine (3 ml, 0.034 mol), NaI (12.75 g, 0.085 mol), glacial acetic acid 

(1.9 mL) and H2SO4 (0.1 mL) in MeCN (30 ml) was heated at reflux overnight.353 The reaction 

mixture was cooled and then diluted with 150 mL DCM. After that, the organic solution was basified 

with sat. NaHCO3 (3×75 mL). The organic layers were combined, washed with sat. Na2S2O5, and 

dried over anhydrous Na2SO4. The removal of the solvent gave the crude iodopyrazine as light 

brown oil. The crude iodopyrazine was distilled under reduced pressure yielding a pale brown 

crystalline solid. Yield: 4.9 g, 71%. Mol. Wt. for C4H3IN2: 205.98. 1H NMR (CDCl3, 300 MHz): δ, ppm = 

8.80-8.95 (m, 1H), 8.52 (d, J = 2.3 Hz, 1H), 8.32-8.46 ppm (m, 1H).  
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Diethyl 5-(3-ethoxypyrazin-2-yl)-5-oxopentylphosphonate (30) 

1.15 g of 25 (4.8 mmol) in 50 mL anhydrous THF were added to a reaction vessel at RT under N2. 

The reaction was then cooled in an ice bath, and isopropyl magnesium bromide (3M in 2-

methyltetrahydrofuran, 1.66 mL, 5.0 mmol) was added at a rate that kept the temperature below 15 

°C. 1.33 g of 28 (5.3 mmol) was added to the yellow reaction mixture followed by the 

isopropylmagnesium chloride−lithium chloride complex (1.3M in THF, 4.45 mL, 5.76 mmol) at a 

rate that kept the temperature below 10 °C. After 4 hours of stirring at RT, the reaction was worked 

up based on the general procedure of 31. The brownish solid was collected by column 

chromatography. Yield: 0.8 g, 48%. 1H NMR (CDCl3, 300 MHz): δ, ppm = 8.03-8.25 (m, pyrazine, 2H), 

4.40 (q, J = 7.2 Hz, O-CH2, 2H), 3.95-4.04 (m, O-CH2, 4H), 2.91-3.12 (m, CH2, 2H), 1.53-1.77 (m, CH2, 

6H), 1.35 (t, J = 7.0 Hz, CH3, 3H), 1.22 (t, J = 7.0 Hz, CH3, 6H). 13C NMR (CDCl3, 75 MHz): δ, ppm = 

199.7 (C=O), 158.0 (C-pyrazine), 143.9 (C-pyrazine), 138.2 (C-pyrazine), 135.1 (C-pyrazine), 62.7 

(CH2), 61.3 (d, J = 7.96 Hz, CH2), 39.4 (CH2), 25.1 (d, J = 141.9 Hz, OP-CH2), 24.3 (d, J = 17.2 Hz, CH2), 

21.8 (d, J = 5.3 Hz, CH2), 16.2 (d, J = 6.6 Hz, CH3), 16.0 (CH3). 31P {1H} NMR (CDCl3, 121 MHz): δ, ppm 

= 31.92. APCI-MS (EI+): m/e calculated for C15H25N2O5P: 344.1, Found: 345.2 ([M+H]+). 

 

Diethyl 3-oxo-3-(pyrazin-2-yl)propylphosphonate (31) 

Compound 26 (800 mg, 3.8 mmol, 1.0 equiv.) and 35 mL anhydrous THF were added to a reaction 

vessel at RT under N2. The reaction was then cooled in an ice bath, and isopropyl magnesium 

bromide (3M in 2-methyltetrahydrofuran, 1.35 mL, 4 mmol, 1.05 equiv.) was added at a rate that 

kept the temperature below 15 °C. 2-iodopyridine, 29 (0.87 g, 4.2 mmol, 1.1 equiv.) was added to 

the yellow reaction mixture followed by the isopropyl magnesium chloride−lithium chloride 

complex (1.3M in THF, 3.54 mL, 4.6 mmol, 1.2 equiv.) at a rate that kept the temperature below 10 

°C.288 After 5 h of stirring at RT, the dark red solution was concentrated and the residue was 

dissolved in DCM and quenched with water which contained some saturated ammonium chloride 

solution (25 mL). The mixture was washed with water, brine and dried over anhydrous Na2SO4, 

filtered, and concentrated in vacuum to afford the crude product as a brown oil. A pure brownish 

solid was extracted by column chromatography (DCM:MeOH; 95:5). Yield: 0.4 g, 39%. 1H NMR 

(CDCl3, 300 MHz): δ, ppm = 9.18 (d, J = 1.5 Hz, pyrazine, 1H), 8.73 (d, J = 2.3 Hz, pyrazine, 1H), 8.53-

8.66 (m, pyrazine, 1H), 4.09 (dtd, J = 14.6, 7.2, 2.6 Hz, O-CH2, 4H), 3.42-3.52 (m, CH2, 2H), 2.07-2.22 

(m, CH2, 2H), 1.29 (t, J = 7.2 Hz, CH3, 6H). 13C NMR (CDCl3, 75 MHz): δ, ppm = 198.8 (d, J = 14.6 Hz, 

C=O), 148.0 (C-pyrazine), 146.9 (C-pyrazine), 143.5 (C-pyrazine), 143.3 (C-pyrazine), 61.7 (d, J = 5.3 

Hz, O-CH2), 31.2 (d, J = 2.6 Hz, CH2), 19.3 (d, J = 145.9 Hz, OP-CH2), 16.3 (d, J = 5.3 Hz, CH3). 31P {1H} 

NMR (CDCl3, 121 MHz): δ, ppm = 31.21. FT-IR (KBr): ν, cm−1 = 2980 (m), 2929 (m), 2872 (w), 1705 

(s, C=O), 1670 (w), 1571 (w), 1465 (w), 1442 (w), 1406 (m), 1357 (w), 1267 (m), 1236 (m), 1203 

(w), 1165 (m), 1097 (w), 1055 (s), 1028 (s), 1020 (s), 970 (s), 852 (w), 794 (m), 761 (w), 617 (w), 

514 (w), 422 (w). APCI-MS (EI+): m/e calculated for C11H17N2O4P: 272.09, Found: 273.2 ([M+H]+). 
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Diethyl 4-bromo-5-(3-ethoxypyrazin-2-yl)-5-oxopentylphosphonate (32) 

0.47 g of pyrrolidone hydrotribromide (PHT) (0.94 mmol) were added portion-wise to the mixture 

of 30 (0.3 g, 0.86 mmol) and 2-pyrrolidone (0.07 mL, 0.94 mmol) in 20 mL anhydrous THF at RT. 

The reaction mixture was stirred for 6 h at 50 °C and stirred at RT overnight. The reaction mixture 

was worked up based on the general procedure for 33. The final brown oil product was directly 

used. Yield: 0.22 g, 61%. 1H NMR (CDCl3, 300 MHz): δ, ppm = 1.31 (td, J = 6.99, 1.89 Hz, CH3, 6H), 

1.45 (t, J = 6.99 Hz, CH3, 3H), 1.61-1.78 (m, CH2, 4H), 1.88-2.00 (m, CH2, 2H), 3.96-4.12 (m, CH2-O, 

4H), 4.52 (q, J = 7.05 Hz, CH2-O, 2H), 5.70 (dd, J = 8.12, 6.23 Hz, CHBr, 1H), 8.18 (d, J = 2.27 Hz, 

pyrazine, 1H), 8.29 (d, J = 2.27 Hz, pyrazine, 1H). 13C NMR (CDCl3, 75 MHz): δ, ppm = 191.6 (C=O), 

159.1 (C-pyrazine), 145.0 (C-pyrazine), 135.9 (C-pyrazine), 135.2 (C-pyrazine), 63.2 (CH2-O), 61.6 

(d, J = 6.6 Hz, CH2-O), 47.6 (CH2), 33.2 (d, J = 17.2 Hz, CH2), 24.9 (d, J = 141.9 Hz, OP-CH2), 20.5 (d, J = 

3.9 Hz, CH2), 16.4 (d, J = 5.3 Hz, CH3), 14.2 (CH3). 31P {1H} NMR (CDCl3, 121 MHz): δ, ppm = 31.18. 

APCI-MS (EI+): m/e calculated for C15H24BrN2O5P: 422.06, Found: 423.2 ([M+79Br+H]+) and 425.2 

([M+81Br +H]+). 

 

Diethyl 2-bromo-3-oxo-3-(pyrazin-2-yl)propylphosphonate (33) 

General procedure: 0.4 g of pyrrolidone hydrotribromide (PHT) (0.81 mmol) were added portion-

wise to the mixture of 31 (0.2 g, 0.74 mmol) and 2-pyrrolidone (0.07 g, 0.81 mmol) in 15 mL 

anhydrous THF at RT. The reaction mixture was stirred for 6 h at 50 °C and stirred at RT overnight. 

The reaction was monitored by TLC-express MS spectrometry. After removal of THF under reduced 

pressure, acetone was added to the residue to precipitate the (pyrrolidone)2·HBr salt. The solution 

was filtered through Celite and the filtrate was concentrated under reduced pressure. The residue 

was dissolved in EtOAc, washed with brine and dried over anhydrous Na2SO4, filtered, and 

concentrated in vacuum to afford a red-brownish oil. Yield: 0.15 g, 58 %. 1H NMR (CDCl3, 300 MHz): 

δ, ppm = 9.31 (s, pyrazine, 1H), 8.82 (d, J = 2.3 Hz, pyrazine, 1H), 8.68‒8.75 (m, pyrazine, 1H), 6.09 

(ddd, J = 15.11, 10.8, 8.5 Hz, CHBr, 1H), 4.00‒4.11 (m, O-CH2, 4H), 3.14 (ddd, J = 17.2, 15.3, 11.0 Hz, 

CHaHb (magnetically inequivalent), 1H), 2.60 (ddd, J = 19.5, 15.2, 4.2 Hz, CHaHb, 1H), 1.21‒1.26 (m, 

CH3, 6H). 13C NMR (CDCl3, 75 MHz): δ, ppm = 191.7 (C=O), 148.2 (C-pyrazine), 145.1 (C-pyrazine), 

144.9 (C-pyrazine), 143.7 (C-pyrazine), 61.6 (O-CH2), 36.9 (CHBr), 30.1 (d, J = 143.3 Hz, CH2-PO), 

16.2 (d, J = 5.3 Hz, CH3). 31P {1H} NMR (CDCl3, 121 MHz): δ, ppm = 24.34. APCI-MS (EI+): m/e 

calculated for C11H16BrN2O4P: 350.0, Found: 351.3 ([M+79Br+H]+) and 353.1 ([M+81Br +H]+). 

 

S-5-(diethoxyphosphoryl)-1-(3-ethoxypyrazin-2-yl)-1-oxopentan-2-yl O-isopropyl 

carbonodithioate (34) 

0.1 g of o-isopropylxanthate (0.5 mmol) were added portion-wise to a solution of 32 (0.2 g, 0.48 

mmol) dissolved in 10 mL acetone. The red mixture was heated at 40 °C for 1 h and then stirred 

overnight at RT. The reaction mixture was worked up based on general procedure for 35. The final 

red-brownish oily product was collected and used without further purification. Yield: 0.19 g, 85%. 
1H NMR (CDCl3, 300 MHz): δ, ppm = 1.30-1.33 (m, CH3, 6H), 1.38 (s, CH3, 3H), 1.40 (s, CH3, 3H), 1.44 (t, J 

= 6.99 Hz, CH3, 3H), 1.64-1.71 (m, CH2, 2H), 1.72-1.82 (m, CH2, 4H), 3.99-4.15 (m, CH2, 4H), 4.51 (q, J 

= 7.18 Hz, CH2-O, 2H), 5.61-5.67 (m, CHMe2, 1H), 5.77 (m, CHS, 1H), 8.14-8.21 (m, pyrazine, 1H), 

http://www.sigmaaldrich.com/catalog/product/aldrich/155209
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8.23-8.32 (m, pyrazine, 1H). 13C NMR (CDCl3, 75 MHz): δ, ppm = 214.3 (C=S), 194.9(C=O), 158.7 (C-

pyrazine), 144.6 (C-pyrazine), 137.1 (C-pyrazine), 135.2 (C-pyrazine), 63.2 (CH2-O), 62.0 (CHMe2), 

61.5 (d, J = 6.6 Hz, CH2-O), 54.2 (CH2), 35.3 (CH2), 25.3 (d, J = 141.9 Hz, OP-CH2), 21.2 (CH3), 21.1 

(CH3), 16.4 (d, J = 5.3 Hz, CH3), 14.2 (CH3).  

31P {1H} NMR (CDCl3, 121 MHz): δ, ppm = 31.74. APCI-MS (EI+): m/e calculated for C19H31N2O6PS2: 

478.5, Found: 479.3 ([M+H]+).  

 

S-3-(Diethoxyphosphoryl)-1-oxo-1-(pyrazin-2-yl)propan-2-yl O-isopropyl 

carbonodithioate (35) 

General procedure: O-isopropyl xanthate (0.1 g, 0.58 mmol) was added portion wise to a solution of 

33 (0.15 g, 0.5 mmol) dissolved in 10 mL acetone. The red mixture was heated at 40 °C for 1 hour 

and then stirred overnight at RT. The precipitated white KBr was filtered off through Celite. The 

brown-yellow solution was concentrated in a rotary evaporator and the red oil was dissolved in 

chloroform. The organic phase was washed three times with 10% HCl and water, dried over 

anhydrous Na2SO4 and the solvent was evaporated on a rotary evaporator yielding a brownish 

aggregation as the final compound. Yield: 0.18 g, 76 %. 1H NMR (CDCl3, 300 MHz): δ, ppm = 9.26 (d, 

J = 1.5 Hz, pyrazine, 1H), 8.78 (d, J = 2.6 Hz, pyrazine, 1H), 8.66 (d, J = 1.5 Hz, pyrazine, 1H), 5.99 

(ddd, J = 11.4, 9.9, 4.3 Hz, CHS, 1H), 5.69‒5.76 (m, CHMe2, 1H), 4.02‒4.10 (m, O-CH2, 4H), 2.92 (ddd, 

J = 16.8, 15.3, 10.2 Hz, CHaHb (magnetically inequivalent), 1H), 2.49 (ddd, J = 18.7, 15.3, 4.5 Hz, 

CHaHb, 1H), 1.40 (s, CH3, 3H), 1.38 (s, CH3, 3H), 1.26‒1.32 (m, CH3, 6H). 13C NMR (CDCl3, 75 MHz): δ, 

ppm = 209.1 (C=S), 193.7 (C=O), 148.0 (C-pyrazine), 146.1 (C-pyrazine), 144.5 (C-pyrazine), 

143.4 (C-pyrazine), 62.0 (d, J = 6.6 Hz, O-CH2), 46.2 (CHMe2), 35.3 (CHS), 25.8 (d, J = 144.6 Hz, CH2-

PO), 21.2 (CH3), 21.1 (CH3), 16.2 (d, J = 6.6 Hz, CH3). 31P {1H} NMR (CDCl3, 121 MHz): δ, ppm = 25.62. 

APCI-MS (EI+): m/e calculated for C15H23N2O5PS2: 406.08, Found: 407.40 ([M+H]+).  

 

Diethyl 3-oxo-3-phenylpropylphosphonate (36) 

15 g of solid neutral alumina was added to a mixture of triethyl phosphite (9 mL, 55.59 mmol) and 

3-chloropropiophenone (7.5 g, 44.47 mmol). The mixture was irradiated by microwave (350 W) for 

20 min at 150 °C. Then, the reaction mixture was washed with DCM (4×) and dried over CaCl2. The 

crudce product was distilled using the Kugelror apparatus and a yellowish oily compound was 

isolated as pure product. Yield: 9.6 g, 80%. 1HNMR (CDCl3, 300 MHz): δ, ppm = 7.96 (dd, J = 8.5, 1.3 

Hz, phenyl, 2H), 7.51-7.62 (m, phenyl, 1H), 7.40-7.48 (m, phenyl, 2H), 4.03-4.21 (m, O-CH2, 4H), 

3.17-3.39 (m, CH2, 2H), 2.08-2.30 (m, CH2, 2H), 1.26-1.40 ppm (m, CH3, 6H). 13CNMR (CDCl3, 75 

MHz): δ, ppm = 196.8 (d, J = 15.2 Hz, C=O), 135.7 (C-phenyl), 132.7 (C-phenyl), 128.0 (C-phenyl), 

127.4 (C-phenyl), 61.2 (d, J = 6.6 Hz, O-CH2), 31.1 (CH2), 19.1 (d, J = 144.63 Hz, CH2-PO), 15.9 (d, J = 

6.6 Hz, CH3). 31P {1H} NMR (CDCl3, 121 MHz): δ, ppm = 31.57. APCI-MS (EI): m/e calculated for 

C13H19O4P: 270.1, Found: 271.0 ([M+H]+). 

 

Diethyl 2-bromo-3-oxo-3-phenylpropylphosphonate (37) 

6.6 g of PHT (13.2 mmol) was added portion-wise to a mixture of 36 (3.26 g, mmol) and 2-

pyrrolidone (2.8 mL, 36 mmol) in 100 mL anhydrous THF. The reaction mixture was stirred for 6 h 
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at 50 °C and stirred at RT overnight. The reaction was monitored by TLC. After removal of THF 

under reduced pressure, acetone was added to the residue to precipitate the (pyrrolidone)2·HBr 

salt. The solution was filtered and the filtrate was concentrated. The residue was solved in EtOAc 

and washed with brine, dried over anhydrous Na2SO4, filtered, and concentrated in vacuum to 

afford a reddish oil as a final product. Yield: 3.0 g, 72%. 1HNMR (CDCl3, 300 MHz): δ, ppm = 8.03 (d, J 

= 7.6 Hz, phenyl, 2H), 7.61 (t, J = 7.2 Hz, phenyl, 1H), 7.50 (t, J = 7.6 Hz, phenyl, 2H), 5.50 (td, J = 8.9, 

4.2 Hz, CHBr, 1H), 3.94-4.14 (m, O-CH2, 4H), 3.01-3.29 (m, CHaHb (magnetically inequivalent), 1H), 

2.47-2.64 (m, CHaHb, 1H), 1.25 (t, J = 6.8 Hz, CH3, 6H). 13CNMR (CDCl3, 75 MHz): δ, ppm = 191.3 

(C=O), 133.7 (C-phenyl), 133.5 (C-phenyl), 128.7 (C-phenyl), 128.6 (C-phenyl), 62.3 (dd, J = 17.2, 5.9 

Hz, O-CH2), 38.2 (CHBr), 30.5 (d, J = 136.0 Hz, CH2-PO), 16.0 (CH3). 31P {1H} NMR (CDCl3, 121 MHz): 

δ, ppm = 25.0. APCI-MS (EI+): m/e calculated for C13H18BrO4P: 348.01, Found: 349.01 ([M+H]+). 

 

S-3-(diethoxyphosphoryl)-1-oxo-1-phenylpropan-2-yl O-isopropyl carbonodithioate (38) 

1.15 g of o-isopropylxanthate (6.67 mmol) was added portion-wise to a solution of 37 (2 g, 5.8 

mmol) dissolved in 50 mL acetone. The yellowish mixture was stirred overnight at RT. The 

precipitated white KBr was filtered off through Celite. The brown-yellow solution was concentrated 

on a rotary evaporator and the red oil was dissolved in chloroform. The organic phase was washed 

three times with 10% HCl, brine and water, dried over anhydrous Na2SO4 and the solvent was 

evaporated on a rotary evaporator yielding a red-brown oil. Yield: 1.9 g, 81%. 1H NMR (CDCl3, 300 

MHz): δ, ppm = 7.95-8.11 (m, phenyl, 2H), 7.55-7.67 (m, phenyl, 1H), 7.39-7.54 (m, phenyl, 2H), 

5.71-5.77 (m, CHS, 1H), 5.64-5.71 (m, CHMe2, 1H), 3.92-4.13 (m, CH2-O, 4H), 2.92 (ddd, J = 16.9, 

15.2, 10.6 Hz, CHaHb (magnetically inequivalent), 1H), 2.24-2.46 (m, CHaHb,1H), 1.37 (dd, J = 6.2, 1.7 

Hz, CH3, 6H), 1.26 (t, J = 7.0 Hz, CH3, 3H), 1.18 (t, J = 7.0 Hz, CH3, 3H). 13C NMR (CDCl3, 75 MHz): δ, 

ppm = 209.7 (C=S), 194.0 (C=O), 134.9 (C-phenyl), 133.7 (C-phenyl), 128.6 (C-phenyl), 79.3 (CHS), 

62.0 (dd, J = 15.9, 6.6 Hz, OCH2), 47.4 (CH2), 28.2 (d, J = 136.0 Hz, CH2-PO), 21.2 (br, CH3), 16.2 (dd, J 

= 15.9, 5.9 Hz, CH3). 31P {1H} NMR (CDCl3, 121 MHz): δ, ppm = 25.52. APCI-MS (EI+): m/e calculated 

for C17H25O5PS2: 404.09, Found: 405.1 ([M+H]+). 

 

 

6-Diethylmethylphosphonate-5-pyrazin-1,3-dithiole-2-one (dmppdt-C=O, 39) 

General procedure: 380 µL of concentrated sulfuric acid (10 equiv.) was slowly added to an ice-

cooled compound 35 (0.09 g, 0.23 mmol) in 10 mL of diethylether:DCM solvent mixture (1:1 ratio) 

and was stirred overnight at RT. The reaction was monitored by TLC (n-hexane/EtOAc). The 

solution was then cooled in an ice bath and slowly poured onto ice-cooled water. After stirring for 

one hour, the solution was extracted with CH2Cl2, dried over anhydrous Na2SO4, and concentrated 

under reduced pressure to yield a dark red oil as a final compound. 31P {1H} NMR (CDCl3, 121 MHz): 

δ, ppm = 26.3 and 31.30. APCI-MS (EI+): m/e calculated for C12H15N2O4PS2: 346.02, Found: 347.1 

([M+H]+). 
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6-Diethylpropylphosphonate 3-(5-(3-ethoxypyrazin)-1,3-dithiole-2-one (dppepdt-C=O, 40) 

30 equiv. of concentrated H2SO4 were slowly added to a cold solution of compound 34 (0.2 g, 0.42 

mmol) in 20 mL of diethylether:DCM (1:1 ratio) and the mixture was stirred 3 days at RT and then 

cooled in an ice bath and slowly poured onto ice-cooled H2O. After stirring for one more hour, the 

solution was extracted with DCM, dried over anhydrous Na2SO4, and concentrated on reduced 

pressure yielding a brownish oil. The final red-brownish oily product was collected using column 

chromatography (DCM:MeOH; 95:5). Yield: 45 mg, 26%. 1H NMR (CDCl3, 300 MHz): δ, ppm = 

8.08‒8.35 (m, pyrazine, 2H), 4.45‒4.54 (m, -OCH2, 2H), 4.01‒4.17 (m, -OCH2, 4H), 1.60‒1.88 (m, 

CH2, 6H), 1.39‒1.47 (m, CH3, 3H), 1.29‒1.34 (m, CH3, 6H). 31P {1H} NMR (CDCl3, 121 MHz): δ, ppm = 

31.85, 31.89, 32.44. APCI-MS (EI+): m/e calculated for C16H23N2O5PS2: 418.08, Found: 419.10 

([M+H]+). 

 

Diethyl-methylphosphonate-5-phenyl-1,3-dithiole-2-one (dmppdt-C=O, 41) 

7 mL of sulfuric acid (120 mmol) was slowly added to a cold solution of 38 (1.6 g, 4.1 mmol) in 50 

mL of DCM:diethylether (1:1 ratio) and was stirred for 3 days at RT. The reaction was monitored by 

TLC-express APCI-MS spectrometry. Then the reaction mixture was cooled in an ice bath and slowly 

poured into ice-cooled water. After stirring for one hour, the solution was extracted with DCM, 

dried over anhydrous Na2SO4 and concentrated under reduced pressure to produce a dark red oil. 

The final pure compound was collected by column chromatography in chloroform. Yield: 0.8 g, 

58%. 1H NMR (CDCl3, 300 MHz): δ, ppm = 7.34-7.63 (m, phenyl, 5H), 4.12 (quin, J = 7.3 Hz, CH2-O, 

4H), 3.13 (d, J = 20.7 Hz, CH2, 2H), 1.28-1.38 ppm (m, CH3, 6H). 13C NMR (CDCl3, 75 MHz): δ, ppm = 

190.5 (C=O), 131.5 (d, J = 13.2 Hz, PhC=C), 130.3 (C-phenyl), 129.2 (C-phenyl), 128.8 (C-phenyl), 

118.9 (d, J = 11.9 Hz, CH2C=C), 62.6 (d, J = 6.69 Hz, OCH2), 27.3 (d, J = 144.6 Hz, CH2-PO), 16.1 (d, J = 

5.3 Hz, CH3). DEPT-135 (CDCl3, 75 MHz): δ, ppm = 130.3 (CHPhneyl), 129.2 (CHPhneyl), 128.8 (CHPhneyl), 

62.6 (OCH2), 27.3 (CH2), 16.1 (CH3). 31P {1H} NMR (CDCl3, 121 MHz): δ, ppm = 22.33. FT-IR (KBr): ν, 

cm−1 = 2962 (br), 2929 (w), 2870 (w), 1716 (w), 1687 (m), 1645 (s), 1444 (w), 1392 (w), 1253 (s), 

1190 (w), 1163 (w), 1097 (w), 1049 (s), 1062 (s), 968 (br), 785 (m), 771 (w), 700 (w), 522 (w). 

APCI-MS (EI+): m/e calculated for C14H17O4PS2: 344.03, Found: 345.1 ([M+H]+). 

 

2-(3-Bromopropoxy)-tetrahydro-2H-pyran (42) 

Based on a published procedure by Voigt et al.306 8.44 g of 3-bromo-1-propanol 4 (60.8 mmol) were 

dissolved in 120 mL anhydrous DCM. 3,4-dihydro-2H-pyran (DHP) (7.64 g, 90.8 mmol) and p-

toluenesulfonic acid mono-hydrate (1.16 g, 6.12 mmol) were added, and the solution was stirred 

overnight at RT. The solution was diluted with n-hexanes and washed with water several times. The 

aqueous layer was re-extracted with n-hexane. The combined organic layers were dried with 

anhydrous Na2SO4, filtered, concentrated under reduced pressure, and directly used without 

further purifications. Yield: 9.7 g, 72%. Mol. Wt. for C8H15BrO2: 223.11. 
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Diethyl 3-(tetrahydro-2H-pyran-2-yloxy)propylphosphonate (43) 

A mixture of 42 (0.383 g, 1.72 mmol) and triethylphosphite (4.95 g, 5.00 mL, 29.8 mmol) was 

refluxed for 4 hours. Subsequently the excess of triethylphosphite was removed under reduced 

pressure. Purification by Kugelror distillation afforded phosphonate 43 as a colorless oil. Yield: 0.38 

g, 80%. Mol. Wt. for C12H25O5P: 280.3. 1H NMR (CDCl3, 300 MHz): δ, ppm = 1.27-1.41 (m, CH3, 6H), 

1.46-1.62 (m, CH2, 4H), 1.62-1.76 (m, CH2, 2H), 1.80-1.93 (m, CH2, 4H), 3.40-3.52 (m, CH2, 2H), 3.73-

3.88 (m, CH2, 2H), 4.03-4.17 (m, OCH2, 4H), 4.58 (t, J = 3.59 Hz, CH, 1H). 13C NMR (CDCl3, 75 MHz): δ, 

ppm = 15.84 (d, J = 5.3 Hz, CH3), 18.94 (s), 22.11 (d, J = 141.97 Hz), 22.42 (s), 24.90 (s), 30.07 (s), 

60.76 (d, J = 6.63 Hz, OCH2), 61.57 (s), 66.53 (d, J = 17.25 Hz), 93.76 (s), 98.11 (s). 31P {1H} NMR 

(CDCl3, 121 MHz): δ, ppm = 31.99. 

 

Diethyl 3-hydroxypropylphosphonate (44) 

Compound 43 (0.4 g, 1.4 mmol) and pyridinium para-toluenesulfonate (PPTS) (0.04 g, 0.14 mmol) 

were dissolved in 15 mL of methanol. The solution was refluxed for 4 hours. Subsequently the 

solvent was removed under reduced pressure. The final compound remained as a pale yellowish 

liquid. Yield: 0.24 g, 89%. Mol. Wt. for C7H17O4P: 196.18. 1H NMR (CDCl3, 300 MHz): δ, ppm = 1.21-

1.45 (m, CH3, 6H), 1.69-1.99 (m, CH2, 4H), 3.57-3.75 (m, CH2, 2H) 3.98-4.22 (m, OCH2, 4H). 13C NMR 

(CDCl3, 75 MHz): δ, ppm = 15.79 (d, J = 5.31 Hz, CH3), 21.52 (d, J = 141.97 Hz, CH2-PO), 25.04 (d, J = 

3.98 Hz, CH2), 60.97 (d, J = 6.63 Hz, OCH2), 61.17 (d, J = 17.25 Hz, CH2). 31P {1H} NMR (CDCl3, 121 

MHz): δ, ppm = 32.91. 

 

Diethyl 3-bromopropylphosphonate (45) 

30.3 mL of 1,3-dibromopropane (300 mmol, 1 eqiuv.) were placed in a round buttom flask and 10.2 

mL of triethyl phosphite (59.6 mmol, 0.2 eqiuv.) were added. The mixture was refluxed for 3 hours. 

A Kugelror distillation was carried out to obtain a transparent viscous compound as 45 (b.p. 120 

°C/8 mbar). Yield: 12.8 g, 82%. The excess amount of 1,3-dibromopropane and the double 

phosphorylation compound (EtO)2PO—(CH2)3—PO(EtO)2 were collected by distilation at 90 °C/8 

mbar and 199 °C/8 mbar, respectively. 1H NMR (CDCl3, 300 MHz): δ, ppm = 1.29-1.37 (m, CH3, 6H), 

1.83-1.96 (m, CH2, 2H), 2.07-2.23 (m, CH2, 2H), 3.49 (td, J = 6.52, 0.94 Hz, CH2Br, 2H), 4.04-4.16 (m, 

CH3, 3H). 13C NMR (CDCl3, 75 MHz): δ, ppm = 15.90 (d, J = 5.31 Hz, CH3), 23.75 (d, J = 143.30 Hz, CH2-

PO), 25.44 (d, J = 5.31 Hz, CH2), 33.03 (d, J = 18.58 Hz, CH2), 61.05 (d, J = 6.63 Hz, OCH2). 31P {1H} 

NMR (CDCl3, 121 MHz): δ, ppm = 30.21. APCI-MS (EI+): m/e calculated for C7H16BrO3P: 258.0, 

Found: 259.2 ([M+79Br+H]+); 261.2 (([M+81Br+H]+). 

 

S-3-(diethoxyphosphoryl)propyl ethanethioate (46) 

2.12 mL of thioacetic acid (27.4 mmol, 1.0 eqiuv.) was added dropwise to a mixture of 4.21 mL of 

Et3N (30.2 mmol, 1.1 eqiuv.) and 7.11 g of 45 (27.4 mmol, 1.0 eqiuv.) in 60 mL of anhydrous DCM 

and stirred at RT for 3 hours. The reaction was monitored by APCI-MS spectrometry. Then, 25 mL 

of diethylether was added to the mixture, and the resulting precipitate was removed by suction 

filtration. This operation was repeated to remove the rest of the (C2H5)3NHBr salt. The filtrate was 
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concentrated on the rotary evaporator and purified by gradient column chromatography (n-

hexane:EtOAc; (1:3) and then EtOAc). The final compound was collected as a viscous yellow oil. 

Yield: 4.3 g, 64%. 1H NMR (CDCl3, 300 MHz): δ, ppm = 1.28-1.35 (m, CH3, 6H), 1.72-1.97 (m, CH2, 

4H), 2.33 (s, CH3, 3H), 2.91-2.98 (m, CH2, 2H), 4.09 (ddd, J = 8.12, 7.18, 3.21 Hz, OCH2, 4H). 13C NMR 

(CDCl3, 75 MHz): δ, ppm = 16.01 (d, J = 6.63 Hz, CH3), 22.49 (d, J = 3.9 Hz, CH3), 24.25 (d, J = 141.97 

Hz, CH2-PO), 29.02 (d, J = 18.58 Hz, CH2), 30.17 (CH2), 61.22 (d, J = 6.63 Hz, OCH2), 194.89 (C=O). 31P 

{1H} NMR (CDCl3, 121 MHz): δ, ppm = 30.78. APCI-MS (EI+): m/e calculated for C9H19O4PS: 254.0, 

Found: 255.3 ([M+H]+). 

 

 

Diethyl 3-mercaptopropylphosphonate (47) 

4.18 g of 46 (16.4 mmol) was dissolved in 20 mL of ethanol and flushed with nitrogen for 1 h. 1.7 

mL of hydrochloric acid (20 mmol, 12 M, 37%) was added dropwise and the mixture was stirred at 

50 °C for 22 h in a light stream of nitrogen countercurrent. 50 mL of water was added to the 

mixture and the product was extracted with DCM (3×40 mL). The organic phase was dried with 

anhydrous Na2SO4 and the solvent was removed under reduced pressure. A yellowish dense oil was 

obtained as a final compound. Yield: 2.8 g, 80%. 1H NMR (CDCl3, 300 MHz): δ, ppm = 1.33 (t, J = 7.18 

Hz, CH3, 6H), 1.79-1.97 (m, CH2, 4H), 2.62 (q, J = 6.80 Hz, CH2, 2H), 4.03-4.15 (m, OCH2, 4H). 13C NMR 

(CDCl3, 75 MHz): δ, ppm = 15.93 (d, J = 6.63 Hz, CH3), 23.68 (d, J = 140.65 Hz, CH2-PO), 24.58 (d, J = 

17.25 Hz, CH2), 26.38 (d, J = 3.9 Hz, CH2), 60.98 (d, J = 6.63 Hz, OCH2). 31P {1H} NMR (CDCl3, 121 

MHz): δ, ppm = 31.04. FT-IR (Nujol): ν, cm−1 = 3419 (br), 2980 (m), 2931 (w), 2908 (w), 2870 (w), 

1444 (w), 1392 (w), 1259 (w), 1230 (m), 1163 (w), 1095 (w), 1053 (s), 1029 (s), 964 (br), 829 (w), 

794 (w), 540 (w). APCI-MS (EI+): m/e calculated for C7H17O3PS: 212.0, Found: 213.1 ([M+H]+). 

 

7-Chloro-4-(pentyloxy)-2-pteridinamine (48)  

Based on Ivan Trentin’s Ph.D. thesis: To a mixture of POCl3 (615.76 mL, excess) and KCl (30.71 g, 

400 mmol) was added 29.2 g of 2-amino-4-(pentyloxy)-7(8H)-pteridinone (120 mmol), and the 

mixture was stirred at 140 °C for 10 minutes. Then the mixture was cooled down with an ice-bath. 

The excess of POCl3 was evaporated in vacuum, and the residue treated with ice (600 g) and 

chloroform (500 mL). After the formation of two layers, the upper part was neutralized with 

NaHCO3 up to pH = 6. The organic layer was separated and the aqueous fraction extracted twice 

with chloroform. The combined organic fractions were dried over anhydrous Na2SO4. The crude 

product was purified by short-pad Al2O3 column chromatography eluting with chloroform. The final 

product was precipitated in n-hexane and filtered off yielding a pale yellow solid. Yield: 8.0 g, 62 %.  
1H NMR (CD2Cl2, 300 MHz): δ, ppm = 8.38 (s, CH-pyrazine, 1H), 7.48 (br. s., NH, 1H), 5.90 (br. s., NH, 

1H), 4.51 (m, CH2, 2H), 1.88 (m, CH2, 2H), 1.41 (m, CH2, 4H), 0.92 (m, CH3, 3H). 13C NMR (CD2Cl2, 75 

MHz): δ, ppm = 167.93 (arom.), 163.13 (arom.), 157.07 (arom.), 153.74 (arom.), 139.48 (CHarom), 

122.69, 68.89 (CH2), 28.53 (CH2), 28.32 (CH2). 22.71 (CH2), 14.06 (CH3). DEPT-135 (CD2Cl2, 75 

MHz): δ, ppm = 14.1 (CH3), 22.7 (CH2), 28.3 (CH2), 28.5 (CH2), 68.9 (CH2), 139.5 (CH). APCI-MS 

(EI+): m/e calculated for C11H14ClN5O: 267.09, Found (M+H): 270.0 (([M+37Cl+H]+) and 268.0 

(([M+35Cl+H]+). Elemental analysis for C11H14ClN5O: calc. C, 49.35; H, 5.27; N, 26.16; Found: C, 50.31; 

H, 5.41; N, 26.31. UV-Vis (methanol): λmax, nm = 210, 230, 246 (sh), 268, 345. 
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Diethyl 3-(2-amino-4-(pentyloxy)pteridin-7-ylthio)propylphosphonate (49) 

A solution of sodium ethoxide was prepared from 0.08 g of sodium metal (3.4 mmol) and 10 mL of 

anhydrous ethanol in a round-bottomed flask equipped with an outlet under N2. To the solution 

were added 0.8 g (3.7 mmol) of 47 at 0 °C and stirred for 1 hour at RT. In the following, 0.91 g (3.4 

mmol) of 48 were added portion wise at 0 °C and the reaction mixture was allowed to warm to RT 

and stirred for 1 more hour. The reaction was monitored by TLC-express APCI-MS spectrometry. 

The solution was neutralized with AcOH up to pH = 6, and extracted with DCM (3×40 mL), washed 

with brine and dried over anhydrous Na2SO4. The creamy-yellowish solid compound was 

precipitated by addition of n-hexane. Yield: 1.2 g, 79%. 1H NMR (CDCl3, 300 MHz): δ, ppm = 0.82-

0.96 (m, CH3, 3H), 1.29 (t, J = 7.18 Hz, CH3, 6H), 1.34-1.46 (m, CH2, 4H), 1.79-1.98 (m, CH2, 4H), 1.98-

2.13 (m, CH2, 2H), 3.40 (t, J = 7.18 Hz, CH2, 2H), 3.97-4.17 (m, OCH2, 4H), 4.51 (t, J = 6.99 Hz, 2H), 

5.82 (br. s., NH2, 2H), 8.23 (s, CH-pyrazine, 1H). 13C NMR (CDCl3, 75 MHz): δ, ppm = 13.82 (CH3), 

16.34 (d, J = 5.31 Hz, CH3), 22.10 (CH2), 22.15 (CH2), 22.26 (CH2), 24.61 (d, J = 140.65 Hz, CH2-PO), 

28.01 (d, J = 21.23 Hz, CH2), 29.61 (d, J = 18.58 Hz, CH2), 61.53 (d, J = 6.63 Hz, OCH2), 68.15 (CH2), 

119.52 (arom.), 139.74 (CHarom), 156.79 (arom.), 161.72 (arom.), 163.55(arom.), 167.64 (arom.). 31P 

{1H} NMR (CDCl3, 121 MHz): δ, ppm = 31.35. FT-IR (KBr): ν, cm−1 = 3327 (br), 3169 (br), 2953 (w), 

2935 (w), 2914 (w), 2864 (w), 1647 (s), 1627 (s), 1597 (s), 1529 (s), 1479 (s), 1454 (s), 1423 (s), 

1246 (s), 1184 (s), 1132 (s), 1120 (m), 1089 (m), 1047 (s), 1029 (s), 960 (s), 819 (m), 804 (w), 659 

(w), 547 (w), 459 (w). APCI-MS (EI+): m/e calculated for C18H30N5O4PS: 443.18, Found: 444.40 

([M+H]+). Elemental analysis for C18H30N5O4PS: calc. C, 48.75; H, 6.82; N, 15.79; S, 7.23; Found: C, 

48.01; H, 6.30; N, 16.15; S, 5.82. UV-Vis (methanol): λmax, nm = 212, 239, 274, 370. 

 

4-(pentyloxy)-7-(propylthio)pteridin-2-amine (50) 

Based on Ivan Trentin’s PhD thesis: Compound 48 was treated with 30 mL (3.3 eqiuv.) of propane 

thiol solution in 500 ml of 0.25 N methanolate in methanol. The solution was stirred for 1 hour at 

RT, then neutralized with acetic acid and evaporated. The residue was treated with 200 mL of water 

and the precipitate collected and purified by short pad column chromatography with pre-dried 

Al2O3 eluting with gradient from CHCl3 to CHCl3:MeOH (90:10). Recrystallization from 

chloroform/n-hexane (1:19) led to the yellowish crystalline product. Yield: 8.43 g, 70%. 1H NMR 

(CDCl3, 300 MHz): δ, ppm = 8.27 (s, CH-pyrazine, 1H), 5.45 (br. s., NH2, 2H), 4.53 (t, J = 6.99 Hz, CH2, 

2H), 3.33 (t, J = 7.18 Hz, CH2, 2H), 1.85-2.02 (m, CH2, 2H), 1.71-1.85 (m, CH2, 2H), 1.31-1.54 (m, CH2, 

4H), 1.07 (t, J = 7.37 Hz, CH3, 3H), 0.86-1.00 (m, CH3, 3 H). 13C NMR (CDCl3, 75 MHz): δ, ppm = 

167.80 (arom.), 164.79 (arom.), 161.56 (arom.), 157.01 (arom.), 140.25 (CHarom.), 119.38 (arom.), 

68.22 (CH2), 31.47 (CH2), 28.22 (CH2), 27.94 (CH2), 22.35 (CH2), 22.05 (CH2), 13.91 (CH3), 13.42 

(CH3). DEPT-135 (CDCl3, 75 MHz): δ, ppm = 13.4 (CH3), 13.9 (CH3), 22.0 (CH2), 22.3 (CH2), 27.9 

(CH2), 28.2 (CH2), 31.5 (CH2), 68.2 (CH2), 140.2 (CH). APCI-MS (EI+): m/e calculated for C14H21N5OS: 

307.15, Found: 307.90 ([M+H]+). Elemental analysis for C14H21N5OS: calc. C, 54.70; H, 6.89; N, 22.78; 

S, 10.43; Found: C, 53.03; H, 6.25; N, 23.30; S, 7.55. UV-Vis (methanol): λmax, nm = 211, 239, 272, 

365, 380. 
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2-(2,2-Dimethyl-1,3-dioxolan-4-yl)ethanol (51) 

To 5.724 g of 1,2,4-butantriol (53.9 mmol) dissolve in 100 mL acetone were added 40 μL conc. HCl 

under vigorous stirring and the mixture subsequently stirred intensively for 5 hours at RT with a 

large stirrer magnet, so that the two phases were mixed as much as possible. Then the mixture was 

neutralized with solid NaHCO3, dried over anhydrous Na2SO4 and filtered. The organic fraction was 

concentrated in vacuum to afford colorless oil. The crude product was purified by short silica 

column chromatography (EtOAc:n-hexane; 30:70). The unreacted starting material is not moving in 

the column but stays at the top of the column. The pure product was collected as a dense colorless 

oil. Yield: 5.7 g, 73%. Mol. Wt. for C7H14O3: 146.18. 1H NMR (CDCl3, 300 MHz): δ, ppm = 1.35 (s, CH3, 

3H), 1.41 (s, CH3, 3H), 1.69-1.95 (m, CH2, 2H), 3.44 (br., OH, 1H), 3.53-3.61 (m, CH, 1H), 3.67-3.75 

(m, CH2OH, 2H), 4.08 (dd, J = 8.12, 5.85 Hz, CHaHb-ring, 1H), 4.16-4.31 (m, CHaHb-ring, 1H). 13C NMR 

(CDCl3, 75 MHz): δ, ppm = 25.25 (CH3), 26.44 (CH3), 35.62 (CH2), 58.99 (CH2), 69.01 (CH2), 73.74 

(CH), 108.39 (C). 

 

Pyridinium chlorochromate (PCC)  

18.4 mL of concentrated HCl (220 mmol) was added dropwise to 16.1 mL of cold anhydrous 

pyridine (200 mmol) under constant stirring. The solution was cooled to 0 °C and then the solution 

mixture was added dropwise to chromium trioxide (20 g, 200 mmol) under vigorous stirring.317 Re-

cooling to 0 °C gave a yellow-orange solid of PCC, which was isolated by filtration. If necessary, a 

few drops of water were added to the reaction mixture to dissolve the traces of CrO3 left unreacted 

in pyridinium chloride. Yield: 4.1 g, 95%. Mol. Wt. for C5H5NHClCrO3: 215.56. 

 

2-(2,2-Dimethyl-1,3-dioxolan-4-yl)acetaldehyde (52) 

To a solution of PCC (4.48 g, 20.8 mmol) and neutral Celite at pH = 7 in 50 mL anhydrous DCM was 

added 51 (2 g, 13.6 mmol) at 0 °C. The reaction mixture was stirred for 8 hours at RT by mechanical 

stirring. The mixture was then evaporated and purified by short column chromatography using 

diethylether as eluent to afford the crude product as pale yellowish oil. Alternatively, it is possible 

to purify the final compound as a colorless oil by Kugelrohr distillation (100 °C /12 mbar). Yield: 1.1 

g, 57%. Mol. Wt. for C7H12O3: 144.17. 1H NMR (CDCl3, 300 MHz): δ, ppm = 1.36 (d, J = 0.76 Hz, CH3, 

3H), 1.41 (s, CH3, 3H), 2.59-2.88 (ddd, J = 17.19, 6.61, 1.89 Hz, CH2, 2H), 3.59 (dd, J = 8.50, 6.61 Hz, 

CHaHb-ring, 1H), 4.18 (dd, J = 8.50, 6.23 Hz, CHaHb-ring, 1H), 4.53 (quin, J = 6.42 Hz, CH, 1H), 9.77-

9.83 (m, CHO, 1H). 

 

Diethyl 3-oxobutylphosphonate (54)  

A mixture of 3-buten-2-one (11.6 ml, 142.6 mmol) and triethylphosphite (29.4 mL, 170 mmol) in 40 

mL of ethanol was stirred overnight at RT. The reaction was initially exothermic. The crude β-

ketophosphonate containing the diethyl ketal was distilled by Kugelror distillation (160 °C/10 

mbar), and the final colorless oil was collected and stored under N2. The diethyl ketal form was 

treated with aqueous 2N HCl (3 mL/mmol) solution and stirred at RT for 24 hours.354 The reaction 

mixture was monitored by TLC in CHCl3 as eluent. The reaction mixture was extracted several times 
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with CHCl3. The combined organic layers were dried over anhydrous Na2SO4, filtered and 

evaporated to dryness. The pale yellowish oil was stored at 5 °C. Yield: 26.5 mL, 89%. 1H NMR 

(DMSO-d6 ,121MHz): δ, ppm = 1.21-1.27 (m, CH3, 6H), 1.85-2.01 (m, CH2, 2H), 2.11 (s, CH3, 3H), 

2.57-2.77 (m, CH2, 2H), 3.94-4.08 (m, OCH2, 4 H). 13C NMR (DMSO-d6 ,121MHz): δ, ppm = 15.97 (d, J 

= 6.05 Hz, CH3), 19.06 (d, J = 144.7 Hz, CH2-PO), 29.27 (CH3), 35.94 (d, J = 3.85 Hz, CH2), 61.26 (d, J = 

6.05 Hz, OCH2), 205.29 (d, J = 14.85 Hz, C=O). 31P {1H} NMR (DMSO-d6 ,121MHz): δ, ppm = 31.38. 

APCI-MS (EI+): m/e calculated for C8H17O4P: 208.08, Found: 208.09 ([M+H]+). 

 

Sodium (E)-5-(diethoxyphosphoryl)-1-oxopent-2-en-3-olate (55) 

A mixture of 54 (2 g, 9.6 mmol) and ethyl formate (0.71 g, 9.6 mmol) are added to 0.283 g of NaH 

(60% mineral oil) (9.6 mmol) in 50 mL of anhydrous diethylether at 0 °C under N2. The reaction 

mixture was stirred for 2 hours at 0 °C and then overnight at RT. Additional Et2O was added and the 

brownish precipitate quickly isolated by vacuum filtration under N2 and dried under reduced 

pressure. Yield: 2.1 g, 83%. Mol. Wt. for C9H16NaO5P: 258.18. FT-IR (KBr): ν, cm−1 = 3402 (br), 2954 

(m), 2912 (m), 2858 (m), 2804 (m), 2690 (w), 1610 (m), 1541 (m), 1527 (m), 1436 (m), 1375 (m), 

1309 (m), 1240 (s), 1209 (m, 1155 (m), 1114 (s), 1058 (s), 983 (w), 945 (w) 881 (m), 810 (m), 794 

(m), 538 (s).  

 

(E)-Diethyl 3-(2-amino-4-(pentyloxy)pteridin-7-yloxy)-5-oxopent-3-enylphosphonate (56) 

Compound 55 (0.39 g, 1.5 mmol, 3 eq.) was added to dissolved compound 48 (0.134 g, 0.503 mmol) 

in 50 mL of anhydrous THF at RT and allowed to stir overnight. After removal of THF under 

reduced pressure, the residue was dissolved in CHCl3 and washed with brine several times, dried 

over anhydrous Na2SO4, and concentrated in vacuum. The final brownish solid was collected and 

stored under N2.  

APCI-MS (EI+): m/e calculated for C20H30N5O6P: 467.19, Found: 468.8 ([M+H]+). 

 

Diethyl 3-oxopropylphosphonate (58) 

4.3 mL of the Dess-Martin Periodinane solution (DMP, 15% DCM solution) (1.5 mmol) were added 

to a solution of 44 (0.2 g, 1 mmol) in 5 mL anhydrous DCM. The reaction was stirred for 3 hours at 

RT. 25 mL of diethyl ether were added and the reaction was allowed to stir for an additional 45 

minutes. The resulting white precipitate was filtered through a pad of Celite, and the filtrate 

containing the desired product was concentrated under reduced pressure. The final product was as 

a colorless semi-solid aldehyde-phosphonate 58. Yield: 0.09 g, 45%. Mol. Wt. for C7H15O4P: 194.17. 
1H NMR (DMSO-d6 ,121MHz): δ, ppm = 1.74-1.90 (m, CH3, 6H), 2.50-2.66 (m, CH2, 2H), 3.10 (t, J = 

1.89 Hz, CHaHb (magnetically inequivalent) 1H), 3.12-3.32 (m, CHaHb, 1H), 4.49-4.70 (m, OCH2, 4H), 

9.9 (s, CHO, 1H). 13C NMR (DMSO-d6 ,121MHz): δ, ppm = 16.18 (d, J = 5.31 Hz, CH3), 20.12 (d, J = 

210.97 Hz, CH2), 35.97 (d, J = 3.98 Hz, CH2), 61.10 (d, J = 6.63 Hz, OCH2), 200.82 (d, J = 14.59 Hz, 

C=O). 31P {1H} NMR (DMSO-d6 ,121MHz): δ, ppm = 32.03. 
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Diethyl 5-oxopentylphosphonate (59) 

To a solution of 24 (5 g, 18.7 mmol, 1 equiv.) in Et2O (150 mL) at –78 °C were added 66.8 mL of 

DIBAL-H (20 % in n-hexane, 75 mmol (13.4 mL), 4 equiv.) dropwise via a dropping funnel under Ar 

over 45 minutes (Note: Use of 1 to 2 equiv. of DIBAL-H led to an inseparable mixture of aldehyde 

and recovered ester). The reaction was stirred at –78 °C for 3 hours and then 20 mL of anhydrous 

methanol was added dropwise at −78 °C to 0 °C to quench the reaction followed by the addition of 

25 mL of sat. aq. Rochelle’s salt solution (potassium sodium tartrate tetrahydrate) at 0 °C. The 

mixture was allowed to warm to RT and stirred until phase separation was observed. The aqueous 

layer was extracted with Et2O (3×). The combined organics were dried over anhydrous Na2SO4, 

filtered, and concentrated in vacuum. The colorless oil was checked by neutral Al2O3-TLC-express 

APCI-MS spectrometry (CHCl3:MeOH, 95:5). The first small fraction was unreacted starting 

material, and the second fraction was the yellowish oily product. Alternatively, the unreacted 

starting material was collected by Kugelror distillation at 140 °C/1 mbar, and the undistilled 

fraction was the pale yellow, dense oil as final pure product. The product was stored under Ar at 5 

°C. Caution: δ-aldehydephosphonate 59 is very stinky.  Yield: 3.3 g, 80%. 1H NMR (CDCl3, 300 MHz): 

δ, ppm = 1.33 (t, J = 7.11 Hz, CH3, 6H), 1.50-1.84 (m, CH2, 6H), 2.48 (td, J = 7.02, 1.47 Hz, CH2, 2H), 

3.87-4.27 (m, OCH2, 4H), 9.77 (t, J = 1.51 Hz, CHO, 1H). 13C NMR (CDCl3, 75 MHz): δ, ppm = 16.20 (d, 

J = 6.05 Hz, CH3), 21.82 (d, J = 5.50 Hz, CH2), 22.59 (d, J = 17.06 Hz, CH2), 25.40 (d, J = 141.40 Hz, 

CH2-PO), 43.08 (CH2), 61.42 (d, J = 6.60 Hz, OCH2), 201.80 (C=O). DEPT-135 (CDCl3, 75 MHz): δ, ppm 

= 16.20 (CH3), 21.82 (CH2), 22.59 (CH2), 25.40 (CH2), 43.08 (CH2), 61.42 (CH2). 31P {1H} NMR (CDCl3, 

121 MHz): δ, ppm = 31.36. FT-IR (Nujol): ν, cm−1 = 2981 (m), 2941 (w), 2910 (w), 2887 (w), 1732 

(s), 1460 (w), 1392 (w), 1249 (s), 1220 (s), 1165 (w), 1095 (w), 1058 (s), 1041 (s), 1026 (s), 962 

(br), 796 (m). APCI-MS (EI+): m/e calculated for C9H19O4P: 222.1, Found: 223.1 ([M+H]+).  

 

Diethyl 3-(6-acetyl-2-amino-4-(pentyloxy)pteridin-7-ylthio)propylphosphonate (60) 

To a solution of 0.3 g of 49 (0.67 mmol) in 16 mL of AcOH:H2O (3:1) and 640 μL of acetaldehyde 

(11.5 mmol, 17 equiv.) were added dropwise with vigurous stirrinng and simultanesouly 1.12 g of 

FeSO4.7H2O (4 mmol, 6 eqiuv.) in 5 mL of water and 534 μL of tert-butyl hydroperoxide (TBHP) 

with vigorous stirring within 1 min. After stirring for 3 minutes, 60 mL of H2O are added in order to 

quench the reaction and the mixture neutralized with NaHCO3 up to pH = 6. The compound was 

extracted with DCM, washed with brine several times and dried over anhydrous Na2SO4. The crude 

oily product was purified by column chromatography in Al2O3 (CHCl3 as eluent). The first fraction is 

unreacted starting material and the second fraction is desired compound 60 as a yellowish solid. 

Yield: 0.2 g, 61%. 1H NMR (CDCl3, 300 MHz): δ, ppm = 0.89-1.04 (m, CH3, 3H), 1.31 (t, J = 7.18 Hz, 

CH3, 6H), 1.36-1.61 (m, CH2, 4H), 1.85-2.00 (m, CH2, 4H), 2.03-2.16 (m, CH2, 2H), 2.67-2.79 (m, CH3, 

3H), 3.26-3.40 (m, CH2, 2H), 4.03-4.18 (m, OCH2, 4H), 4.54 (t, J = 6.80 Hz, CH2, 2H). 13C NMR (CDCl3, 

75 MHz): δ, ppm = 13.98 (CH2), 16.43 (d, J = 6.63 Hz, CH3), 21.50 (d, J = 3.98 Hz, CH2), 22.33 (CH2), 

25.04 (d, J = 140.65 Hz, CH2-PO), 26.30 (CH2), 28.10 (CH2), 30.44 (d, J = 18.58 Hz, CH2), 61.54 (d, J = 

6.63 Hz, OCH2), 68.38 (CH2), 117.96 (arom.), 139.65 (arom.), 156.53 (arom.), 163.63 (arom.), 164.35 

(arom.), 168.03 (arom.), 198.78 (C=O). DEPT-135 (CDCl3, 75 MHz): δ, ppm = 13.98 (s, CH3), 16.43 

(d, J = 6.63 Hz, CH3), 21.50 (d, J = 3.98 Hz, CH2), 22.33 (s, CH2), 25.04 (d, J = 141.95 Hz, CH2), 26.30 (s, 

CH3), 28.10 (s, CH2), 30.43 (d, J = 18.58 Hz, CH2), 61.54 (d, J = 6.63 Hz, CH2), 68.38 (s, CH2). 31P {1H} 
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NMR (CDCl3, 121 MHz): δ, ppm = 31.73. FT-IR (KBr): ν, cm−1 = 3292 (m), 3109 (m), 2958 (m), 2927 

(m), 2870 (w), 1676 (m), 1587 (s), 1508 (s), 1452 (s), 1419 (s), 1355 (s), 1319 (s), 1292 (br), 1240 

(br), 1182 (m), 1103 (m), 1033 (s), 954 (m), 943 (m), 821 (w), 792 (w), 686 (w), 590 (w), 474 (w). 

APCI-MS (EI+): m/e calculated for C20H32N5O5PS: 485.19, Found: 486.01 ([M+H]+). Elemental 

analysis for C20H32N5O5PS: calc. C, 49.47; H, 6.64; N, 14.42; S, 6.60; Found: C, 50.67; H, 6.10; N, 14.14; 

S, 6.91. UV-Vis (methanol): λmax, nm = 271, 304 (sh), 374 (sh), 389. 

 

Diethyl 5-(2-amino-4-(pentyloxy)-7-(propylthio)pteridin-6-yl)-5-oxopentylphosphonate 

(61) 

To a solution of 0.18 g of 50 (1 eqiuv., 0.58 mmol) and 2.2 g of 60 (17 eqiuv., 10 mmol) in 16 mL of 

AcOH/H2O (3:1) were added drop wise with vigurous stirring and simultanesouly 1 g of FeSO4.7H2O 

(3.48 mmol, 6 eqiuv.) in 5 mL of water and 500 μL of TBHP within 30 seconds. After stirring the 

mixture for 3 minutes, 60 mL of water were added and the yellowish comppound percipitated out. 

The compound was filtered and dried under reduced pressure. The pure yellowish solid was 

collected by short pad column chromatography with Al2O3 eluted by CHCl3. Yield: 0.2 g, 65%. 1H 

NMR (CDCl3, 300 MHz): δ, ppm = 0.82-0.88 (m, CH3, 3H), 0.98 (t, J = 7.38 Hz, CH3, 3H), 1.22 (t, J = 

7.15 Hz, CH3, 6H), 1.32-1.43 (m, CH2, 4H), 1.54-1.78 (m, CH2, 10H), 3.11 (q, J = 7.64 Hz, CH2, 4H), 

3.93-4.04 (m, OCH2, 4H), 4.42 (t, J = 6.83 Hz, CH2, 2H). 13C NMR (CDCl3, 75 MHz): δ, ppm = 13.50 

(CH3), 13.76 (CH3), 16.18 (d, J = 6.05 Hz, CH3), 21.20 (CH2), 21.89 (CH2), 21.95 (CH2), 22.06 (CH2), 

25.40 (d, J = 140.85 Hz, CH2-PO), 24.65 (d, J = 18.16 Hz, CH2), 27.82 (CH2), 31.98 (CH2), 37.15 (CH2), 

61.18 (d, J = 6.60 Hz, OCH2), 68.08 (CH2), 117.30 (arom.), 139.14 (arom.), 156.16 (arom.), 163.26 

(arom.), 165.01 (arom.), 167.74 (arom.), 199.88 (C=O). DEPT-135 (CDCl3, 75 MHz): δ, ppm = 13.50 

(CH3), 13.76 (CH3), 16.18 (CH3), 21.19 (CH2), 21.88 (CH2), 21.95 (CH2), 22.06 (CH2), 25.40 (CH2-PO), 

24.65 (CH2), 27.82 (CH2), 31.98 (CH2), 37.15 (CH2), 61.18 (OCH2), 68.08 (CH2). 31P {1H} NMR (CDCl3, 

121 MHz): δ, ppm = 32.04. APCI-MS (EI+): m/e calculated for C23H38N5O5PS: 527.23, Found: 528.3 

([M+H]+). Elemental analysis for C23H38N5O5PS: calc. C, 52.36; H, 7.26; N, 13.27; S, 6.08; Found: C, 

52.36; H, 7.16; N, 10.70; S, 4.93. UV-Vis (methanol): λmax, nm = 272, 389. 

 

7.3.51. Diethyl 3-(2-amino-6-(2-bromoacetyl)-4-(pentyloxy)pteridin-7-

ylthio)propylphosphonate (62) 

0.77 g of PHT (1.5 mmol) was added portion-wise to the mixture of 60 (0.138 g, 0.28 mmol) and 2-

pyrrolidone (0.13 mL, 1.5 mmol) in 50 mL anhydrous THF at RT. The reaction mixture was stirred 

at 50 °C for one week (TLC monitoring using a mixture of CHCl3:MeOH, 95:5). The reaction mixture 

was further monitored by TLC-express APCI-MS spectrometry. After removal of THF under reduced 

pressure, acetone was added to the residue to precipitate the (pyrrolidone)2·HBr salt. The solution 

was filtered through Celite and the filtrate was concentrated. The residue was dissolved in CHCl3 

and washed several times with brine, dried over anhydrous Na2SO4, filtered, and concentrated in 

vacuum to afford a brown-oily compound which was purified by column chromatography 

(CHCl3:MeOH, 95:5) and directly used without any further purification. 31P {1H} NMR (CDCl3, 121 

MHz): δ, ppm = 30.96 (mono-hydrolyzed compound), 31.62. The 1H and 13C NMR spectra were not 

analyzed due to the mixing of 63 with it is hydrolyzed form. APCI-MS (EI+): m/e calculated for 

C20H31BrN5O5PS: 564.10, Found: 565.1 [M+H]+. FT-IR (KBr): ν, cm−1 = 3223 (m), 2978 (w), 2958 (w), 



Experimental 

151 
 

2933 (w), 1681 (w), 1639 (m), 1589 (s), 1519 (m), 1467 (m), 1419 (s), 1423 (w), 1384 (w), 1357 

(w), 1317 (w), 1298 (w), 1240 (w), 1217 (w), 1178 (w), 1141 (w), 1103 (w), 1051 (w), 1031 (w), 

953 (w). 

 

Diethyl 5-(2-amino-4-(pentyloxy)-7-(propylthio)pteridin-6-yl)-4-bromo-5-

oxopentylphosphonate (63) 

0.75 g of PHT (1.516 mmol) was added portion-wise to the mixture of 61 (0.4 g, 0.758 mmol) and 2-

pyrrolidone (0.13 g, 1.516 mmol) in 15 mL anhydrous THF at RT. The reaction mixture was stirred 

five days at 50 °C. The reaction was monitored by TLC-express APCI(+)-MS spectrometry. The 

(pyrrolidone)2·HBr salt was not observed. After removal of THF under reduced pressure, acetone 

was added to the residue of precipitated salt. The solution was filtered through Celite and the 

filtrate was concentrated. The residue was dissolved in EtOAc and washed several times with brine, 

dried over anhydrous Na2SO4, filtered, and concentrated in vacuum to afford the final brown oily 

compound. The product directly used without any further purification. APCI-MS (EI+): m/e 

calculated for C23H37BrN5O5PS: 605.14, Found 606.3 ((M+79Br+H)+) and 608.2 ((M+79Br+H)+).  

 

S-2-(2-amino-7-(3-(diethoxyphosphoryl)propylthio)-4-(pentyloxy)pteridin-6-yl)-2-

oxoethyl O-isopropyl carbonodithioate (64) 

0.18 g of o-isopropylxanthate (1.06 mmol) was added portion-wise to a solution of 62 (0.3 g, 0.53 

mmol) dissolved in 10 mL acetone. The reddish solution was heated at 40 °C for 1 h and then 

stirred overnight at RT. The precipitated white KBr was filtered off through Celite. The pale yellow 

solution was concentrated on the rotary evaporator and the red oil was dissolved in chloroform. 

The organic phase was washed with 10% HCl (3×) and water and dried over anhydrous Na2SO4. 

The solvent was evaporated on a rotary evaporator yielding a brownish oil as the final compound. 
1H NMR (CDCl3, 300 MHz): Hydrolyzed form 64A: δ, ppm = 1.29-1.48 (m, CH3, 9H), 1.58-1.84 (m, 

CH2, 6H), 1.86-2.26 (m, CH2, 4H), 3.41-3.50 (m, CH2S, 2H), 3.94-4.24 (m, CH2, 4H), 5.71-5.79 (m, 

CHMe2, 1H). 13C NMR (CDCl3, 75 MHz): Hydrolyzed form 64A: δ, ppm = 17.72 (CH3), 20.99 (CH3), 

24.69 (CH3), 28.42 (CH2), 29.57 (d, J = 133.70 Hz, CH2-PO), 31.34 (CH2), 33.58 (CH2), 35.02 (CH2), 

43.17 (CH2), 49.73 (CH2S), 61.50 (CH2), 66.35 (CH2), 77.39 (CH), 108.29 (arom.), 140.85 (arom.), 

146.31 (arom.), 152.62 (arom.), 165.95 (arom.), 179.81 (arom.), 191.43 (C=O), 213.88 (C=S). 31P 

{1H} NMR (CDCl3, 121 MHz): δ, ppm = 31.54 (hydrolyzed form 64A), 32.11. APCI-MS (EI+): m/e 

calculated for C24H38N5O6PS3; 619.17, Found: 619.9([M+H]+); Hydrolyzed form 64A: m/e calculated 

for C20H30N5O6PS3; 563.1, Found: 563.9 ([M+H]+). 
 

1-(2-amino-4-(pentyloxy)-7-(propylthio)pteridin-6-yl)-5-(diethoxyphosphoryl)-1-

oxopentan-2-yl diethylcarbamodithioate (65)  

0.125 g of sodium diethyldithio carbamate trihydrate (0.557 mmol) were added portion wise to a 

solution of 63 (0.26 g, 0.43 mmol) dissolved in 10 mL acetone. The yellowish emulsion was stirred 

overnight at RT.  The precipitated white KBr was filtered off through Celite. The brown-yellow 

solution was concentrated on the rotary evaporator and the red oil was dissolved in chloroform. 

The organic phase was washed with brine and water, and dried over anhydrous Na2SO4. The crude 
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product was collected by evaporation of the solvent as a red-brown oil. The product was further 

purified by column chromatography (Al2O3, CHCl3). Yield: 80 mg, 29%. 1H NMR (CDCl3, 300 MHz): 

protected form: δ, ppm = 0.86-1.01 (m, CH3, 3H), 1.08 (td, J = 7.36, 2.61 Hz, CH3, 3H), 1.24-1.33 (m, 

CH3, 12H), 1.40-1.53 (m, CH2, 2H), 1.67-1.84 (m, CH2, 8H), 3.19-3.28 (m, CH2, 2H), 3.28-3.35 (m, CH2, 

2H), 3.67-3.80 (m, OCH2, 4H), 3.97-4.12 (m, CH and CH2, 5H), 4.40-4.67 (m, CH2, 2H). 1H NMR 

(CDCl3, 300 MHz): unprotected form 65A: δ, ppm = 0.74-0.91 (m, CH3, 3H), 1.26 (br. s., CH3, 6H), 

1.62-1.90 (m, CH3, 6H), 3.27-3.36 (m, CH2, 2H), 3.62-3.84 (m, CH2, 4H), 4.04 (q, J = 7.06 Hz, CH2, 2H), 

4.52 (m, CHS, 1H). 31P {1H} NMR (CDCl3, 121 MHz): protected form: δ, ppm = 31.58 (sh), 31.83. 31P 

{1H} NMR (CDCl3, 121 MHz): unprotected form 65A: δ, ppm = 31.81, 32.07 (sh). APCI-MS (EI+): m/e 

calculated for C28H47N6O5PS3: 674.2, Found: 675.5 ((M+H)+, protected form).  

 

N-(4-(2-amino-4-(pentyloxy)-7-(propylthio)pteridin-6-yl)-5-(3-

(diethoxyphosphoryl)propyl)-1,3-dithiol-2-ylidene)-N-ethylethanaminium perchlorate 

(66)  

20 μL of a mixture of sulfuric acid and acetic acid (1:3) was slowly added to 65 (70 mg, 0.15 mmol) 

and stirred for 2 hours at RT. The reaction was monitored by APCI-MS (+) spectrometry (High 

Temperature: High Fragmentation). Then, 20 μL of HClO4 was added to the solution and stirred for 

10 min. The final solution was neutralized by saturated K2CO3 solution until no further gas 

evolution was observed. The final compound was precipitated by adding ethanol to the reaction 

mixture.  The solution was heated became a clear yellowish solution which was stored at -20 °C for 

recrystallization. The crystalline precipitate was filtered and washed several times with water. 

APCI-MS (EI+): m/e calculated for C19H28N6O4PS3 (unprotected and hydrolyzed form): 531.1, Found: 

537.7 ([M+6H]+); C24H38N6O4PS3 (hydrolyzed form 66A): 601.1 Found: 607.6 ([M+6H]+). 
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Figure S1. Extinction coefficient diagram at corresponding λmax for complex 14. 

 

 

 

 

 

 

 
Figure S2. Comparison 1H NMR spectra of compounds 17 and 19 in CDCl3 at RT. 
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Figure S3. 1H NMR spectra of the compound 21 at RT. (top: α-bromoketophosphonate; 

bottom: α-dibromoketophosphonate (side product). (*) impurities: p-toluene 

sulfonamide derivatives. 

 

 

 

  

Figure S4. APCI(+)-MS spectra of the compounds 22 (left) and 23 (right). 
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Figure S5. ESI(−)-MS spectra of complexes K2[MoIVO(dmppdt)2] (left) and K[NiII(dmppdt)2] (right) in 

methanol solution. 

 

 
Figure S6. APCI(+)-MS spectrum of compound 56 and its fragmentations. 

 

 
Figure S7. APCI(+)-TLC-express MS spectrum of intramolecular acylation 

of compound 56 using Minisci reaction to obtain compound 

57. 

m/e (M)2-  = 372.8 

m/e (M+H)- = 745.2 
m/e (M+H)-  = 691.1 
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Figure S8. APCI(+)-MS spectra of compounds 62, 63, 64, and 65 after purification by column 

chromatography. Mass spectra of compound 62 ion (M+2H)+ at 565.1 m/e, 63 ion (M+H)+ at 606.3 

m/e, 64 ion (M+H)+ at 619.9 m/e and 65 ion (M+H)+ at 675.8 m/e detected.  

 

 

 
Figure S9. APCI(+)-MS spectrum of ligand precursor 66. 

 

 

Compound 62 Compound 64 

Compound 63 Compound 65 

m/e [M+H] + = 619.9 

m/e [M+H]+ = 675.8 

m/e [M+H] + = 565.1 

m/e [M+H] + = 606.3 

Hydrolyzed form: 

m/e [M+6H]+ = 607.6 

Deprotected and hydrolyzed form: 

m/e [M+6H]+ = 537.7 
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Table S1. The 31P NMR data of various X-P(O)(OEt)2 derivatives.355 

X group                                       δ 31P NMR (ppm) 
HO-                                            ca. 0.0 
EtO-                                            0.7-1.2 
Cl-                                                 4.0 
Me2N-                                         11.1 
(EtO)2P(O)-O-                        -13.1 
(EtO)2P(O)-                             -14.0    
Ph-                                               18.8 
Me-                                              29.6 
Et-                                                32.6 
nBu-                                            31.7 
sBu-                                             41.5 
tBu                                               39.4 
EtOOC-CH2-                               19.3  
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