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ABSTRACT 

Author: Dille, Sara, A. Doctor of Philosophy 
Institution: Purdue University 
Degree Received: June 2019 
Title: Understanding the Role of Ligand Oxidation State: Design, Synthesis, and Reactivity of 

Electronically Asymmetric Molybdenum Dithiolene Complexes 
Committee Chair: Partha, Basu 
 

Mononuclear molybdopterin enzymes are a large class of enzymes that are present in all phyla of 

life. All pterin containing enzymes posses a molybdopterin cofactor made up of a molybdenum 

metal center coordinated directly by a dithiolene ligand, which is appended to a pyranopterin 

cofactor. The majority of these enzymes catalyze oxygen atom transfer reactions that are 

concomitant with a transfer of two-electrons. We are hypothesizing that by altering the oxidation 

states of the dithiolene, the reactivity of the cofactor can be tuned for different substrates. This 

investigation focuses on the synthesis and characterization of oxo-MoIV(dithiolene) complexes that 

possess a fully reduced dithiolene ligand (dithiolene) and a fully oxidized dithiolene ligand 

(dithione).  These complexes are designed to represent the asymmetry of the dithiolene ligand that 

is observed in the crystal structures of the DMSO reductase family. Asymmetric oxo-

MoIV(dithiolene) complexes exhibit a unique structural property, a large fold angle along the S•••S 

vector of the dithione ligand.  These complexes also show a positive solvatochromic effect in a 

range of polar to nonpolar solvents.  The rich electrochemical properties of these redox active 

complexes and other characterization details such as IR, and NMR studies will be presented.  

Effects on the reactivity of these complexes using biologically relevant substrates will be 

discussed.  The oxygen atom transfer reactivity has been probed by mass spectrometry and NMR 

spectroscopy. The presented complexes aide in highlighting the effect redox state of the dithiolene 

ligand has in modulating reactivity.  
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CHAPTER 1. BASIC DONOR-ACCEPTOR SYSTEMS USING DITHIONE 
LIGANDS 

1.1 Donor Acceptor Systems 

Molecular donor-acceptor systems are of great interest in the chemical and materials science 

field. Such systems are generally composed of a “donor” and an “acceptor”, where an electron can 

be transferred from one unit to another of a molecule. Typically such systems have been organic-

based, and exhibit intramolecular charge transfer (ICT), where the charge transfer moves from a 

donor to the acceptor along a p conjugated system such as benzene or stilbene.1-4 Such systems 

have uses in classical molecular engineering designs and can be useful in the development of light-

emitting diodes and sensors.5, 6 Inorganic-based systems incorporating organic ligands have gained 

interest in recent years due to the charge transfer capabilities of such complexes. Donor-acceptor 

systems that generate a charge transfer are of interest due to their potential applications, such as 

artificial photosynthesis and non-linear optics (NLO).7-16 Charge-transfer transitions such as 

metal-ligand (MLCT) and ligand-metal (LMCT) charge transfers are common examples of charge 

transfers in coordination complexes.17 When the ligand environment surrounding the metal center 

is one that the ligands are in different oxidation states, it is possible to observe a intraligand charge 

transfer (ILCT).18, 19 Such systems can be achieved through the use of non-innocent redox-active 

ligands, such as dithiolene. 

1.2 Dithiolene Ligands 

Dithiolene is a classic redox active, non-innocent ligand that can cycle between a fully reduced 

state (dithiolene) and a fully oxidized state (dithione) through two single-electron transfers (Figure 

1.1). Jorgensen has defined a ligand ‘innocent’ when it allows the oxidation state of the metal in a 
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complex to be defined e.g. in Cp2W(CO)2 (where Cp is cyclopentadienyl ligand), W is in the +2 

oxidation state.20 Non-innocent behavior is dependent not just on the ligand but also on the metal 

center. 1,2-ene dithiolate (dithiolene)  

ligands exhibit non-innocent behavior especially towards “soft” transition metal centers.21, 22 They 

are involved in a high degree of covalent bonding with extensive delocalization of electron 

density.23-31 Dithiolene ligands of varying oxidation state, from fully reduced dithiolate to fully 

oxidized dithioketone (dithione) form, can coordinate a metal ion. There is a multitude of metal-

dithiolene complexes possessing either a single, two, or three dithiolene ligands.  

1.3 Dithiolene Ligands in Donor-Acceptor Systems 

In terms of donor-acceptor systems, a fully reduced dithiolene, which is electron rich, can act 

as an electron donor to a metal center; metallo-dithiolene complexes have been heavily studied 

due to their potential donor-acceptor applications such as; NLO, light-driven information devices, 

laser dyes, sensors and molecular superconductors.32-38  

Nickel dithiolene complexes sparked interest in the sixties and their properties are still being 

explored in present day.24, 25, 27, 29, 31, 39-41 These complexes have been shown to be very strong 

chromophores with intense charge transfers observed in the visible and NIR regions.32 These 

complexes have sparked interest for commercial development (www.epolin.com) such as Q-

switch dyes; these applications are reliant on the low energy charge transfer properties of nickel 

dithiolene complexes.42-45  

 

Figure 1.1. Oxidation states of dithiolene 
 

 

FiFigure 1.1. (Left) Frontier orbital of dithiolene compared to the frontier orbitals of 
iPr2Dt0 (Right). “Reprinted with permission from Yang, J.; Mogesa, B.; Basu, P.; 
Kirk, M. L., Large Ligand Folding Distortion in an Oxomolybdenum Donor-
Acceptor Complex. Inorg. Chem. 2016, 55 (2), 785-793. Copyright 2016b 
American Chemical Society.gure 2.1 Oxidation states of dithiolene 
 

 

Figure 3.1 Oxidation states of dithiolene 
 

 

FiFigure 1.4. (Left) Frontier orbital of dithiolene compared to the frontier orbitals of 
iPr2Dt0 (Right). “Reprinted with permission from Yang, J.; Mogesa, B.; Basu, P.; 
Kirk, M. L., Large Ligand Folding Distortion in an Oxomolybdenum Donor-
Acceptor Complex. Inorg. Chem. 2016, 55 (2), 785-793. Copyright 2016b 
American Chemical Society.gure 5.1 Oxidation states of dithiolene 
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While bis(dithiolene)-nickel complexes have been heavily studied, trigonal prismatic 

structures of neutral tris(dithiolene) V, Mo, W, Re complexes have also been heavily reported on 

in the sixties and seventies. 46-48 These diamagnetic complexes of general formula [M(bdt)3] 

(where, bdt2- is benzene 1,2-dithiolate; M= Mo W, and V) were thought to contain formally, 

Mo(VI), W(VI) or “V(VI)” with a d0 electronic configuration and three closed-shell dianionic 

dithiolato (2-) ligands. Recent studies on these classical complexes indicate that the proper 

description should include an oxidized ligand spin coupled with the metal e.g., for Mo in +5 

oxidation state, underscoring the non-innocent nature of the dithiolene ligands.49 Careful 

crystallographic analyses can highlight the subtle differences in the metric parameters. The redox 

states of the ligands can also be probed spectroscopically e.g., by vibrational spectroscopy 

(infrared, resonance Raman), 13C NMR spectroscopy, and X-ray absorption spectroscopy.27, 50-52 

Similar analyses will be used to explore the complexes presented in the following chapters that are 

of general structure: MoIVO(Dt2-)(Dt0) (where Dt2- = fully reduced dithiolene and Dt0 = fully 

oxidized dithione) to explore their molecular, electronic, and redox properties.  

1.4 Dithione Ligand Basics 

As shown in Figure 1.1, the fully oxidized dithiolene ligand can exist in two forms; dithione 

or dithiete. The exact nature of the oxidized forms of the dithiolene moiety is dependent upon the 

redox orbital of the dithiolene from which the electrons are removed (Figure 1.2). Both dithione 

and dithiete can react with metal ions, but dithiete complexes behave similar to those of dithiolene. 

In contrast, the dithione complexes often remain as dithione and exhibit different reactivity and 

spectroscopic properties.  
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Despite the interest and the non-innocent nature of the dithiolene ligands, well-characterized metal 

complexes of fully oxidized dithione ligands are rare, and a majority of the research with fully 

oxidized ligands is focused on lower valent metal complexes. A Cambridge Crystallographic 

database search conducted on April, 17th, 2019 produced only 63 hits where at least one of the 

ligands is in two-electron oxidized dithione form, compared to ~2000 hits for the metal-dithiolene 

complexes, searched at the same time.53 Therefore, the structure, spectroscopic features and 

reactivity of metal-dithione complexes are more explored. More importantly, the metal complexes 

 

Figure 1.2. (Left) Frontier orbital of dithiolene compared to the frontier orbitals of 
iPr2Dt0 (Right). “Reprinted with permission from Yang, J.; Mogesa, B.; Basu, P.; 
Kirk, M. L., Large Ligand Folding Distortion in an Oxomolybdenum Donor-
Acceptor Complex. Inorg. Chem 2016, 55 (2), 785-793. Copyright 2016b American 
Chemical Society.  
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of the oxidized ligand afford interesting fundamental chemistry that may be important in niche 

applications and generating new knowledge. In the subsequent section, we will highlight some of 

the novel chemistry.  

The synthesis of a dithione molecule was reported in early seventies.54, 55 a-Dithiones are 

known to exist in equilibrium with its valence tautomer 1,2-dithiete and electro-withdrawing 

substituents on the sp2 carbon favor the dithiete form.56 Commonly studied dithione complexes 

that exhibit donor-acceptor properties are d8 metals possessing two dithione ligands with the 

expected square planar geometry for the d8 electronic configuration, similar to that observed for 

the reduced dithiolene complexes.45, 57-65 The electronic properties of the square planar d8 

dithiolene complexes depend upon the distribution of the π electrons in the M(C2S2)2 units. The 

nature of the substituents at the C2S2 moieties determines the stabilization of the M(C2S2)2 complex 

with an overall charge that varies between +2 and –2. These limits are due to the isolated frontier 

molecular orbitals, which have π character and can either be empty (in the case of dithione) or 

populated (in the case of dithiolene). These dithiooxamide systems were mainly used as ion-paired 

charge-transfer complexes between cationic and anionic complexes. These charge-transfer salts 

show strong near-IR transitions, 66 similar to those reported for the complexes with fully reduced 

dithiolene ligands.67 68 Commonly studied dithione ligands are thioamide derivatives 2,3-

piperazinedithiones.69 Complexes possessing N,N’-dimethylpiperazine-2,3-dithione (Me2Dt0) and 

N,N’-diisopropyl-2,3-dithione (iPr2Dt0) will be discussed in the following sections.  

Our group has reported on a neutral Mo tetracarbonyl complex coordinated by a single 

dithione ligand, Mo(CO)4(Me2Dt0), exhibits negative solvatochromism. Density functional theory 

(DFT) calculations demonstrated the energetically isolated lowest unoccupied molecular orbital 

(LUMO) is practically a pure π* orbital, localized on the C=S fragment of the dithione ligand. This 
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energetically isolated LUMO accepts electron density from orbitals, comprised of the metal, 

carbonyl ligands and the S donors of the dithione ligand. This transition  gives rise to a solvent 

sensitive band at ~600 nm.70 A corresponding W complex, W(CO)4(Me2Dt0) which exhibits an 

intense charge transition at 669 nm which much like the charge transfer in Mo(CO)4(Me2Dt0) is 

solvent sensitive and exhibits a negative solvatochromism. DFT and TD-DFT calculations 

predicted similar transitions as well; MLCT was observed in both complexes. The HOMO was 

predicted to be metal based while the LUMO was predicted to be dithione ligand.71 In addition to 

the remarkable ability of forming complexes with localized π-electrons, that give rise to exciting 

optical properties, complexes with dithione ligands exhibit remarkable molecular features e.g., 

formation of a [Ni(iPr2Dt0)3][PF6]3 which is the only reported structure of an octahedral nickel 

complex possessing three fully oxidized dithione ligands.53 The molecular structure of 

[Ni(iPr2Dt0)3][PF6]3 demonstrated that the dithione ligands remained in the fully oxidized state 

during synthesis and crystallization. [Ni(iPr2Dt0)3][PF6]3 exhibited longer Ni-S bond lengths (~0.2 

Å)  when compared to the molecular structure of [Ni(iPr2Dt0)2][BF4]2, this is attributed to a steric 

crowding of the nickel center when three dithione ligands are present. The electronic spectra of 

[Ni(iPr2Dt0)3][PF6]3 and [Ni(iPr2Dt0)2][BF4]2 exhibit different charge transfer transitions in the UV-

Vis region; no NIR transitions were observed for either complex. [Ni(iPr2Dt0)2][BF4]2 exhibits two 
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intense low energy transitions (604 nm, 5690 M-1cm-1 and 540 nm, 4830 M-1cm-1). DFT 

calculations showed that the HOMO, HOMO-1, and HOMO-2 are mainly is nickel d orbital in 

character whereas the LUMO is primarily dithione ligand based while the LUMO +1 and LUMO 

+2 exhibit more nickel dx
2-y

2 character (Figure 1.3). This would result in a MLCT band in the UV-

Vis spectrum of [Ni(iPr2Dt0)2][BF4]2 in the low energy region and intraligand and nickel d-d 

transitions at higher energies which was further supported by TD-DFT calculations. As mentioned 

earlier, d8 metal complexes possessing fully oxidized dithione ligands exhibit similar electronic 

properties to those of complexes possessing fully reduced dithiolene ligands. [Ni(iPr2Dt0)3][PF6]3 

on the other hand exhibited an intense transition at 413 nm (4674 M-1cm-1) and a weak band at 750 

nm (337 M-1cm-1). DFT calculations supported a Ni2+ electronic state (paramagnetic) and a nickel 

 

Figure 1.3. Predicted frontier molecular orbitals of [Ni(iPr2Dt0)2]2+. “Reprinted with 
permission from Mogesa, B.;  Perera, E.;  Rhoda, H. M.;  Gibson, J. K.;  Oomens, J.;  
Berden, G.;  van Stipdonk, M. J.;  Nemykin, V. N.; Basu, P., Solution, Solid, and Gas 
Phase Studies on a Nickel Dithiolene System: Spectator Metal and Reactor Ligand. 
Inorg. Chem. 2015, 54 (16), 7703-7716. Copyright 2015 American Chemical 
Society.” 
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composed SOMO and SOMO-1of the a state and SOMO-4 and SOMO-5 of the b state and the 

LUMO and unoccupied MOs were dithione ligand based resulting in low energy d-d transitions 

and a higher energy MLCT transition.72 Bigoli et. al have presented a similar nickel dithione 

complex: [Ni(Me2Dt0)2][BF4]2 which exhibits similar UV-Vis transitions to that of 

[Ni(iPr2Dt0)2][BF4]2 , two strong transitions at 540 nm (4000 M-1cm-1) and 605 nm (4000 M-1cm-

1).  DFT calculations showed, that much like the iPr2Dt0 nickel complex the HOMO and HOMO-

1 molecular orbitals are composed of metal frontier orbitals and the LUMO is virtually purely 

dithione ligand based resulting in MLCT transtions.73 

 It has also been demonstrated that fully oxidized dithione ligands can stabilize an unique 

low coordinate Mo-cluster; [(iPr2Dt0)Mo]4[BF4]. The cluster is formed from 

[MoO(BF4)(iPr2Dt0)2][BF4] and [MoOCl(iPr2Dt0)2][MoOCl4] which were the first examples of 

oxo-Mo(IV) complexes possessing two dithione ligands. [MoOCl(iPr2Dt0)2][MoOCl4] was reacted 

with silver tetrafluoroborate forming [MoO(BF4)(iPr2Dt0)2][BF4] which when in a solution of 

pyridine formed the cluster [iPr2Dt0)Mo]4[BF4]. [MoOCl(iPr2Dt0)2][MoOCl4] and 

[MoO(BF4)(iPr2Dt0)2][BF4] exhibit a low energy transition between 718 nm - 741 nm that was 

proposed to be d-d transitions. Typically, such a transition is not observed in monooxo-Mo(IV) 

complexes possessing two fully reduced dithiolene ligands. DFT calculations of 

[MoOCl(iPr2Dt0)2]+ showed that the LUMO and LUMO+1 are dithione ligand based. TD-DFT 

demonstrated the low energy transition is MLCT in character. Electron density maps of the 

transition demonstrated that instead of the metal donating an electron to a single acceptor dithione 

ligand the electron density is delocalized over both dithione ligands. 74 
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1.5 Mixed Ligand Systems 

Complexes that possess both a fully oxidized and fully reduced dithiolene ligand have also 

been presented that result in electronically asymmetric complexes. Electronically asymmetric 

square planar complexes with a d8 metal ion possessing dithiolene ligands in different oxidation 

states result in a ground state that is p delocalized and such a complex can act as a donor-acceptor 

system much like their electronically symmetric counterparts [M(II)(Et2dazdt)(mnt)] (where M= 

Ni, Pd, or Pt; Et2dazdt = N,N’diethylperhyrodiazepine-2,3-dithione) is an example of such a 

system. All three complexes exhibit either one or two low energy, strong charge transitions in the 

UV-Vis region. From DFT and TD-DFT calculations the low energy transitions were attributed to 

mixed metal-ligand-to-ligand charge transfer (MMLL’CT); such transitions have been indicated 

in NLO properties such as molecular hyperpolarizability.8, 11, 75  

In complexes where one dithione and one dithiolene ligand coordinate to the metal ion, the 

C2S2 unit from the dithiolene serves as an electron-donor, while the C2S2 unit from fully oxidized 

ligand accepts electron density, resulting in LL’CT bands. Electron-donating substituents on the 

dithione raises the energy of the LUMO and to some extent of that of the HOMO.63 In general, the 

π-acceptor nature of the dithione ligand favors the formation of low-valent complexes while the 

reduced form of the ligand stabilizes higher valent complexes. Despite this, it has now been shown 

that higher valent e.g., Mo(IV) complexes can be stabilized by the fully oxidized ligand.74, 76 An 

electronic asymmetry can also be induced with a single fully oxidized dithione ligand and two 

thiophenol ligands as observed in MoIVO(SPh)2(iPr2Dt0) where SPh = thiophenol. This complex 

was synthesized from [MoOCl(iPr2Dt0)2][PF6] through a ligand exchange reaction with SPh. The 
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UV-Vis spectra of MoIVO(SPh)2(iPr2Dt0) exhibited a shift in the low energy band of 

[MoOCl(iPr2Dt0)2][PF6] at ~ 750 nm to ~540 nm, a nearly 200 nm difference in energy. An 

interesting structural feature was observed when the molecular structure was resolved; a large fold 

angle along (~70o) the S•••S vector of the dithione ligand was observed (Figure 1.4). Such a large 

fold angle is not typically in Mo(IV) dithiolene complexes.77-79 Resonance Raman and DFT 

calculations indicated that the fold angle and the charge transfer transition were due to a pseudo-

Jahn Teller effect and the electron deficient dithione ligand was folding towards the Mo=O moiety 

which results in an overlap of the out of plane S orbitals of the dithione ligand to overlap with the 

electron rich S orbital of the thiophenol ligand thus inducing a LL’CT transition observed at ~540 

nm. DFT calculations showed a different electronic structure that has been observed in complexes 

possessing ligands in the same oxidation state. In MoIVO(SPh)2(iPr2Dt0) the HOMO is primarily 

SPh ligand character and the LUMO is dithione ligand in character i.e. the dithione is acting as the 

“acceptor” and accepting electron density from the “donor” SPh ligand resulting in a LL’CT 

 

Figure 1.4. (Left) Thermal ellipsoid (40%) plot of MoO(SPh)2(iPr2Dt0). Hydrogen 
atoms are omitted for clarity. (Right) Absorbance spectrum of MoO(SPh)2(iPr2Dt0) 
in CH3CN. 
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transition.80 We will be examining the electronic structure of Mo(IV)-dithiolene complexes that 

possess a fully oxidized and fully reduced dithiolene ligands to understand the effects such a 

system play on the charge transfer properties of such a system. 

1.6 Biological systems 

1.6.1 Molybdopterin Enzymes 

While donor-acceptor systems possessing dithiolene ligands have been popular in materials 

applications, dithiolene ligands also play a vital role in biological systems due to their inclusion in 

the molybdenum cofactor (Moco) which is found in molybdopterin enzymes. Molybdenum is the 

only second row transition metal found in biologically relevant enzymes and molybdopterin 

enzymes are found in all phyla of life. They catalyze reactions that are vital in life processes, such 

as cycling of S, As, C, N, and Se; all molybdopterin enzymes possess the fascinating catalytic 

center Moco. Moco is made up of three redox active groups: a pyranopterin unit, a dithiolene 

ligand and the molybdenum metal center  

 

Figure 1.5. General structure of the molybdenum cofactor, present in all 
molybdopterin enzymes. 
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that all must work in concert during the course of catalysis (Figure 1.5). Currently, 50 Moco-

containing enzymes have been identified and categorized into three families: xanthine oxidase 

(XO), sulfite oxidase (SO), and DMSO reductase (DMSOR).  The enzyme families are classified 

by differences in the first coordination sphere, sequence homology, and types of reactions 

catalyzed (Figure 1.6). Both the XO and SO family enzymes possess a single molybdopterin group 

whereas the DMSOR family possess two molybdopterin groups.81 While the general structure of 

Moco has been ascertained in part, through protein X-ray crystallography, due to the lower 

resolution of protein crystal structures, details such as the oxidation state of the redox-active 

ligands coordinated to the molybdenum metal center cannot be determined. 81-84 While there are 

still uncertainties about the details of the Moco’s structure, it has been established that the 1,2-ene 

dithiolene ligand is at the catalytic center of all pterin containing Mo and W enzymes.81, 85 While 

protein crystallography cannot unequivocally differentiate different redox states of the ligand, 

some of the protein structures have been interpreted to possess oxidized ligands (e.g., dithione), 

highlighting the potential for ligand-based redox reactions.84, 86, 87  

The majority of the reactions catalyzed by molybdopterin enzymes are oxygen atom 

transfer (OAT) reactions, which are concomitant with a two-electron transfer. The three units 

comprising Moco are all capable of redox activity and existing in various oxidation states (Figure 

 

Figure 1.6. Figure 1.6. First coordination sphere of the three molybdopterin enzyme 
families. 
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1.7). The roles that the three redox active units of the cofactor play in the OAT reaction or the 

transfer of electrons during the regeneration steps remain unclear.32, 81, 85, 88-90 A fundamental 

understanding of the chemistry of this cofactor is essential for a comprehensive understanding of 

vital life processes. Currently the function of these three redox active units in the electron transfer 

is unclear. 

 
 In order to study how the redox components, work together, it would be ideal to study the 

cofactor once removed from the protein environment. However, when the cofactor is removed 

from that environment, it is not stable and can easily be oxidized.  Due to the delicate nature of the 

cofactor, researchers have studied the cofactor in the native protein environment. A commonly 

 

Figure 1.7. Potential oxidation states of the different components that make up 
the molybdenum cofactor. “Reprinted from reference 119 with permission from 
The Royal Society of Chemistry. 
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studied molybdopterin enzyme is DMSOR due to the lack of secondary chromophoric cofactors 

such as iron-sulfur clusters.83, 91, 92 A crystal structure of DMSOR from Rhodobacter sphaeroides 

(Rs) was refined at a resolution of 1.9 Å, and the authors determined that there were differing bond 

lengths along the S...S vector on the dithiolene ligands. From this crystal structure the authors 

hypothesized that the two dithiolene ligands coordinated to the molybdenum may be present in 

differing oxidation states.84, 87, 93 Another crystal structure of Rs DMSOR was refined at a higher 

resolution, 1.3 Å, which lead to a similar observation of differing bond lengths along the S…S 

vector on the two dithiolene ligands.83 However as mentioned, metric parameters of a protein 

structure must be considered with caution – even when the resolution is high, oxidation states of 

the ligands cannot be determined. Along with the crystal structure, the resonance Raman (rR) data 

on DMSOR enzyme suggest that the two dithiolene ligands are not equivalent, and we hypothesize 

that the inequivalency may be caused by the dithiolene ligands existing in different oxidation 

states.81, 82, 94 The rR data indicated one of the dithiolenes appeared to be a discrete ene-dithiolate 

(fully reduced) and the other dithiolene is more p-delocalized in nature (oxidized by a single 

electron).81, 94 The results are reminiscent of observations seen in the SO family and XO family. 

In the SO family, the dithiolene appears to be  delocalized whereas the XO family dithiolene 

appears to be a discrete enedithiolate.81, 94, 95 

1.6.2 Role of Dithiolene in OAT reactions of DMSOR Enzymes 

From reaction studies, it is proposed that the discrete ene-dithiolate pyranopterin ligand is 

involved in the transfer of electrons to or from Mo-center.81 It has been proposed that the redox 

active orbitals in Moco are metal based and the non-innocent dithiolene actually behaves 

innocently and that the ene-dithiolate ligands stabilize the singlet ground state of reduced species 

which would facilitate two electron chemistry that is required for OAT reactions. The C=C bond 

π
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of the dithiolene orients the sulfur p orbitals that are out of plane which leads to π anisotropy in 

which the Mo dxz/dyz orbitals could interact with the dithiolene ligand orbitals. The anisotropy 

would lead to a destabilization of the Mo dxz/dyz in relation to the Mo dx
2-y

2. This will lead to a 

stabilized singlet ground state.3 Resonance Raman of R. sphaeroides dimethyl sulfoxide reductase 

and E. coli biotin sulfoxide reductase indicates that the pyranopterins are not equivalent; one of 

the dithiolene metal unit exhibited higher C=C bond character. This is similar to what is observed 

in sulfite oxidase; ie one pyranopterin is in the dihydro state (distal) and the other is in the 

tetrahydro state (proximal). Electron transfer would be probable to or from the Mo/W atom to the 

proximal pyranopterin not through the distal pterin. The proximal pyranopterin that would support 

electron transfer would exist in the tetrahydro state. Rothery et al propose that the proximal 

pyranopterin is inherently resistant to oxidation of the pyranopterin which would have a negative 

impact on catalysis.2 In terms of the distal pyranopterin, a mechanism is possible that could 

modulate the Mo/W reduction potentials by protonation of N-5 an internal redox reaction between 

the piperazine ring and the dithiolene which would result in a monoanionic thiol-thione ligand. 

Such a ligand would decrease the net charge on the dithiolene ligand thereby shifting the Mo/W 

reduction potential to more positive. Stabilization of the thione sulfur that is attached to C3 could 

play a role in defining the geometry/reactivity through a trans effect/influence.2, 4 

1.6.3 Proposed Reaction Mechanisms for the DMSOR Family of Enzymes 

 R. sphaeroides DMSOR has been studied using resonance Raman spectroscopy to 

understand the potential role the dithiolene ligand may play during catalysis. Resonance Raman 

was performed on multiple samples of DMSOR: as prepared Mo(VI), dithionite reduced (Mo(IV), 

DMS reduced Mo(IV), and glycerol-inhibited Mo(V). From this study, a catalytic scheme was 

proposed in which the oxidation state of the dithiolene ligands coordinated to the metal center did 
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not change during catalysis ie one is Dt1- and the other is Dt2-. The authors propose that catalytic 

activity is controlled through the sixth coordination site (oxo group). When the oxo group is lost 

this would lead to an increase in the Mo-S p bonding in the ene-dithiolate ligand and an increase 

in the p delocalization of the dithiolene ring. The different oxidation states of the dithiolene ligands 

would have an effect on the excited state/electronic properties of the enzymes. By examining 

excitation profiles of the Mo-S and dithiolene modes in DMSOR and human sulfite oxidase (SO 

possesses a p-delocalized dithiolene), the electronic transitions in DMSOR were assigned as 

follows:  

1. The ene-dithiolate is responsible for the low energy electronic transitions (640 nm in 

dithionite-reduced Mo(IV), 720 nm Mo(VI) as the prepared enzyme) and can be assigned 

as thiolate-to-Mo charge-transfer band. 

2. The π-delocalized dithiolene is responsible for the higher energy transitions (500 nm<) and 

have been assigned to and π dithiolene-to-Mo charge-transfer as well.6 

Biotin sulfoxide reductase (BSO) from R. sphaeroides has been studied in a similar manner to that 

of DMSOR using resonance Raman. Resonance Raman spectroscopy was performed on as 

prepared and dithionite-reduced samples of BSO. Resonance Raman spectroscopy indicated that 

the dithiolene ligands exist in two distinct Mo(VI) states of BSO reductase; one is an ene-dithiolate 

and the second dithiolene has a greater π delocalization. Changes in the π delocalization could 

drive the Mo(IV) to Mo(VI) step of catalysis. This would mean one of the dithiolene ligands acts 

as a spectator ligand. One of the dithiolene ligands would need to undergo a change in the extent 

of the π-delocalization during reduction. A change in the p-delocalization of a single dithiolene 

ligand is believed to occur due to the fact that dithionite reduced BSO reductase only exhibits a 

single C=C stretching band but the authors were not able to make an assessment of the extent of 
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the delocalization.7 These studies are a positive indication that when designing and synthesizing 

small molecule mimics of DMSOR Moco an electronically asymmetric dithiolene ligand 

environment should be considered. 

1.6.4 Electronically Symmetric Small Molecule Mimics of Moco 

One of the way researchers have been studying Moco is to design and synthesize small 

molecules. Previously, researchers have utilized molybdenum complexes that possess two 

dithiolene ligands that are fully reduced; i.e electronically symmetrical complexes. Commonly 

studied ligands include maleonitrile dithiolate (mnt2-), 1,2-benzene dithiolate (bdt2-), toluene-3,4-

dithiolate (tdt2-), 2,3-quinoxaline dithiolate (qdt2-), and 3,6-dichloro-1,2-benzene dithiolate 

(Cl2bdt2-).89, 90, 96-101 Prior to refining the crystal structure of DMSOR, researchers were exploring 

symmetrical complexes possessing two dithiolene ligands. Electronically speaking these mimics 

may not be ideal and/or appropriate representations. The absorption spectra for fully oxidized 

DMSOR (Mo(VI)) features a charge transfer band near 700 nm and the fully reduced DMSOR 

(Mo(IV)) features a charge transfer (CT) band near 650 nm (Figure 1.8). These charge transfer 

bands may be ligand to ligand charge transfer bands (LLCT).102  
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Figure 1.8. Absorption spectra of DMSOR.  Top spectrum—fully oxidized 
enzyme (7.9 mg/mL) Middle spectrum-fully reduced enzyme (7.8 mg/mL) 
Bottom spectrum-fully oxidized enzyme (0.3mg/mL). “Reprinted with 
permission from Bastian, N. R. K., C.J; Barber, M.J; Rajagopalan, K.V, 
Spectroscopic Studies of the Molybdenum Containing Dimethyl Sulfoxide 
Reductase from Rhodobacter sphaeroides. Journal of Biological Chemistry 
1991, 266, 45-51.  Copyright 1991 American Society for Biochemistry and 
Molecular Biology. 
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In the case of [Et4N]2[MoO2(mnt)2], which is a symmetrical dithiolene complex where the 

Mo-center is coordinated by two equivalent dithiolene ligands, only one absorption band at 525 

nm is present in the fully oxidized Mo(VI) state. When the complex is reduced to 

[Et4N]2[MoO(mnt)2], this absorbance band disappears; there is no CT band observed for 

[Et4N]2[MoO(mnt)2].100 More recently, Sugimoto et al. have reported Mo-dithiolene complexes of 

general formula; [Mo(VI)O(OSiR3)(Dt2-)2]-. These complexes were generated from the 

corresponding desoxo Mo(IV) complex and were characterized by UV-Vis (Figure 1.9) and rR 

spectroscopy. The electronic spectra of the monooxo Mo(VI) complex is very similar to that of the 

fully oxidized DMSOR with two low energy bands near 563 nm and 800 nm. The rR data indicated 

a geometric inequivalence in the two dithiolene ligands. There were no low energy bands observed 

or geometric inequivalency in the dithiolene ligands for the desoxo Mo (IV) complex. The 

 

Figure 1.9. Changes in the absorbance spectrum of [Mo(IV)(OSiiPr3)(S2C2-
COOMe2)2]2-during oxygen atom transfer to generate [Mo(VI)O(OSiiPr3)(S2C2-
COOMe2)2]- . “Reprinted with permission from Sugimoto, H. T., S; Suyama, K; 
Maiyake, H;  Mtei, R.P; Itoh, S;  Kirk, M.L;, Monooxomolybdenum (VI) Complexes 
Possessing Olefinic Dithiolene Ligands: Probing Mo-S Covalency Contributions to 
Electron Transfer in Dimethyl Sulfoxide Reductase Family Molybdoenzymes. Inorg. 
Chem. 2010, 5368-5370. Copyright 2010 American Chemical Society. 
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similarities in absorbance spectra between [Mo(VI)O(OSiR3)(Dt2-)2]- and the fully oxidized 

DMSOR is a positive indication that an asymmetry in the dithiolene ligands is an important 

component for a successful model for DMSOR. Due to the lack of observed charge transfer band 

in the desoxo Mo(IV) complex the asymmetry of the dithiolene ligands may not be geometric in 

the native protein.96, 103, 104 

1.6.5 OAT Reactivity of  Small Molecule Mimics of Moco Possessing Fully Reduced 
Dithiolene Ligands 

 The OAT reactivity of electronically symmetric complexes of Moco has been heavily 

studied using biologically relevant substrate, trimethylamine-N-oxide (TMAO). In general, all 

complexes that possess two fully reduced dithiolene ligands react with TMAO and the reactions 

are tabulated in Table 1.1. It is not clear from previous reports whether or not these complexes 

react with other substrates such as dimethyl sulfoxide (DMSO) or nitrate (NO3
-).105-118 To our 

knowledge, only two electronically symmetric complexes, [MoIVO(vdt)2]2- and [MoIVO(ntdt)2]2- 

(where vdt is 4,5-dimethoxy-benzene-1,2-dithol and ntdt is 2-naphthyl-1,4-dithiolate) have 

exhibited OAT reactivity towards DMSO.108, 109  

Sarkar et. al developed several asymmetric complexes to mimic the potential asymmetry 

that has been observed in the native enzymes: [Mo(IV)O(mnt)(DMED)] (where DMED= 

dimethylethylenedicarboxylate), [Mo(IV)O(mnt)(bdt)], and [Mo(IV)O(mnt)(tdt)] (define 

DMED).111 These complexes react with TMAO producing trimethylamine (TMA). The HOMOs 

for all three complexes, calculated by density functional theory (DFT), were shown to be metal 

based. Computational studies demonstrated that the two dithiolene ligands controlled the Mo=O 

bond, which elongated during the reaction; similar results have been observed in native enzymes.5 

While these complexes are electronically asymmetric in the fact that two different dithiolene 

ligands have been utilized, the oxidation states of the ligands are still fully reduced. The OAT 
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reactivity and electronic properties of small molecule mimics of Moco possessing fully oxidized 

dithione ligands has not been studied in detail. We hypothesize that, through modulation of the 

oxidation state of the redox active components that comprise the cofactor, the electronic structure 

and charge state of the Mo center can be tuned for substrate catalysis.119 
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Table 1.1. Previously reported OAT reactions of [Mo(IV)O(Dt2-)2]2- 
OAT Reactions with TMAO Reference 

[MoIVO(DMED)2] 2- + TMAO à [MoVIO2(DMED)2]2- +TMA 106, 107, 110 

[MoIVO(mnt)2]2- + TMAO à [MoVIO2(mnt)2]2- + TMA 106, 107 

[MoIVO(mnt)(DMED)]2- + TMAO à [MoVIO2(mnt)(DMED)]2- + TMA 

[MoIVO(mnt)(bdt)]2- + TMAO à[MoVIO2(mnt)(bdt)]2- + TMA 

[MoIVO(mnt)(tdt)]2- + TMAO à [MoVIO2(mnt)(tdt)]2- + TMA 

111 

[MoIVO(bdt)2]2- + TMAO à [MoVIO2(bdt)2]2- + TMA 105, 106 

[MoIVO(Ph3Si-bdt)2]2- + TMAO à [MoVIO2(Ph3Si-bdt)2] 2- + TMA 120 

[MoIVO(DMED)(bdt)]2- + TMAO à[MoVIO2(DMED)(bdt)]2- + TMA 

[MoIVO(DMED)(bdtCl2)]2- + TMAO à [MoVIO(DMED)(bdtCl2)]2- +TMA 

112 

[MoIVO(tdt)2]2- + TMAO à [MoVIO2(tdt)2] 2- + TMA 

[MoIVO(Ph3Si-tdt)2]2- + TMAO à [MoVIO2(Ph3Si-tdt)2] 2- + TMA 

120 

[MoIVO(S2C2(CONH2)2)2]•0.5(i-PrOH) •DMF] 2- + TMAO à [MoVIO2(S2C2(CONH2)2)2]•0.5(i-PrOH) •DMF]2- + TMA 110 

[MoIVO(1,2-S2-3,6-(Ph3CCONH)2C6H2)2] 2- + TMAO à [MoVIO2(1,2-S2-3,6-(Ph3CCONH)2C6H2)2] 2- + TMA 113 

[MoIVO(1,2-S2-3,6-(CH3CONH)2C6H2)2] 2- + TMAO à [MoVIO2(1,2-S2-3,6-(CH3CONH)2C6H2)2] 2- + TMA 

[MoIVO(1,2-S2-3,6-(CF3CONH)2C6H)2] 2- + TMAO à[MoViO2(1,2-S2-3,6-(CF3CONH)2C6H)2] 2- + TMA 

[MoIVO(1,2-S2-3,6-(tBuCONH)2C6H2)2] 2- + TMAO à[MoVIO2(1,2-S2-3,6-(tBuCONH)2C6H2)2]2- + TMA 

[MoIVO(1,2-S2-3,6-(Ph3CCONH)2C6H2)2] 2- + TMAO à[MoVIO2(1,2-S2-3,6-(Ph3CCONH)2C6H2)2] 2- + TMA 

114 

[MoIVO(1,2-S2-3,6-(tBuCONH)2C6H2)2] 2- + TMAO à[MoVIO2(1,2-S2-3,6-(tBuCONH)2C6H2)2]2- + TMA 

[MoIVO(1,2-S2-3,6-(Ph3CCONH)2C6H2)2] 2- + TMAO à[MoVIO2(1,2-S2-3,6-(Ph3CCONH)2C6H2)2] 2- + TMA 

 

[MoIVO(1,2-S2-3-tBuNHCOC6H3)2] 2- + TMAO à [MoVIO2(1,2-S2-3-tBuNHCOC6H3)2] -2  + TMA 115 
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Table 1.1 (cont.) 
[MoIVO(1,2-S2-3,6-((4-tBuC6H4)3CCONH]2C6H2)2]2- + TMAO à [MoVIO2(1,2-S2-3,6-((4-tBuC6H4)3CCONH]2C6H2)2]2- + TMA 

[MoIVO(1,2-S2-3-tBuCONHC6H3)2]2-  + TMAO à [MoVIO2(1,2-S2-3-tBuCONHC6H3)2]2- + TMA 

[MoIVO(1,2-S2-3-CH3CONHC6H3)2]2- + TMAO à [MoVIO2(1,2-S2-3-CH3CONHC6H3)2]2- + TMA 

[MoIVO(1,2-S2-3-CF3CONHC6H3)2]2- + TMAO à [MoVIO2(1,2-S2-3-CF3CONHC6H3)2]2- + TMA 

[MoIVO(1,2-S2-3-Ph3CCONHC6H3)2]2- + TMAO à [MoVIO2(1,2-S2-3-Ph3CCONHC6H3)2]2-  + TMA 

[MoIVO{1,2-S2-3-(4-tBuC6H4)3CCONHC6H3)2]2- + TMAO à [MoVIO2(1,2-S2-3-(4-tBuC6H4)3CCONHC6H3)2]2- + TMA 

116 

[MoIVO(qpdt)2]-2  + TMAO à [MoVIO2(qpdt)2]2- + TMA 117 

[MoIVO(1,2-S2-3-PhNHCOC6H3)2]2- + TMAO à [MoVIO(1,2-S2-3-PhNHCOC6H3)2]2- + TMA 118 

OAT Reactions with DMSO  

[MoIVO(vdt)2] 2-  + DMSOà [MoVIO2(vdt)2] 2- + DMS 108 

[MoIVO(ntdt)2]2- + DMSO à [MoVIO(ntdt)2]2- + DMS 109 

OAT Reactions with HSO3-  

[MoIVO(mnt)2]2- + HSO3- à [MoVIO2(S2C2(CN)2)2]2- + HSO4- 100 

DMED= 1,2-dicarbomethoxyethylene-1,2-dithiolate 

mnt= maleonitirledithiolate 

bdt= 1,2-benzenedithiolate 

Ph3Si-bdt=3-(triphenylsilyl)-1,2-benzenedithiolato 

tdt= toluene-3,4-dithiol 

Ph3Si-tdt= 5-(triphenylsilyl)-3,4-benzenedithiolato 

S2C2(CONH2)2= 1,2-dicarbamoylethylene-1,2-dithiolate 

vdt= 4,5-dimethoxy-benzene-1,2-dithol 

qpdt = pyranoquinoxalinedithiolene 

ntdt= 2-naphthyl-1,4-dithiolate 
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Asymmetric monooxo Mo complexes possessing dithiolene ligands have been designed 

that possess a fully oxidized dithione ligand and a fully reduced dithiolene ligand to generate an 

asymmetry in the dithiolene ligands. These novel mixed ligand complexes will further the 

understanding of how Moco functions in the molybdopterin enzymes. Studying small molecule 

mimics of Moco will enhance fundamental science foundations and increase our knowledge of 

these vitally important enzymes.  
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CHAPTER 2. SYNTHETIC METHODS 

2.1 Introduction 

Monooxo-Mo(IV) dithiolene complexes were first synthesized in the 1960’s by 

McCleverty et al., where they reported the synthesis of [MoIVO(S4C4(CN)4]2- . The synthesis was 

accomplished following Scheme 2.1 from the starting material [Mo7O24]6-.121 These complexes 

possess two fully reduced dithiolene ligands and are of general structure: [MoIVO(Dt2-)2]2- , where 

Dt2- is a fully reduced dithiolene ligand. As shown in Scheme 2.1, [MoIVO(Dt2-)2]2- complexes are 

typically synthesized through oxo-molybdenum starting materials such as MoOCl3, 

[MoOCl(MeNC)4]+, and MoO2Cl2.89, 100, 101, 113, 115, 122-127  

Another commonly used monooxo molybdenum starting material is [MoO(S8)]2- which can be 

reacted with an acetylene-containing ligand or benzene-1,2-dithiol; (Scheme 2.2).97, 128-131 

  

Scheme 2.1 
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 Finally, researchers have shown that non-oxo starting materials can be utilized to 

synthesize [MoIVO(Dt2-)2]2- by using a carbonyl based starting material, Mo(CO)6 and a nickel 

dithiolene complex as shown in Scheme 2.3.90, 132, 133 Several of these starting materials were 

utilized in attempts to synthesize complexes of the following general structure: MoO(Dt2-)(Dt0) 

where Dt0= a fully oxidized dithione ligand (Scheme 2.4). 

  

Scheme 2.2 

 

Scheme 2.3 
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2.2 Materials and Methods 

2.2.1 Materials 

All reagents and solvents were purchased from either Sigma Aldrich or Thermo Fisher 

Scientific and used as received without further purification. All work was carried out under an 

inert atmosphere either in a dry box or using Schlenk line techniques under argon. 

[MoOCl(iPr2Dt0)2][PF6], [MoOCl(Me2Dt0)2][PF6]76, N,N’-diisopropylpiperazine-2,3-dithione 

(iPr2Dt0), and N,N’-dimethylpiperazine-2,3-dithione (Me2Dt0)69 were synthesized following 

literature procedures. 

2.2.2 Physical Methods 

1H NMR spectra were recorded on either a Bruker 500 MHz Avance spectrometer or a 

Bruker 400 MHz Avance spectrometer in air-tight NMR tubes. Infrared spectroscopy (FTIR) was 

recorded using a Thermofisher Nicolet iS10 spectrometer at room temperature using a KBr pellet. 

Electronic absorbance spectra were collected on a Shimadzu UV-3600 Plus in a quartz cuvette. 

Scheme 2.4 
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2.2.3 Syntheses of Complexes 

MoO(bdt)(Me2Dt0) (1) 

[MoOCl(Me2Dt0)2][PF6] (0.20 g, 0.000312 moles) was dissolved in 9 mL of acetonitrile 

generating a dark blue solution. A solution of benzenedithiol (0.063 g, 0.00034 moles) and 

triethylamine (0.069 g, 0.00068 moles) in 1.5 mL of acetonitrile was added dropwise to the dark 

blue solution initiating an instantaneous color change to dark purple and the release of white vapor 

(HCl). The reaction mixture was stirred for one hour. The solution was filtered, and dark purple 

solid was collected. The crude product was washed with cold chloroform to obtain analytically 

pure product. Yield 56% (0.075 g, 0.000175 moles). Calcd (Expt) for C12H14MoN2OS4: C, 33.80 

(33.95): H, 3.31 (3.34); N, 6.33 (6.57). 1H NMR (CD3CN): d 3.77 (s, CH3, 6H), 3.89 (m, CH2, 

2H), 4.18 (m, CH2, 2H), 7.10 (dd, J= 5.8 Hz, 3.2 Hz, aromatic, 2H), 7.65 (dd, J= 5.8 Hz, 3.2 Hz, 

aromatic, 2H). FTIR(KBr, cm-1): 1531 (vs, C(-N)S), 1354 (vs, C=S), 940 (s, Mo=O). UV-Vis 

(MeCN): lmax (e, M-1cm-1) 532 nm (4400). 

MoO(tdt)(Me2Dt0) (2) 

[MoOCl(Me2Dt0)2][PF6] (0.20 g, 0.000312 moles) was dissolved in 9 mL of acetonitrile 

generating a dark blue solution. A solution of toluene-3,4-dithiol (0.053 g, 0.00034 moles) and 

triethylamine (0.069 g, 0.00068 moles) in 1.5 mL of acetonitrile was added dropwise to the dark 

blue solution initiating an instantaneous color change to dark purple and the release of white vapor 

(HCl). The reaction mixture was stirred for one hour. The solution was filtered and dark purple 

solid was collected. The crude product was washed with cold chloroform to obtain analytically 

pure product. (0.079 g, 0.000164 mol). 52% Calcd (Expt) for C13H16MoN2OS4: C, 35.45 (35.44): 

H, 3.66 (3.74); N, 6.36 (6.24). 1H NMR (CD3CN): d 2.34 (s, CH3, 3H), 3.76 (s, CH3, 6H), 3.86 (m, 

CH2, 2H), 4.14 (m, CH2, 2H), 6.92 (d, J= 7.87 Hz, aromatic 1H), 7.47 (s, aromatic, 1H), 7.51 (d, 
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J= 7.9 Hz, aromatic, 1H). FTIR(KBr, cm-1): 1534 (vs, C(-N)S), 1355 (vs, C=S), 929 (s, Mo=O). 

UV-Vis (MeCN): lmax (e, M-1cm-1) 531 nm (6050) 

MoO(qdt)(Me2Dt0) (3) 

[MoOCl(Me2Dt0)2][PF6] (0.20 g, 0.000312 moles) was dissolved in 9 mL of acetonitrile 

generating a dark blue solution. A solution of qunioxalinedithiol (0.066 g, 0.00034 moles) and 

triethylamine (0.069 g, 0.00068 moles) in 1.5 mL of acetonitrile was added dropwise to the dark 

blue solution initiating an instantaneous color change to dark purple and the release of white vapor 

(HCl). The reaction mixture was stirred for one hour. The solution was filtered and dark purple 

solid was collected. The crude product was washed with cold chloroform to obtain analytically 

pure product. (0.020 g, 0.0000401 mol). 11% Calcd (Expt) for C14H14MoN4OS4 +H2O: C, 

33.87(34.21): H, 3.25(2.82); N, 11.28 11.84). 1H NMR (CD3CN): d 3.84 (s, CH3, 6H), 4.00 (q, J= 

8.2 Hz, 7.0 Hz, CH2, 2H), 4.21(q, J= 7.0 Hz, 6.4 Hz, CH2, 2H), 7.63 (dd, J= 6.4 Hz, 3.4 Hz, 

aromatic, 2H), 7.93 (dd, J= 6.4 Hz, 3.4 Hz, aromatic, 2H). FTIR(KBr, cm-1): 1524 (vs, C(-N)S), 

1350 (vs, C=S), 955 (s, Mo=O). UV-Vis (MeCN): lmax (e, M-1cm-1) 548 nm (7450) 

MoO(bdtCl2)(Me2Dt0) (4) 

[MoOCl(Me2Dt0)2][PF6] (0.20 g, 0.000312 moles) was dissolved in 9 mL of acetonitrile 

generating a dark blue solution. A solution of 3,6-dichloro-1,2-benzenedithiol (0.072 g, 0.00034 

moles) and triethylamine (0.069 g, 0.00068 moles) in 1.5 mL of acetonitrile was added dropwise 

to the dark blue solution initiating an instantaneous color change to dark purple. The reaction 

mixture was stirred for thirty minutes. The solution was filtered and dark purple solid was 

collected. The crude product was  washed with cold chloroform to obtain analytically pure product. 

Yield 42% (0.065 g, 0.000132 moles). Calcd (Expt) for C12H12Cl2MoN2OS4: C, 29.10 (29.35): H, 

2.44 (2.50); N, 5.66 (5.69). 1H NMR (CD3CN): d 3.81 (s, CH3, 6H), 4.10 (m, CH2, 2H), 4.20 (m, 
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CH2, 2H), 7.12 (s, aromatic 2H). FTIR (KBr, cm-1): 1527 (vs, C(-N)S), 1353 (vs, C=S), 926 (s, 

Mo=O). Electronic spectrum, UV-Vis (MeCN): lmax (e, M-1cm-1) 531 nm (4460) 

MoO(bdt)(iPr2Dt0) (5) 

[MoOCl(iPr2Dt0)2][PF6] (0.20 g, 0.00026 moles) was dissolved in 10.5 mL of acetonitrile 

generating a dark blue solution. A solution of benzenedithiol (0.49 g, 0.00034 moles) and 

triethylamine (0.059 g, 0.00058 moles) in 1.5 mL of acetonitrile was added dropwise to the dark 

blue solution initiating an instantaneous color change to dark purple.  The reaction mixture was 

stirred for one hour. The solution was filtered, and dark purple solid was collected. Free iPr2Dt0 

ligand was present in the crude product. To remove the free ligand, the crude product (0.080g 

moles) was dissolved in 7.5 mL of CH3Cl. MoCl5 (0.010 g, 0.000037 moles) was dissolved in 3 

mL of MeOH generating HCl gas. The MoCl5 was stirred until the cessation of the HCl gas was 

observed resulting in a green solution. The methanolic solution was added dropwise to the 

chloroform solution of the crude MoO(bdt)(iPr2Dt0). The mixture was stirred for 1.5 hours and 

filtered. A dark purple filtrate of analytically pure complex was collected. Yield 41% (0.052 g, 

0.000107 moles) Calcd (Expt) for C16H22MoN2OS4: C, 39.82 (40.24): H, 4.60 (4.51); N, 5.81 

(5.54). 1H NMR (CD3CN): d 1.28 (d, J= 6.7 Hz, CH3, 6H), 1.43 (d,  J= 6.7 Hz, CH3, 6H), 3.74 (m, 

CH2, 2H), 4.02 (m, CH2, 2H), 5.23 (h, J= 6.7 Hz,  CH, 2H), 7.10 (dd, J= 5.8 Hz, 3.2 Hz,  aromatic, 

2H), 7.65 (dd, J= 5.8 Hz, 3.3 Hz, aromatic, 2H) FTIR(KBr, cm-1): 1501 (vs, C(-N)S), 1350 (vs, 

C=S), 931 (s, Mo=O). Electronic spectrum, UV-Vis (MeCN): lmax (e, M-1cm-1) 529 nm (6900) 

MoO(tdt)(iPr2Dt0) (6) 

[MoOCl(iPr2Dt0)2][PF6] (0.20 g, 0.00026 moles) was dissolved in 9 mL of acetonitrile 

generating a dark blue solution. A solution of toluene-3,4-dithiol (0.45 g, 0.00029 moles) and 

triethylamine (0.059 g, 0.00058 moles) in 1.5 mL of acetonitrile was added dropwise to the dark 
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blue solution initiating an instantaneous color change to dark purple. The reaction mixture was 

stirred for one hour. The solution was filtered and dark purple solid was collected. The crude 

product was washed with cold chloroform resulting in analytically pure product. Yield 58% (0.077 

g, 0.000155 mol). Calcd (Expt) for C17H24MoN2OS4: C, 41.12 (41.04): H, 4.87 (4.76); N, 5.64 

(5.52). 1H NMR (CD2Cl2): d 1.24 (d, CH3,  J= 6.9 Hz ,6H), 1.43 (d, J= 6.8 Hz, CH3, 6H), 2.34 (s, 

CH3, 3H), 3.62 (m, CH2, 2H), 3.88 (m, CH2, 2H), 5.22(h, J= 6.7 Hz, CH, 2H), 6.93 (d, J=8.1 Hz, 

aromatic H), 7.47 (s, aromatic, H), 7.51 (d, J= 7.9 Hz, aromatic, H). FTIR(KBr, cm-1): 1501 (vs, 

C(-N)S), 1350 (vs, C=S), 931 (s, Mo=O). UV-Vis (MeCN): lmax (e, M-1cm-1) 533 nm (7500) 

MoO(qdt)(iPr2Dt0) (7) 

[MoOCl(iPr2Dt0)2][PF6] (0.20 g, 0.00026 moles) was dissolved in 13.5 mL of acetonitrile 

generating a dark blue solution. A solution of quinoxalinedithiol (0.056 g, 0.00029 moles) and 

triethylamine (0.059 g, 0.00058 moles) in 4.5 mL of methanol was added dropwise to the dark 

blue solution initiating an instantaneous color change to dark purple.  The reaction mixture was 

stirred for one hour. The solution was filtered and green solid was collected. The green solid was 

washed with CH3Cl to collect a dark purple filtrate. The solvent was dried en vacuo to obtain 

analytically pure complex. Yield 34% (0.049 g, 0.000091 moles). Calcd (Expt) for 

C18H22MoN4OS4 + CH3Cl: C, 40.27 (39.77): H, 4.63 (4.52); N, 9.89 (9.16). 1H NMR (CD3CN): 

d 1.27(d, J= 6.7 Hz, CH3, 6H), 1.41 (d, J= 6.7 Hz, CH3, 6H), 3.63 (m, CH2, 2H), 3.87 (m, CH2, 

2H), 5.25 (h, J= 6.7 Hz, CH, 2H), 7.54 (dd, J= 6.4 Hz, 3.4 Hz, aromatic, 2H), 7.98 (dd, J= 6.3 Hz, 

3.4 Hz, aromatic, 2H). FTIR(KBr, cm-1): 1491 (vs, C(-N)S), 1351 (vs, C=S), 950 (s, Mo=O). UV-

Vis (MeCN): lmax (e, M-1cm-1) 543 nm (7070). 
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MoO(bdtCl2)(iPr2Dt0) (8) 

[MoOCl(iPr2Dt0)2][PF6] (0.20 g, 0.00026 moles)  was dissolved in 13.5 mL of acetonitrile 

generating a dark blue solution. A solution of 3,6-dichloro-1,2-benzenedithiol (0.061 g, 0.00029 

moles) and triethylamine (0.059 g, 0.00058 moles) in 1.5 mL of acetonitrile was added dropwise 

to the dark blue solution initiating an instantaneous color change to dark purple. The reaction 

mixture was stirred for 15 minutes. The solution was filtered and dark purple solid was collected. 

The crude product was washed with cold chloroform to obtain analytically pure complex. Yield: 

68% (0.100 g, 0.000181 moles). Calcd (Expt) for C16H20Cl2MoN2OS4: C, 34.85 (34.65): H, 3.66 

(3.67); N, 5.08 (5.08). 1H NMR (CD3CN): d 1.31 (d, J= 6.7 Hz, CH3, 6H), 1.45 (d, J= 6.7 Hz, CH3, 

6H), 3.71 (m, CH2, 2H), 4.01 (m, CH2, 2H), 5.28 (h, J= 6.7 Hz, CH, 2H), 7.23 (s, aromatic 2H). 

FTIR(KBr, cm-1): 1507 (vs, C(-N)S), 1356 (vs, C=S), 939 (s, Mo=O). UV-Vis (MeCN): lmax (e, 

M-1cm-1) 530 nm (9400). 

2.3 Results and Discussion 

2.3.1 MoCl5 as a Starting Material 

Our group has previously reported the synthesis of [MoOCl(Dt0)2][PF6] (where Dt0= 

Me2Dt0 or iPr2Dt0).74, 76 [MoOCl(Dt0)2][PF6] was synthesized through a reaction with MoCl5 in 

methanol forming [MoOCl3(MeOH)2]. Dithione ligand is added, neat to a methanolic solution of 

[MoOCl3(MeOH)2]. Upon addition of counter anion, [MoOCl(Dt0)2][PF6] precipitated from 

Scheme 2.5 
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solution. Given the success of forming a monooxo-Mo(IV) complexes possessing two fully 

oxidized ligands from MoCl5; a similar synthesis was used in attempts to generate complex 6  

(Scheme 2.5). MoCl5 was dissolved in methanol and an acetonitrile solution was added 

dropwise. Toluene-3,4-dithiol (tdt) was dissolved in acetonitrile and deprotonated by adding 

dropwise of triethylamine (Et3N) into the reaction mixture. The reaction mixture was filtered and 

a green residue and purple filtrate were collected and dried in vacuo. The filtrate proved too 

unstable and during characterization, the filtrate was not stable in solution to obtain an NMR of 

the purple material. An IR spectrum of the green residue did not exhibit a characteristic Mo=O 

vibrational frequency (Figure 2.1); leading to the conclusion that the reaction was unsuccessful.  

 

 

Figure 2.1. IR spectrum (neat) of the crude product from the reaction between 
MoCl5, iPr2Dt0, and deprotonated tdt. No Mo=O vibrational frequency was 
observed. 
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2.3.2 MoO2Cl2 as a Starting Material 

A commonly used starting material as shown in Section 2.1 is MoO2Cl2. MoO2Cl2 was used 

as the starting material to synthesize 6 and MoO(mnt)(iPr2Dt0) where mnt2- sodium 

maleonitriledithiolate (Scheme 2.6). MoO2Cl2 was dissolved in THF and was cooled to -780C. 

Sodium maleonitriledithiolate was added neat to the THF solution of MoO2Cl2. Once the ligand 

dissolved completely, solid iPr2Dt0 was added to the reaction mixture and the temperature was 

slowly raised to the room temperature to dissolve the dithione ligand. The reaction mixture was 

filtered to collect MoO2(mnt)2. To abstract the oxygen atom to generate the monooxo complex, 

triphenylphosphine (PPh3) was added to a THF solution of the crude filtrate. The solvent was 

removed en vacuo resulting in a dark purple filtrate. The IR spectrum indicated successful 

synthesis; vibrational frequencies for the C-(=S)-N, C=S, and Mo=O were observed (Figure 2.2). 

The crude product yield however, was very low ~9% indicating this is not an efficient means to 

synthesize MoO(mnt)(iPr2Dt0). The synthesis of MoO(mnt)(iPr2Dt0) proved unsuccessful using 

any other strategy and will not be discussed further. While using MoO2Cl2 was a successful starting 

material for the synthesis of MoO(mnt)(iPr2Dt0), the same synthetic procedure was not successful 

for the synthesis of 6. The target complex was never observed during synthesis (Figure 2.3) 

Scheme 2.6 
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Figure 2.2 IR spectrum (neat) of MoO(mnt)(iPr2Dt0) synthesized from 
MoO2Cl2; a strong Mo=O vibrational frequency is observed at ~950 cm-1. 

 
 

 

 
 

 
Figure 2.3. IR spectrum (neat) of 6 synthesized from MoO2Cl2; no Mo=O 
vibrational frequency is observed. 
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2.3.3 Ligand Exchange  

Our group has previously utilized [MoOCl(Dt0)2][PF6] as the starting material for the synthesis of 

MoO(SPh)2(Dt0) (where SPh= thiophenol) complexes. [MoOCl(Dt0)2][PF6] was reacted with 

thiophenol resulting in a ligand exchange reaction. A similar procedure was employed to 

synthesize complexes 1-8 (Scheme 2.7), starting with the synthesis of a fully oxidized dithione 

ligand. Once the fully oxidized dithione ligand has been synthesized, the synthesis is moved to an 

inert atmosphere inside a dry box due to the air/water instability of the materials. The starting 

material is synthesized through a reaction between the fully oxidized dithione ligand and MoCl5. 

The complex was synthesized in methanol and precipitated out of solution upon addition of sodium 

hexafluorophosphate. It is imperative that no less than 8 to 10 times excess (compared to MoCl5) 

was used to form the target complex. After filtration the complex was washed with methanol to 

remove the excess NaPF6 and chloroform to remove the excess dithione ligand. It should be noted 

that the dithione ligand is not completely soluble in methanol, multiple washings with chloroform 

were required to remove the excess free ligand. If all of the free ligand is not removed, purification 

of the target complexes will be difficult if not impossible. Once all of the free dithione ligand has 

been removed from the starting material, the target complexes can be synthesized. Even with the 

removal of the free dithione ligand, isolation of analytically pure complexes has been problematic. 

The system is very sensitive to solvent environments which is discussed in the following sections.   
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Dichloromethane and Chloroform 

[MoOCl(iPr2Dt0)2]+ was reacted with deprotonated tdt in dry/degassed dichloromethane 

following the same general procedure that is outlined in Scheme 2.6. During the reaction to 

synthesize 6, the reaction was monitored with UV-Vis spectroscopy and while the reaction mixture 

turned purple, a positive indication that the reaction was successful, the UV-Vis spectrum 

exhibited a low energy band that is indicative of the starting material and the reaction did not go 

Scheme 2.7 
 

 

N

N O

O

R

R

+ H3CO P
S

SS
P

S
OCH3 Δ, toluene

N

N S

S

R

R

N

N S

S

R

R

2 + MoCl5 CH3OH

NaPF6

N

N

S
Mo

S

S

S

N

N

R

R

R

R

O

Cl

+

PF6
-

N

N

S
Mo

S

S

S

N

N

R

R

R

R

O

Cl

+

PF6
- +

HS

HS

Et3N
CH3CN

N

N

S
Mo

S

S

S

R

R

O

HS

HS

R= methyl, isopropyl

N

NHS

HS

HS

HS

HS

HS

HS

HS

Cl

Cl
bdt                          tdt                             qdt                                  bdtCl2



51 
 

to completion. After filtration of the reaction mixture and removal of the solvent from the filtrate, 

the IR spectrum of the crude product indicated product degradation; no Mo=O vibrational 

frequency was observed (Figure 2.4). The same reaction was attempted in dry/degassed 

chloroform and no reaction occurred. 

 

Acetonitrile 

Previously reported complexes of general structure MoO(SPh)2(Dt0) were initially 

synthesized in large amounts of dry/degassed acetonitrile, ~100 mg of starting material 

[MoOCl(Dt0)2][PF6] was dissolved in ~25 to 50 mL of acetonitrile. This resulted in a mixture of 

MoO(SPh)2(Dt0) and free dithione ligand. The free dithione ligand impurity could be removed 

 
Figure 2.4. IR spectrum (neat) of the crude reaction product from a ligand exchange 
reaction between [MoOCl(iPr2Dt0)2][PF6] and deprotonated tdt in dichloromethane. 
No strong Mo=O vibrational frequency is observed indicating the reaction was 
unsuccessful. 
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through recrystallization in acetonitrile/diethyl ether; however analytically pure complexes were 

not always the outcome of the synthesis and free ligand would persist. The same synthesis strategy 

was used to synthesize complexes 1-8. Similar results were observed; 1H NMR spectrum of the 

crude reaction mixture of 6 exhibited resonances of the target complex and free iPr2Dt0 ligand. 

During recrystallization, the amount of free ligand would be reduced but not removed completely 

and upon second recrystallization the complex would degrade. 

From previous experiments, it was determined that the best environment to perform the 

ligand exchange reaction was dry/degassed acetonitrile. The amount of dithiol ligand used in the 

reaction is also vitally important. In order to drive the reaction to completion and ensure that the 

main product should be the target complex, a small excess of dithiol should be used, but no more 

than a 1:1.1, complex:dithiol. For instance, the reaction between [MoOCl(iPr2Dt0)2][PF6] and 

benzenedithiol forms the target complex when a 1:1.1 ratio is used but anything above 1:1.1, the 

target complex does not form instead an orange, highly unstable complex is generated 

(uncharacterized) but when toluenedithiol is used in higher ratios (up to 1:1.5) the target complex 

is formed successfully however the yields of crude product are poor (~15%). There is always the 

potential for both of the dithione ligands to be removed from the complex and two dithiol ligands 

to replace them due to the higher affinity of the negatively charged dithiol ligands.  

When ~200 mg of [MoOCl(Dt0)2][PF6] was dissolved in ~9 mL to 13 mL of acetonitrile as 

opposed to ~25 mL to 50 mL, the target complex precipitated  out of solution after the addition of 

dithiol to the reaction mixture. As mentioned during previous reactions in acetonitrile, the main 

product was free dithione ligand. During this synthesis, the main product was the target complex 

with a minor impurity of free dithione ligand. All complexes 1-8 were synthesized using this 

method. 
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2.3.4 Purification 

As discussed, the main impurity of these reactions, irrespective of the ligand used, is free 

dithione ligand. The free dithione ligand has a very similar solubility compared to the target 

complexes. Complex stability was a persistent problem due to the neutral charge on the dithione 

ligand. Recrystallization is a common means for purification but was not successful with MoO(Dt2-

)(Dt0) complexes. Recrystallization in acetonitrile/diethyl ether was successful for previously 

studied MoO(SPhX)2(iPr2Dt0) complexes to generate analytically pure product; recrystallization 

for similar complexes possessing Me2Dt0 was not successful. Recrystallization was attempted to 

purify MoO(Dt2-)(Dt0) complexes. Prior to the methods reported, crude product was recrystallized 

using acetonitrile/diethyl ether. This would decrease the amount of free ligand but not remove it 

and a second round of recrystallization would result in complex degradation. Recrystallization 

using dichloromethane/hexane also resulted in degradation of the complex. Chloroform/pentane 

was used for a crude sample of 6 that had precipitated out of the concentrated acetonitrile reaction 

mixture. The crude product had minor free ligand impurity and the recrystallization was successful, 

however the yield was only ~15%. This did indicate that the amount of free ligand present in the 

crude sample was crucial to purification by recrystallization. This sample was the first sample 

generated using saturated reaction conditions which allowed for the precipitation of the target 

complex from the reaction mixture and this procedure either produced complexes with minimal 

amounts of free ligand but no more than a 1:1 mixture in other syntheses. Complexes 1-4 were not 

soluble in chloroform and complexes 5-8 were partially soluble in chloroform. Due to the 

instability of these complexes during recrystallization other means of purification were explored. 

The purification technique, which proved successful, was to wash the crude product with minimal 

amounts of cold chloroform. This resulted in reaction yields between ~34% to 58%. This technique 
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has also proven successful in the synthesis of analytically pure samples of MoO(SPhX)2(Me2Dt0) 

complexes as well. 

2.4 Initial Characterization of Analytically Pure Electronically Asymmetric Monooxo-
Mo(IV) Dithiolene Complexes 

Complexes 1-8 was characterized using 1H NMR and IR spectroscopies. The 1H NMR 

spectra exhibit resonances due to coordinated dithione ligand and dithiolene ligand which have 

been tabulated in Table 2.1. An example spectrum of 6 is shown in Figure 2.5; all other spectra 

can be found in Appendix A1. The solid-state IR spectra exhibits a strong band due to the C=S 

stretching and a band due to the Mo=O vibration which have been tabulated in Table 2.2. An 

example spectrum of 6 is shown in Figure 2.6; all other spectra can be found in Appendix A2. 

These vibrational frequencies are consistent with those reported previously for Mo-dithione 

complexes.74, 76, 80

 
Figure 2.5. 1H NMR spectrum of 6 in CD2Cl2; dithione ligand resonances labeled 
blue and tdt ligand resonances labeled orange. 
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Table 2.1. 1H NMR Chemical Shifts (ppm) for 1-8. 
Complex Chemical Shifts (ppm) 

 

 CH3 CH2  Aromatic 

MoO(bdt)(Me2Dt0) (1) 3.77 (s) 4.18 (m) 
3.89 (m) 

 7.10 (dd, J=5.8, 3.2 Hz) 
7.65 (dd, J=5.8, 3.2 Hz) 

MoO(tdt)(Me2Dt0) (2) 3.76 (s) 4.14 (m) 
3.86 (m) 

 2.34 (s) 
6.93 (d, J= 7.8 Hz) 
7.46 (s) 
7.51(d, J= 7.9 Hz) 

MoO(qdt)(Me2Dt0) (3) 3.84 (s) 4.00 (m) 
4.21 (m) 

 7.63 (dd, J= 6.4, 3.4 Hz) 
7.93 (dd, J= 6.3, 3.4 Hz) 

MoO(bdtCl2)(Me2Dt0) (4) 3.92 (s) 4.10 (m) 
4.40 (m) 

 7.12 (s) 

 CH3 CH2 CH Aromatic 

MoO(bdt)(iPr2Dt0) (5) 1.28 (d, J= 6.7 Hz) 
1.43 (d, J= 6.7 Hz) 

3.74 (m) 
4.02 (m) 

5.23 (h, J= 6.7 Hz) 7.09 (m) 
7.46 (m) 

MoO(tdt)(iPr2Dt0) (6) 1.24 (d, J= 6.9 Hz) 
1.43 (d, J= 6.8 Hz) 

3.62 (m) 
3.88 (m) 

5.22 (h, J= 6.7 Hz) 2.32 (s) 
6.93 (d) 
7.46 (s) 
7.50 (d) 

MoO(qdt)(iPr2Dt0) (7) 1.27 (d, J= 6.7 Hz) 
1.41 (d, J= 6.7 Hz) 

3.63 (m) 
3.87 (m) 

5.22 (h, J= 6.7 Hz) 7.54 (m) 
7.98 (m) 

MoO(bdtCl2)(iPr2Dt0) (8) 1.31 (d, J= 6.6 Hz) 
1.45 (d, J= 6.7 Hz) 

3.71 (m) 
4.01 (m) 

5.28 (h, J= 6.7 Hz)  
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Table 2.2. Key Vibrational Frequencies for 1-8 

Complex Vibrational  
Frequencies (cm-1)  
C=S C(=S)-N Mo=O 

MoO(bdt)(Me2Dt0) (1) 1354 1531 940 

MoO(tdt)(Me2Dt0) (2) 1355 1534 929 

MoO(qdt)(Me2Dt0) (3) 1350 1524 955 

MoO(bdtCl2)(Me2Dt0) (4) 1353 1527 926 

MoO(bdt)(iPr2Dt0) (5) 1350 1501 930 

MoO(tdt)(iPr2Dt0) (6) 1348 1502 929 

MoO(qdt)(iPr2Dt0) (7) 1351 1491 950 

MoO(bdtCl2)(iPr2Dt0) (8) 1356 1507 939 

 

 
Figure 2.6. IR spectrum (KBr) of 6. Key vibrational frequencies observed: C=S 
(1348 cm-1), C(=S)-N (1502 cm-1), and Mo=O (929 cm-1). 
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2.5 Ligand “Scrambling” Studies of Electronically Asymmetric Monooxo-Mo(IV) 
Dithiolene Complexes 

During reactivity studies (discussed in Chapter 4) it was discovered that complexes 1-8 are 

unstable at low temperature i.e., the dithione ligand can dissociate from the complex. When the 

complex is brought back to room temperature or slightly higher (40 oC), the free dithione ligand 

coordinates to the metal center. This gave rise to the idea of studying the stability of the complexes 

in a coordinating solvent acetonitrile which allowed for the observation of “ligand scrambling” of 

the complexes i.e., iPr2Dt0 could be replaced with a Me2Dt0 ligand added to the solution at low 

temperatures. 

Complex 5 was dissolved in CD3CN (Figure 2.7) and under argon, Me2Dto was  

added to the solution at room temperature. No color change occurred however, resonances 

corresponding to 1 were observed alongside resonances for the original complex 5. The solution 

was cooled in an acetone/dry ice bath for 10 minutes and allowed to reach room temperature. After 

cooling, the amount of 1 increased from the initial room temperature reaction and there was 

observed degradation of the initial complex 5. The same procedure was used to examine the ligand 

scrambling affinity of 1 with iPr2Dt0 and the same results were not observed (Figure 2.8). At room 

temperature, and after an initial cooling period, 5 was not observed. After 24 hours, however, 5 

was observed along-side the original complex indicating that 1 is more stable at lower temperatures 

than the corresponding iPr2Dt0 complexes. The same experiments using 5 were run in acetone, a 

non-coordinating solvent, and no ligand scrambling occurred (Figure 2.9). 
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Figure 2.7. 1H NMR spectra of 5 in CD3CN (1) undergoing ligand 
scrambling with Me2Dt0 (2-5).  Spectrum 2 is the addition of Me2Dt0 at 
room temperature.  Spectrum 3 shows the increase of 1. Spectra 4 and 5 are 
after 24 and 48 hours respectively, after 48 hours both of the complexes 
have begun to degrade. 

 

 

Figure 2.8. 1H NMR spectra of 1 in CD3CN (1) undergoing ligand scrambling 
with iPr2Dt0 (2-5).  Spectrum 2 is the addition of iPr2Dt0 at room temperature.  
Spectrum 3 shows the increase of 5. Spectra 4 and 5 are after 24 and 48 hours 
respectively, after 48 hours both of the complexes have begun to degrade. 
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These studies are a good example of the target complexes instability in the solution phase. 

The complexes are not highly stable in acetonitrile solutions; isolation of analytically pure complex 

would and did prove difficult. When the reaction mixture is more concentrated and the complex 

precipiates out of solution in the solid state, the amount of free dithione ligand is lessened and 

purification is more straightforward and successful. Due to the lack of ligand dissociation during 

the experiments in acetone; a ligand exchange reaction to synthesize 6 was run in acetone. During 

the course of the reaction the target complex was not formed; no reaction occurred. This speaks to 

the solvent sensitivity discussed earlier; complexes 1-8 are only successfully formed in dry and 

degassed acetonitrile. 

 

  

 

Figure 2.9. 1H NMR spectra of 5 in deuterated acetone with Me2Dt0 (1) at room 
temperature. Spectrum 2 is after cooling the solution. There is no formation of 
1. 
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CHAPTER 3. MOLECULAR STRUCTURE, REDOX, AND ELECTRONIC 
CHARACTERIZATION OF ELECTRONICALLY ASYMMETRIC 

MONOOXO-MO(IV) DITHIOLENE COMPLEXES 

3.1 Introduction 

Oxo-molybdenum complexes possessing two dithiolene ligands can exist either in the +4, +5 

or +6 oxidation state. The oxidation state of the metal can dictate the methods that are used to 

characterize the complexes. For instance, electron paramagnetic resonance (EPR) spectroscopy 

has been widely used to understand the coordination environment of the Mo complexes that are in 

the +5-oxidation state with d1 electron configuration. In contrast, Mo(IV) and Mo(VI) states are 

diamagnetic with d2 and d0 electron configuration respectively, and normal perpendicular mode 

EPR spectroscopy is not applicable.123, 134, 135 Paramagnetic molecules can exhibit resonances 

outside the diamagnetic envelope in NMR spectroscopy and indeed, NMR spectroscopy has been 

used in studying paramagnetic molecules of Fe(III), Co(II) etc. In contrast, Mo(V) complexes are 

not very amenable to NMR spectroscopy because of their long electronic relaxation time which 

essentially broadens the signals. General methods that can be used in all three oxidation states 

include electronic and vibrational spectroscopies, electrochemistry, mass spectrometry and 

crystallography. Density functional theory (DFT) is often used in interpreting the data and in 

understanding the electronic structure. We have used a combination of techniques to fully 

characterize the complexes discussed in Chapter 2. The overall goal is to gain an understanding 

into the molecular structure, the redox properties, and the electronic structure of the electronically 

asymmetric complexes with a general formula: MoO(Dt2-)(Dt0) where Dt2-= fully reduced 

dithiolene and Dt0= fully oxidized dithione. Three main characterization techniques have been 

used: 
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1. X-ray crystallography has been used to determine the molecular structure of 

MoO(tdt)(iPr2Dt0) (6) (where tdt is toluene-3,4-ditholate).  

2. Cyclic voltammetry has been used to understand the redox properties of all complexes. 

3. A description of the electronic structure has been put forward using UV-Vis spectroscopy 

and theoretical calculations (density functional theory and time dependent-density 

functional theory).  

3.2 Materials and Methods 

Syntheses of the complexes are presented in Section 2.1. 

3.2.1 Physical Methods 

1H NMR spectra were recorded on either a Bruker 500 MHz Avance spectrometer or a Bruker 400 

MHz Avance spectrometer in air-tight NMR tubes. Infrared spectroscopy (FTIR) was recorded 

using a Thermo-Fisher Nicolet iS10 spectrometer at room temperature using a KBr pellet. 

Electronic absorbance spectra were collected on a Shimadzu UV-3600 Plus in a quartz cuvette. 

Cyclic voltammetry was recorded on a Metorhm PGSTAT204 galvanostat/potentiostat. A Pt disk 

working electrode, Ag+/Ag reference electrode and Pt wire auxillary electrode and 

tetrabutylammonium hexafluorophosphate supporting electrolyte were used.   

3.2.2 Computational Methods 

All computational work was performed using Gaussian 09 software package running on UNIX 

OS and visualized utilizing GaussView 5.0.9. Calculations were done using the Lee-Yang-Parr 

nonlocal correlation functional136 (B3LYP) and a combination of the LANL2DZ137 effective core 

potential basis set for molybdenum and the 6-31G** basis set for all other atoms. The crystal 

structure geometry was optimized using DFT to afford the geometry used for subsequent 
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calculations. Atomic composition for molecular orbitals was determined using C-squared 

population analysis from single-point calculations with the program QM-Forge. The lowest 60 

transition energies were generated using non-equilibrium TDDFT calculations with the polarizable 

continuum model (PCM) algorithm. PCM-TDDFT calculations were performed using acetonitrile 

as the solvent to match experimental conditions. Electron density difference maps (EDDMs) were 

generated using the cubman package in Gaussian09.  

3.2.3 X-Ray Crystallography 

Single crystals were mounted using glass fiber and data collected using a Bruker SMART Apex II 

diffractometer with a graphite monochromator for Mo Ka radiation (0.71073 Å).  The absorption 

correction was performed using SADABS routine.138 The structure solution and the refinement 

were done using SHELXS-97139 and SHEXLX-2018 programs.140 The X-ray data were collected 

at room temperature (296 K). Hydrogen atoms were placed at calculated positions and refined as 

riding atoms with isotropic displacement parameters. The methyl group on the toluene-2,3-

dithiolene moiety of MoO(tdt)(ipr) was refined as disordered over two moieties with different 

rotational orientations. The disorder extends to the other carbon and sulfur atoms of the toluene-

2,3-dithiolene moiety, and they were included in the disorder modeling. The two moieties were 

restrained to have similar geometries (SAME command of Shelxl) and Uij components of ADPs 

for disordered atoms closer to each other than 2.0 Angstrom were restrained to be similar. Subject 

to these conditions, the occupancy ratio refined to 0.517(5) to 0.483(5). Details of the structure 

determination are listed in Table 3.1. 
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Table 3.1. Crystallographic Data for MoO(tdt)(iPr2Dt0) 
Formula C17H24MoN2OS4 

Formula weight 496.56 

Temperature 296 K 

Crystal system Orthorhombic 

Space group Pbca 

Unit cell dimensions 

a=12.6981 (1) Å 

b= 15.8799 (2) Å 

c= 21.2754 (2) Å 

Volume 4290.07(8)Å3 

Z, Formula unit/unit cell 8 

density (calculated) 1.534 Mg m-3 

crystal color, morphology Purple, block 

u 1.01 mm-1 

F(000) 2024 

Diffractometer Bruker Smart Apex II 

Radiation, graphite monochrome Mo Kα (λ=0.71073 Å) 

Crystal size 0.20 x 0.11 x 0.08 mm 

Crystal color, morphology Purple, block 

Reflections collected/unique 70727/6665 

Rint 0.054 

Refinement method Full-matrix least-squares on F2 

Goodness-of-fit on F2  

Final R indices [I>2s(I)] R=0.041 wR2=0.100 

R indices (all data)  

Maximum residue peaks (e.Ǻ-3) 0.53 and -0.44 
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3.3 Results and Discussion 

3.3.1 Molecular Structure 

The molecular structure of 6 was determined by X-ray crystallography (Figure 3.1). Single 

crystals of 6 were grown via vapor diffusion using acetonitrile/diethyl ether. During structure 

refinement, it was observed that the methyl group on the tdt ligand was disordered due to different 

rotational orientations and this disorder extended to the other carbon and sulfur atoms of the ligand 

all, of which were included in disorder modeling. Selected bond lengths and angles are listed in 

Table 3.2. 

The five-coordinate Mo center in 6 exhibits a distorted square-pyramidal geometry as 

measured by the distortion parameter t= (b-a/60) (where b= the largest basal angle and a= the 

second largest angle) (Figure 3.2). For 6, the t was calculated to be 0.18, whereas the t for ideal 

square pyramidal geometry should be 0.00.141-143 Similar distortion has been observed in other 

[MoIVO(Dt2-
2]2-  with t values between 0.002-0.213.144 The Mo-center is coordinated by a terminal 

oxo group coordinated axially, and the four sulfur donors defining the equatorial plane with the 

 

Figure 3.1. Thermal ellipsoid plot (30%) of MoO(tdt)(iPr2Dt0). Space group, Pbca; R1, 
0.054; wR2, 0.100.  

 



65 
 

 

Mo atom raised 0.84 Å above this equatorial plane. This geometric arrangement is similar to oxo-

Mo dithiolene complexes where the Mo- center is located, on average, 0.74 Å above the equatorial 

plane.145  

In 6, the Mo=O bond distance is 1.681(2) Å. In the coordinated iPr2Dt0 fragment, the C=S 

distances are 1.724(3) Å and 1.717(3) Å and the C-C distance is 1.475(4) Å. In the coordinated tdt 

ligand, the average C–S bond distances are 1.776(17) Å and 1.765(16) Å, and the average C=C 

bond length is 1.382(9) Å. All four Mo-S bonds are of a similar length with an average bond length 

of 2.376(16) Å.  

Table 3.2. Key bond lengths (Å) and bond angles (°) in the molecular structure of 6. 
O1—Mo1 1.681 (2) C4—C5* 1.356 (9) 
Mo1-S3 2.3971 (8) S3-Mo1-S4 84.87(3) 
Mo1-S4 2.3714 (9) O1-Mo1-S1* 110.7 
S3-C8 1.724 (3) O1-Mo1-S2* 106.5 
S4-C9 1.717 (3) S2-Mo1-S3* 110.5 
C8—C9 1.475 (4) S1-Mo1-S3* 105.4 
C10—C11 1.493 (4) S2-Mo1-S4* 115.8 
 Mo1—S1* 2.374 (16) S1-Mo1-S4* 110.4 
Mo1—S2* 2.356 (12) S1-Mo1-S2* 83.7 
S1—C1* 1.765(16) O1-Mo1-S3 115.23(8) 
S2—C2* 1.776 (17) O1-Mo1-S4 109.14(8) 
C1—C2* 1.382 (9)   
* Average bond lengths are reported due to the disorder on 
the tdt ring 

 

 

Figure 3.2. Angles used in calculating t. 
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The molecular structure of 6 can provide insight into the oxidation state of the dithione 

ligand thus aiding in assignment of the oxidation state of the metal. Given the non-innocent nature 

of the dithiolene ligands the difficulty in ascertaining the oxidation state of the metal in such 

complexes, structural descriptions of the putative oxidation states in known [MoO(Dt)2]2- (where 

Dt is reduced dithiolene ligand) complexes were used in understanding the redox states of the 

ligand and metal center in 6.146-149 The C-S bond distances  (S3-C8, S4-C9) in the dithione ligand 

was 1.724(3) Å and 1.717(3) Å, whereas the average C-S bond lengths (S1-C1, S2-C2) of the 

dithiolene ligand was 1.765(16) Å and 1.776(17) Å. [Et4N]2[MoO(bdt)2] (where bdt = 1,2-

benzenedithiol) exhibits an average C-S bond length of 1.764(6) Å and [Et4N]2[MoO(tdt)2]  

exhibits an average C-S bond length of 1.758(1) Å; these bond lengths are similar to the C-S bond 

lengths of the tdt ligand in 6.120, 125, 150 The longer C-S bond lengths of the dithiolene ligand 

compared to the shorter C-S bond lengths of the dithione ligand indicate that the C-S bond in the 

dithione ligand has double bond character compared to the single C-S bond character of the 

dithiolene ligand.   

The C-C (C8-C9) bond length of the iPr2Dt0 ligand was 1.475(4) Å and the C-C (C10-C11) 

bond in the methylene backbone was 1.493(4) Å. The methylene backbone can was utilized as an 

“internal standard” due to the fact that both bonds should be C-C single bonds. The C-C (C1-C2) 

average bond length of the tdt ligand was 1.382(9) Å which is shorter than the C-C bond lengths 

of the iPr2Dt0 ligand by 0.093 Å (C8-C9) and 0.111 Å (C10-C11). The C-C (C1-C2) bond length 

in the dithiolene moiety was consistent with the average C=C bond length in the benzene ring 

(1.384 Å) indicating a similar bond character. The average C-C bond length of the dithiolene 

moiety of [Et4N]2[MoO(bdt)2] and [Et4N]2[MoO(tdt)2] are 1.400(9) Å and 1.387(1) Å respectively; 
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similar to the C-C bond length in 6.120, 125, 150 These bond distances indicate the iPr2Dt0 remained 

fully oxidized in 6, at least in the solid state. 

The Mo=O bond length provided an insight into the oxidation state of the molybdenum 

metal center. From a CCDC search, the typical distance of the MoIV=O bond length (excluding 

dithiolene complexes) was found to be 1.686 Å, and the bond length of the Mo=O bond in 6 was 

1.681 Å. These results are consistent with 4+ oxidation state of the Mo-center in 6. When the 

structure search was narrowed to look only at molybdenum-dithiolene complexes, there was a 

marked difference in the average Mo=O bond length for Mo(IV) complexes. The average MoIV=O 

bond length is 1.696 Å and the average MoV=O bond length is 1.680 Å .145 The Mo=O bond length 

in 6 can be interpreted to suggest a Mo(V) state. However, we propose that the Mo=O in 6 is 

slightly shorter than the average Mo(IV)=O of dithiolene complexes due to increased electron 

density toward the electron-deficient dithione ligand from the molybdenum atom thus resulting in 

some Mo(V) character. Finally, the Mo-S bond lengths were consistent in both ligand fragments; 

2.3714 (9) Å and 2.3971(8) Å in iPr2Dt0 and 2.356(12) Å and 2.374(16) Å in the tdt ligand. There 

was a difference of 0.032 Å in the shortest and longest Mo-S bond in 6 indicating that the oxidation 

state of the dithiolene fragment does not have a significant effect on the Mo–S bond length, which 

is further corroborated by a comparison to known dithiolene complexes possessing two fully 

reduced dithiolene ligands. The Mo-S bond lengths in [Et4N]2[MoO(bdt)2] varies between 2.384 

Å and 2.391 Å and [Et4N]2[MoO(tdt)2] exhibits Mo-S bond lengths between 2.356 Å - 2.424 Å. 

120, 125, 150 The average Mo-S bond lengths of 35 known [MoIVO(Dt)2]2- complexes is 2.386 Å. By 

examining the bond lengths of 6 and through comparison to known molecular structures of 

[MoIVO(Dt)2]2- complexes we suggest the dithione ligand has remained fully oxidized and the 

metal center is Mo(IV).  
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In 6, the angle between the plane containing S3, C8, C9, and S4 and the plane containing 

Mo, S3 and S4 was 62.6º, such that the ligand is bent towards the terminal oxo group along the 

S���S vector of iPr2Dt0. The angle between the plane containing S1, C1, C2 and S2 and the plane 

containing Mo, S1, and S2 of the tdt ligand was 12.3º, folded towards the oxo group.  

Structures of reduced electron-rich dithiolene complexes and ‘electron-deficient’ metal 

ions often exhibit a large folding of the dithiolene ligand along the S���S vector. Early work by 

Hoffman, and later by Enemark have provided a “bending” scheme for the bent-metallocene (Cp) 

dithiolene.77-79 Complex 6 is fundamentally different because the Mo-center is coordinated by two 

dithiolene ligands and one of the dithiolene ligands is ‘electron-deficient’. Both ligands are folded 

towards the terminal oxo-group and the difference in folding between the two ligands is 49o. A 

similar complex, MoO(SPh)2(iPr2Dt0) (where the Mo center is coordinated by one dithione and 

two thiolate ligands) exhibited a fold of 70º along the S���S vector of iPr2Dt0, which we attributed 

to a strong pseudo Jahn-Teller effect generating a double well potential in the electronic ground 

state.80 We surmise that a similar situation is operative in 6, and a detailed spectroscopic 

investigation is underway to further elaborate this aspect.  

 We have previously studied the dithiolene fold angle of [MoO(mnt)2]2- in the gas phase 

using infrared multiple-photon dissociation spectroscopy (IRMPD) coupled with density 

functional theory (DFT) of the complex anion to optimize the geometry of [MoO(mnt)2]2- and to 

predict the IR frequencies. IRMPD allows for the coupling of mass spectrometry and infrared 

spectroscopy; desired ions can be selected and the ions are irradiated at mid-IR wavelengths in the 

gas phase using a free electron laser. Observed frequencies in the IRMPD spectrum were assigned 

to the Mo=O stretch, C-CºN, and C=C (of the dithiolene ligands); the experimental gas phase 

spectrum, matched well with the theoretically derived frequencies. The studies offer support that 
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the fold along the S���S vector is inherent to molybdenum-dithiolene unit. Further examination of 

the molecular structure of 6 indicated that there are no bonding interactions. The unit cell density 

is 1.538 g/cm3 compared to the unit cell density of [Et4N]2[MoO(mnt)2] which equals 1.333 g/cm3; 

a higher density and no interaction is a positive indication that the fold angle of 6 is similar to that 

of [Et4N]2[MoO(mnt)2] and intrinsic to the molecule.89  Further gas phase studies are underway 

using electronically asymmetric complexes 1-8.151  

3.3.2 Redox Properties 

3.3.2.a Reduction of electronically asymmetric monooxo Mo(IV)- dithiolene complexes 

The redox reactivity of complexes 1-8 was investigated by cyclic voltammetry in 

acetonitrile solutions. Cyclic voltammograms exhibit two, one-electron reversible reduction 

couples due to the reduction of the oxidized dithione ligand. A representative cyclic 

voltammogram for complex 6 is shown in Figure 3.3 and all redox potentials are listed in Table 

3.3. Cyclic voltammograms were collected for multiple scan rates (100 mV to 900 mV). The data 

was fit to the Randles-Sevcik equation (eqn 1), the linear fit of the peak current versus square root 

of the scan rate is shown in Figure 3.3. 

 

ip=2.69 x105n3/2AD1/2Cbv1/2.                                                                           (1) 

where: n= number of electrons 

            A= area of electrode, cm2 

            D= diffusion coefficient, cm2 s-1 

                   Cb= concentration, mol cm-3 

             v= scan rate V/s-1 
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All couples are diffusion-controlled processes due to the linearity of the peak current with the 

square root of the scan rate as shown in Figure 3.4 for complex 6. As shown in Table 3.3, DEp for 

both couples across multiple scan rates are larger than 59 mV indicating quasi-reversible nature of 

the couples. 

 

 

 

 

Figure 3.3. Cyclic voltammogram of MoO(tdt)(iPr2Dt0). Scan rate, 100 mV s-1; 
solvent, acetonitrile; temperature, 25 oC; Pt-disk working electrode, Ag/Ag+ 
reference electrode, and a Pt-wire auxiliary electrode; supporting electrolyte, 
Bu4NPF6. Potentials referenced internally to Fc+/Fc couple. 
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Figure 3.4. A plot showing the linearity of the peak current (ip) versus the square 
root of the scan rate(v) for complex 6 suggesting diffusion-controlled processes. 
Fit of the equations are given below. 
Oxidation 

     ip= 1.40E-6(+/-6.36E-8)n3/2AD1/2Cb -8.71E-7(+/-1.27E-6); r2=0.99 

     ip= 5.63E-7 (+/-7.84E-8) n3/2AD1/2Cb  -8.56E-7 (+/- 1.57E-6); r2=0.93 

Reduction 

     ip= -1.44E-6 (+/- 1.91 E-8) n3/2AD1/2Cb  – 2.12E-6 (+/- 3.82E-7); r2= 0.99 

     ip= -1.60E-6 (+/- 3.78E-8) n3/2AD1/2Cb  – 3.44E-6 (+/- 7.56E-7); r2= 0.99 
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Table 3.3. Redox potentials for the reduction of complexes 1-8 in acetonitrile 
at 100 mV/sec scan rate. 

Complex E1
1/2(DE1

p) 
(mV) 

E2
1/2(DE2

p) 
(mV) 

MoO(bdt)(Me2Dt0) (1) -1058(86) -1368(95) 

MoO(tdt)(Me2Dt0) (2) -1071(73) -1375(73) 

MoO(qdt)(Me2Dt0) (3) -945(93) -1289(96) 

MoO(bdtCl2)(Me2Dt0) (4) -1001(90) -1346(93) 

MoO(bdt)(iPr2Dt0) (5) -1061(95) -1455(107) 

MoO(tdt)(iPr2Dt0) (6) -1085(117) -1484(168) 

MoO(qdt)(iPr2Dt0) (7) -938(58) -1399(115) 

MoO(bdtCl2)(iPr2Dt0) (8) -1010(105) -1431(127) 

 

We propose that the redox couples are dithione ligand based. Previous reports of nickel 

dithione complexes show that when two fully oxidized dithione ligands are present, the reduction 

of the complexes exhibits four reversible reduction couples.72 If only one dithione ligand is present 

as is the case in 6 only two reduction couples should be observed. Interestingly, reduction 

potentials of free iPrDt0 exhibits two redox couples at -1887 mV and -2088 mV (Figure 3.5), 

indicating that the reduction of the dithione ligand becomes easier upon metal coordination.  
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We have previously reported on bis(dithione)-Ni(II) complexes; [Ni(iPr2Dt0)2][BF4]2 and 

[Ni(Me2Dt0)2][BF4]2 (where Me2Dt0= N,N’-dimethylpiperazine-2,3-dithione), whose reduction, 

we attributed to the reduction of the two dithione ligands. To further examine the nature of the 

reduction couples observed in 6, the electrochemistry of Zn(mnt)(iPr2Dt0) (where mnt= 

maleonitriledithiolate) was studied (Figure 3.6).152 The redox properties are presented to 

demonstrate that the reduction of complex 6 is solely based on the iPr2Dt0. The reduction of 

Zn(mnt)(iPr2Dt0) exhibited two quasi-reversible couples at -939 mV (DEp= 115 mV) and -1365 

mV (DEp= 125 mV). Given that the metal center is a d10 metal, no reduction of the metal center is 

possible; we attribute the two couples in Zn(mnt)(iPr2Dt0) to the reduction of the dithione ligand. 

The reduction couples of 6 and Zn(mnt)(iPr2Dt0) are observed at similar potentials. In 

Zn(mnt)(iPr2Dt0), two additional couples, although less defined, were observed (E1/2 = -1556 mV, 

DEp= 90 mV and E1/2 = -1862 mV, DEp= 122 mV), which are less negative than the couples 

 

Figure 3.5. Cyclic voltammogram of iPr2Dt0 ligand. Scan rate, 100mV s-1; 
solvent, acetonitrile; temperature, 25 oC; Glassy carbon working electrode, 
Ag/Ag+ reference electrode, and a Pt-wire auxiliary electrode; supporting 
electrolyte, Bu4NPF6. Potentials referenced internally to Fc+/Fc couple. 
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observed for free iPr2Dt0 ligand. We believe these two couples are due to dissociation of iPr2Dt0 

ligand. The reduction of Zn(mnt)(iPr2Dt0) was performed at multiple scan rates (Figure 3.6). As 

scan rate increases, the couple at E1/2 = -1556 mV (DEp= 90 mV) is no longer observed. The peak 

height of the two reversible couples attributed to the coordinated ligand increase with increasing 

scan rate whereas the peak heights of the couple at E1/2 = -1556 mV (DEp= 90 mV) does not 

increase. At a scan rate of 100 mV/sec the peak heights -1923 mV is ~50% and at a scan rate of 

900 mV/sec the peak height at -1923 mV is ~8% of the peak height at -1601 mV. Dissociation of 

the ligand is a slow process and the concentration of free ligand can be decreased by increasing 

the scan rate. While the dithione ligand is able to easily dissociate from complexes 1-8 as shown 

in Chapter 2 Section 2.4 and the dissociation is observed in an electronically asymmetric zinc 

complex during the cyclic voltammetry time scale, such a phenomenon was not observed in the 

reduction of complexes 1-8. The electron-withdrawing/donating capabilities of both the dithione 

and dithiolene ligand effect the ease at which the complexes were reduced. When comparing 

complexes with the same dithiolene ligand, complexes with the more electron-donating iPr2Dt0 

resulted in more negative redox potentials. A similar trend was also observed when examining the 

electron-withdrawing/donating properties of the dithiolene ligand, which is interesting as the 

dithione ligands are able to effect small electronic perturbation at the dithiolene ligand indicating 

communication between the two ligands. Redox potentials are less negative when there is an 
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electron-withdrawing dithiolene like qdt and bdtCl2 compared to the more negative redox 

potentials of the complexes possessing an electron-donating group like tdt. 

3.3.2.b Oxidation of electronically asymmetric monooxo Mo(IV)- dithiolene complexes  

Oxidation of the metal center in complexes 1-8 was shown to be irreversible with a 

representative cyclic voltammogram shown in Figure 3.7 (see Appendix A3 for further details). 

Two irreversible signals were observed at 262 mV and -277 mV for complex 6. Typically, 

complexes of the general formula: [Mo(IV)O(S2C2R2)2]2- exhibit a reversible oxidation of the 

given Mo(IV) species to corresponding Mo(V) species. For instance [MoO(bdt)2]2- exhibits a 

 

Figure 3.6. Cyclic voltammogram of Zn(mnt)(iPr2Dt0) at varying scan rates ; solvent, 
acetonitrile; temperature, 25 oC; Pt-disk working electrode, Ag/Ag+ reference 
electrode, and a Pt-wire auxiliary electrode; supporting electrolyte, Bu4NPF6. 
Potentials referenced internally to Fc+/Fc couple. 
 

 



76 
 

 

redox potential of -39 mV for the oxidation to the Mo(V) species.89 [MoO(tdt)2]2- and 

[MoO(mnt)2]2- exhibit redox potentials of -46 mV and 48 mV 

 respectively for the oxidation to Mo(V) (Table 3.4).89, 120  

Table 3.4. Redox potentials of [MoO(Dt2-)2]2- complexes. 
Complex MoV/MoIV MoVI/MoV References 

[MoIVO(tdt)2]2- -0.46 Irr. 89 

[MoIVO(mnt)2]2- 0.48 Irr 89 

[MoIVO(bdt)2]2- -0.39  89 

[Mo(bdtCl2)2]2- -0.1  101 

 

 

Figure 3.7. Cyclic voltammogram of complex 6. Scan rate, 100 mV s-1; solvent, 
acetonitrile; temperature, 25 oC; Pt-disk working electrode, Ag/Ag+ reference 
electrode, and a Pt-wire auxiliary electrode; supporting electrolyte, Bu4NPF6. 
Potentials referenced internally to Fc+/Fc couple. 
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We hypothesize a structural change occurs in 6 during oxidation in terms of the fold angle 

that is observed in the crystal structure along the dithione ligand.  Oxidation of the metal center 

from Mo(IV) to Mo(V) would facilitate electron donation from the electron-rich dithiolene ligand. 

This would decrease the electron density available for donation to the dithione ligand resulting in 

a decrease of the fold angle along the S���S vector of the dithione ligand. Further investigation is 

ongoing into the irreversibility of the oxidation of 6.   

3.3.4 Generation of a p delocalized system: [MoO(Dt2-)(Dt1-)]+ 

One of the main goals of this project was to develop a system that may exist in the 

molybdopterin enzyme cofactor in which one of the dithiolene ligands is a fully reduced ene-

dithiolate and the other dithiolene ligand is p-delocalized. Initially from the cyclic voltammetry 

that was presented in Section 3.3.2.a, a comproportionation constant (Kc) can be calculated using 

the redox potentials following equation 2, where DE is the difference between the two redox 

couples.                                                                                             

DGo= -RT(lnKc) = -nF(DE)                                                                                               (2) 

The comproportionation constant gives insight into the stability of the local mixed valent species. 

All comproportionation constants (Kc) are tabulated in Table 3.5. The magnitude of Kc for 

complexes 1-8 are large, which indicates that the mixed valence species can be stabilized, and the 

electrons would not be redistributed to the redox-active dithiolene ligands at least in voltammetric 

time scale. The Kc values for complexes 5-8 possessing an iPr2Dt0 are an order of magnitude larger 

than complexes 1-4. A similar trend was observed in previously reported [Ni(Dt0)2]2+ complexes.72 
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Table 3.5. Comproportionation constants for all electronically 
asymmetric complexes. 

Complex Kc 

MoO(bdt)(Me2Dt0) (1) 1.98x105 

MoO(tdt)(Me2Dt0) (2) 1.63x105 

MoO(qdt)(Me2Dt0) (3) 1.12x106 

MoO(bdtCl2)(Me2Dt0) (4) 7.86x105 

MoO(bdt)(iPr2Dt0) (5) 5.38x106 

MoO(tdt)(iPr2Dt0) (6) 6.55x106 

MoO(qdt)(iPr2Dt0) (7) 4.18x107 

MoO(bdtCl2)(iPr2Dt0) (8) 1.56x107 

In order to study such a system, initially bulk coulometry followed with electron 

paramagnetic resonance (EPR) of 1 was performed. Mo(V) is typically characterized in EPR by 

the presence of an intense peak (I= 0) and six smaller satellite peaks. The smaller satellite peaks 

are due to the two naturally abundant isotopes, Mo95 (I= 5/2) and Mo97 (I=5/2).153 If there is also a 

free sulfur radical signal, an intense peak at g > 2.000  present in the EPR.71, 154-156 A sulfur radical 

signal was not observed. The EPR spectrum collected exhibited a weak peak at g=1.99528. Due 

to the low intensity of the central peak, the resulting satellite peaks are difficult to define. Prior to 

additional EPR studies, spectroelectrochemistry was used in attempts to generate a reduced species 

of 6, [MoO(tdt)(iPr2Dtl)]-. During the course of the experiments, it was shown that the dithione 

ligand dissociated from the complex resulting in complex degradation. For further details, see 

Appendix A6. 
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3.4 Electronic Structure 

3.4.1 UV-Vis Spectroscopy  

The electronic spectra for complexes 1-4 and 5-8 in acetonitrile are presented in Figures 

3.8 and 3.9. Complexes 1, 2, 4, 5, 6, and 8 exhibit a similar absorption profile with a strong charge 

transfer (CT) transition at ~530 nm and a higher energy shoulder at ~380 nm and are tabulated for 

complexes 1-8 in Table 3.6. There is no observed change in the position of the CT bands based on 

the nature of the ligands present; complexes possessing either an iPr2Dt0 or Me2Dt0 dithione ligand 

exhibit a CT band at the same energy. The inclusion of electron-withdrawing/donating substituents 

on the dithiolene ligand does not cause a shift in the CT band energy. Previous reports on 

monodithiolene molybdenum complexes have demonstrated that dithiolene ligand substituents do 

not have an effect on the charge transfer energy.157 

Table 3.6. Absorbance maxima for electronically asymmetric Mo(IV) complexes in acetonitrile. 
Complex Wavelength (nm) e (M-1cm-1) 

MoO(bdt)(Me2Dt0) (1) 532 4400 

MoO(tdt)(Me2Dt0) (2) 531 6050 

MoO(qdt)(Me2Dt0) (3) 548 7450 

MoO(bdtCl2)(Me2Dt0) (4) 531 4460 

MoO(bdt)(iPr2Dt0) (5) 529 6900 

MoO(tdt)(iPr2Dt0) (6) 533 7500 

MoO(qdt)(iPr2Dt0) (7) 543 7070 

MoO(bdtCl2)(iPr2Dt0) (8) 530 9400 
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Figure 3.8 Absorbance spectra for complexes possessing the Me2Dt0 dithione 
ligand in acetonitrile. 

 

 

 

Figure 3.9. Absorbance spectra for complexes possessing the iPr2Dt0 
dithione ligand in acetonitrile. 
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While the position of the CT band did not shift for complexes possessing bdt, tdt, and 

bdtCl2 dithiolene ligands, there is a shift in energy of the CT band in complexes possessing qdt 

dithiolene ligand by ~10 nm (Figure 3.10). Even though there is no shift in the CT energy for all 

complexes except 3 and 7, there is a change in the molar absorptivity that appears to be dependent 

upon the nature of the ligands coordinated to the molybdenum metal center. Complexes possessing 

the iPr2Dt0 dithione ligand exhibit a larger molar absorptivity than corresponding complexes 

possessing the Me2Dt0 dithione ligand. For example, there is a 2500 M-1cm-1 difference between 

complexes 5 and 1 and a 4940 M-1 cm-1 between complexes 4 and 8. Complexes possessing iPr2Dt0 

exhibit lower molar absorptivity when an electron-donating group is present (tdt) then when an 

electron- withdrawing group is present (bdtCl2), the molar absorptivity of 8 is ~1900 M-1cm-1 

higher than the molar absorptivity of 6.  

 

Figure 3.10. Absorbance spectra of 3 and 7 possessing the qdt ligand in 
acetonitrile.  
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The electronic spectra of electronically asymmetric complexes [MoIVO(Dt2-)(Dt0)] exhibit 

significantly shifted charge transfer bands when compared to the electronically symmetrical 

complexes [MoIVO(Dt2-)2]2-. The absorbance maxima are tabulated in Table 3.6 for complexes of 

general structure [MoIVO(Dt2-)2]2-. While complexes 1-8 exhibit charge transfer bands at ~530 nm, 

[MoIVO(Dt2-)2]2- complex exhibit charge transfer bands between ~301 nm - 363 nm; these charge 

transfers will be discussed in the next section. 

3.4.2 Computational Investigation of the Electronic Structure of Electronically Asymmetric 
Complexes  

3.4.2.a Density functional theory (DFT) of MoO(tdt)(iPr2Dt0) 

The electronic structure of 6 was explored computationally using density functional level 

of theory (DFT). The orbital energy diagram and the corresponding molecular orbitals are 

presented in Figure 3.11; C-squared population analysis is presented in Table 3.7. The energy 

difference between the HOMO and LUMO of 6 is 2.11 eV.  HOMO-2/-3 and LUMO/+1 have the 

next largest energy differences at 1.21 eV and 1.40 eV, respectively. The HOMO and HOMO-1 

orbitals exhibit similar electron distributions, both are ~85% tdt ligand in character. The largest 

contributors from the tdt ligand are the sulfur atoms that contributes ~44% to the total molecular 

orbital character. The HOMO-2 differs from the rest of the occupied orbitals by a large (44%) 

contribution from the Mo dxy orbital. Virtual orbitals are distinguished by the increased 

participation of Mo and iPr2Dt0 ligand. The LUMO is composed of 69% iPr2Dt0 ligand, roughly a 

third of which is contributed by the sulfur atoms of iPr2Dt0. The Mo dxy orbital also plays a 

significant role with a 25% orbital contribution to the LUMO. Subsequent virtual orbitals show a 
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~15% increase in Mo d orbital contribution and a ~35% decrease in iPr2Dt0 ligand orbital 

contribution.   

  

 

Figure 3.11. Orbital energy diagram and corresponding molecular orbitals 
for 6. 
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Table 3.7. Atomic orbital composition for 6. HOMO and LUMO orbitals are bolded. 
Orbital E, eV Mo Mo(d) O tdt tdt (S) iPr2Dt0 iPr2Dt0 (S) 

LUMO+3 -0.69 39.60 31.74 6.57 27.26 23.50 26.57 5.76 

LUMO+2 -1.05 48.47 39.81 10.24 17.89 16.34 23.40 17.21 

LUMO+1 -1.41 42.55 35.40 9.71 9.32 7.67 38.42 14.78 

LUMO -2.81 25.82 25.37 1.70 3.08 1.56 69.40 22.97 

HOMO -4.91 7.46 4.16 5.63 82.26 39.79 4.66 1.60 

HOMO-1 -5.33 1.36 1.05 1.99 87.81 49.26 8.84 6.62 

HOMO-2 -5.64 46.93 44.00 0.11 13.71 8.27 39.25 6.25 

HOMO-3 -6.58 4.30 3.58 0.03 34.40 25.13 61.27 47.93 

HOMO-4 -6.74 9.25 4.94 9.11 38.01 33.47 43.63 36.03 

HOMO-5 -6.95 1.93 0.99 1.12 82.96 47.75 13.99 10.29 

 
Complex 6 exhibits a markedly different electronic structure when compared to previously studied 

[MoO(bdt)2]2-, [MoO(tdt)2]2-, [MoO(bdtCl2)2]2-, [MoO(qdt)2]2-, and [MoO(mnt)2]2- complexes 

possessing two fully reduced dithiolene ligands.120 These electronically symmetric complexes 

exhibit a ligand-to-metal charge transfer band (LMCT) at 328 nm - 364 nm (30,487 cm-1 - 27,472 

cm-1) and are tabulated in Table 3.8. Complex 6 exhibits a band at 18,660 cm-1 that is shifted from 

the band observed at 13,510 cm-1 (1065 M-1cm-1) for precursor complex, [MoOCl(iPr2Dt0)2][PF6], 

and is reminiscent of intense charge transfer transitions observed at ~18,000 cm-1 in 

MoO(SPh)2(iPr2Dt0).80 We suggest that in the present case, the tdt ligand is acting as an electron 

donor while the dithione is serving as an electron acceptor; forming a donor-acceptor system. This 

electronic interaction is also consistent with the large fold angle observed in the solid state which 

facilitates increased orbital overlap, allowing more facile intramolecular electron transfer.  
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Table 3.8. Electronic properties of [MoO(Dt2-)2]2- complexes. 
Complex lmax (nm), (e M-1cm-1) Reference 
[MoIVO(bdt)2] 2- 328 (12000) 

385 (980) 
452 (470) 

89, 120 
 

[MoIVO(tdt)2] 2- 331 (11000) 
380 (700) 
454 (370) 

120 
 

[Mo(bdtCl2)2] 2- 330 (9500) 
394 (950) 

101 
 

[MoIVO(Ph3Si-bdt)2] 2- 359 (13000) 
456 (300) 

120 
 

[MoIVO(Ph3Si-tdt)2] 2- 363 (15000) 
447 (1600) 

120 
 

[MoIVO(qdt)2]2- 337 
474 
498 

123 

 

3.4.2.b Time-dependent density functional theory (TD-DFT) of MoO(tdt)(iPr2Dt0) 

Using the PCM-TDDFT approach, we further probed the electronic origin of these bands. 

The calculational data matched well with experimental data (Figure 3.12) and allow for the 

assignment of experimentally observed bands. It should be noted that the DFT-predicted HOMO-

1 and HOMO-2 molecular orbitals are very close in energy (~ 0.31 eV). PCM-TDDFT calculations 

involving these orbitals also predict excited state transitions that are only ~880 cm-1 apart. Due to 

the similarity in energy, TDDFT calculations predict a transition from HOMO-2 to LUMO that is 

lower in energy than a transition from HOMO-1 to LUMO. The low energy 18660 cm-1 band 

observed in the UV-Vis spectrum of 6 corresponds to primarily an inter-ligand charge transfer 

(LL’CT) from the tdt ligand to the iPr2Dt0 ligand (excited states 1-3). Participation in the low 

energy LL’CT is limited to the HOMO/-1/-2 and LUMO orbitals. HOMO/-1/-2 to LUMO 

transitions can be visualized with electron density distribution maps (EDDMs) shown in Figure 

3.12. EDDMs show HOMO/-1 to LUMO transitions to be a charge transfer from the electron-rich 

tdt ligand to the electron deficient iPr2Dt0 ligand. The HOMO-2 to LUMO transition shows the Mo 
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dxy orbital donating electron density to the iPr2Dt0 ligand in a metal-to-ligand charge transfer 

(MLCT). The change in electron distribution can be followed with the population analysis of 

participating orbitals. Calculations support that the band includes participation of both the tdt 

ligand and the solely occupied Mo dxy orbital. EDDMs and orbital diagrams of the virtual orbitals 

show the iPr2Dt0 ligand becomes reduced as the conjugated dithiolene system accepts electron 

density from the tdt ligand and Mo dxy orbitals. Any transitions involving orbitals below HOMO-

2 or above the LUMO corresponds to higher energy transitions due to the large energy difference 

to reach the HOMO-3 and LUMO+1 orbitals. The higher energy shoulder observed at 26000 cm-

1 corresponds to a transition outside of the HOMO-2/LUMO domain (Figure 3.12). The most 

prominent transition as determined by CI expansion coefficients is from HOMO-1 to LUMO+2. 

The differential map clearly shows the transition to be a ligand-to-metal charge transfer (LMCT) 

as the tdt ligand transfers an electron to the Mo dyz orbital. 
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3.5.2.c Effects Ligand Substituents Effects on the Electronic Structure of Electronically 
Asymmetric Complexes MoO(Dt2-)(Dt0) 

DFT and TD-DFT analysis of complexes 1-5,7, and 8 are performed identically to that of 

6 in order to probe the effect that different ligand substituents have on the electronic structure. 

Molecular orbital diagrams and population analysis for 2 are shown in Figure 3.13 and Table 3.9, 

respectively. Molecular orbital diagrams for complexes 1,3,4, and 5 are tabulated in the Appendix. 

The HOMO-2 and LUMO for 1-5 are energetically separated from subsequent orbitals by ~0.8 eV 

and ~1.6 eV, respectively, which was also observed in 6. The HOMO and HOMO-1 orbitals 

 

Figure 3.12. Calculated transitions (bars) imposed on experimental UV-Vis data of 
6. PCM-TDDFT calculations were done using acetonitrile as the solvent to match 
experimental conditions. Transitions for the low energy band are paired with their 
corresponding electron density differential map (EDDM). Electron-donating orbitals 
are blue and electron-accepting orbitals are orange. Energies are relative to the 
maximal value for each set of data in the given range.  
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exhibit similar electron distribution as 6; all have ~80% dithiolene ligand (Dt2-) character with the 

sulfur atoms being the largest contributors. The HOMO-2 differs in that it is primarily occupied 

by a large contribution from the Mo dxy (~45%) orbital. The LUMO is composed of ~70% dithione 

(Dt0) ligand in composition with ~25% contribution from the Mo dxy orbital which is facilitating 

the charge transfer from the dithiolene ligand. The atomic composition of the orbitals for 

complexes 1-8 within the HOMO-2 thru LUMO vary by less than 2%, although lower energy 

occupied molecular orbitals (<HOMO-3) do fluctuate in the atomic contributions of the ligands. 

These calculations suggest that changing substituents on the dithione and/or dithiolene ligands 

does not have a profound impact on the electronic structures of the complexes.  

Table 3.9. Atomic orbital composition for 2. HOMO and LUMO orbitals are bolded. 
Orbital eV Mo Mo(d) O tdt Me2Dt0 

LUMO+3 -0.709 35.64 32 3.9 32.1 28.36 
LUMO+2 -1.093 49.02 39.9 10.6 18.59 21.79 
LUMO+1 -1.357 45.72 37.2 9.8 7.27 37.2 
LUMO -3.039 26.15 25.73 0.82 4.93 68.1 
HOMO -4.961 7.17 4.18 6.02 80.32 6.49 

HOMO-1 -5.389 1.45 1.05 1.85 87.43 9.28 
HOMO-2 -5.726 47.78 45.08 0.07 14.97 37.18 
HOMO-3 -6.705 9.85 7.31 1.78 63.7 24.67 
HOMO-4 -6.848 4.59 1.97 6.54 18.54 70.33 
HOMO-5 -7.013 1.41 0.43 3.54 75.34 19.7 
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TD-DFT calculations of complexes 1-8 match well with experimental spectra, as shown 

for 2 in Figure 3.14 (see Appendix for further details). The low energy charge transfer bands of 

complexes 1-8 are all LL’CT from the electron rich Dt2- to the electron poor Dt0 ligand. All 

complexes besides 3 and 7 (which possess a qdt ligand) show the LL’CT bands are dominated by 

a HOMO-1 to LUMO charge transfers. The LL’CT bands for 3 and 7 are HOMO to LUMO charge 

transfers. The calculated energies of these transfers change less than 10 nm when comparing 

between methyl and isopropyl substituents on the Dto ligand. The calculated excited state transition 

energy for 3 and 7 are 40 nm and 25 nm greater than the other asymmetric complexes presented. 

EDDMs of the low energy charge transfer process for 1-4 is shown Figure 3.15. EDDMs of these 

complexes further support that the donor and acceptor orbitals remain similar despite changing the 

 

Figure 3.13. Molecular orbital diagrams for 2. The energy gap between frontier 
orbitals (blue) is listed for each complex. Energies presented are relative. 
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substituents on the dithiolene and dithione ligands. While the energy of the LL’CT does not shift 

upon change of the coordinating ligands, there is a noticeable change in the molar absorptivity; 

complexes possessing iPr2Dt0 dithione ligand exhibited higher molar absorptivity as did complexes 

possessing dithiolene ligands with electron-donating substituents, such as tdt and qdt. There is 

change in lower energy molecular orbitals (<HOMO-3) which could have some effect the donor-

acceptor relationship of higher energy LL’CT. Calculations cannot model difference in molar 

absorptivity observed between complexes as TD-DFT calculations are not reliable for accurately 

quantifying excited state oscillator strengths.  

 

 

 

Figure 3.14. Electronic spectra (lines) with calculated excited state transitions 
superimposed (bars) for 2 (red line and bar) and 6 (black line/gray bar). 
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3.4.3 Positive Solvatochromic Effect Observed in Electronically Asymmetric Complexes 

While the energy of the CT band does not shift upon changing the ligand coordinated to 

the molybdenum center, there is a shift in energy of the CT band upon change of the solvent 

environment. The energy of the CT band for all complexes in all solvents examined is tabulated in 

Table 3.10. Previously reported electronically asymmetric complexes, M(Dt2-)(Dt0) where M= Ni, 

Pd, Pt, and Mo, have been shown to exhibit a negative solvatochromic effect. 10, 11, 70, 75, 158-160 

  

 

Figure 3.15. EDDMs of 1,2,3 and 4 corresponding to low 
energy LL’CT. Orange orbitals are electron-accepting while 
blue orbitals are electron-donating.  
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Table 3.10. Observed peak maxima of 1,2,4,5,6, and 8 in different solvents. 
Complex Solvent Maxima in nm and cm-1 

MoO(bdt)(Me2Dt0) (1) Tetrahydrofuran 
Dichloromethane 

Acetone 
Dimethylformamide 

Acetonitrile 
Dimethyl Sulfoxide 

512, 19531 
503, 19880 
530, 18867 
540, 18518 
533, 18769 
549, 18214 

MoO(tdt)(Me2Dt0) (2) Tetrahydrofuran 
Dichloromethane 

Acetone 
Dimethylformamide 

Acetonitrile 
Dimethyl Sulfoxide 

494, 20242 
497, 20120 
531, 18832 
544, 18382 
535, 18691 
554, 18050 

MoO(bdtCl2)(Me2Dt0) (4) Tetrahydrofuran 
Dichloromethane 

Acetone 
Dimethylformamide 

Acetonitrile 
Dimethyl Sulfoxide 

517, 19342 
511, 19569 
527, 18975 
543, 18416 
533, 18762 
554, 18282 

MoO(bdt)(iPr2Dt0) (5) Tetrahydrofuran 
Dichloromethane 

Acetone 
Dimethylformamide 

Acetonitrile 
Dimethyl Sulfoxide 

510, 19607 
512, 19531 
529, 18903 
536, 18652 
531, 18832 
545, 18348 

MoO(tdt)(iPr2Dt0) (6) Tetrahydrofuran 
Dichloromethane 

Acetone 
Dimethylformamide 

Acetonitrile 
Dimethyl Sulfoxide 

495, 20202 
501, 19960 
525, 19047 
535, 18691 
532, 18796 
548, 18248 

Table 3.10 continued 

MoO(bdtCl2)(iPr2Dt0) (8) Tetrahydrofuran 
Dichloromethane 

Acetone 
Dimethylformamide 

Acetonitrile 
Dimethyl Sulfoxide 

519, 19268 
516, 19380 
528, 18939 
539, 18553 
531, 18832 
547, 18282 

 

As shown in Table 3.10, as the polarity of the solvent increases, there is an increase in the 

energy of the CT band indicating a positive solvatochromic effect. A positive solvatochromic 
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effect is observed when the excited state of a complex is stabilized in more polar solvents. As 

discussed in Section 3.5.2, the nature of the CT band is that of a LL’CT transition indicating that 

the excited state would be a system in which the fully oxidized dithione has accepted an electron 

from the fully reduced dithiolene ligand generating a dithione ligand that is p delocalized in nature. 

The data for all complexes except 3 and 7 was fit to solvent dipole moment using a linear 

regression. The fit of the energy data for complex 6 is shown in Figure 3.16 and all of the 

correlation coefficients are shown in Table 3.11. The Kamlet-Taft Model was also employed to 

explore the positive solvatochromism (using multivariate analysis) using the following equation.70, 

161  

E(cm-1)= E0 + s(p*) + aa + bb 

where s, a, and b are coefficients determined by the regression 
 p*= parameter that describes the polarity and polarizability of the solvent 
 a= hydrogen bond donation ability of the solvent 
 b= hydrogen bond acceptance ability of the solvent 
 
 
 

 

Figure 3.16. Linear correlation between dipole moment (µ) and the energy of 
the LL’CT of MoO(tdt)(iPr2Dt0) (Equation of fit: E = -610.17µ + 20884) 
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The correlation coefficients for solvent dipole moment and the Kamlet Taft regression are 

tabulated in Table 3.11. Complexes 3 and 7 were highly unstable in the solution phase which did 

not allow for enough data points to be collected to fit to the Kamlet-Taft Model. Due to the limited 

number of solvents these results should be used with caution.  

Table 3.11. Correlation coefficients of peak maxima fit to the Kamlet-Taft model. 
Complex Dipole Moment 

r2 

Kamlet-Taft 

r2 

MoO(bdt)(Me2Dt0) (1) 0.97 0.98 

MoO(tdt)(Me2Dt0) (2) 0.93 0.94 

MoO(bdtCl2)(Me2Dt0) (4) 0.98 0.98 

MoO(bdt)(iPr2Dt0) (5) 0.92 0.96 

MoO(tdt)(iPr2Dt0) (6) 0.90 0.97 

MoO(bdtCl2)(iPr2Dt0) (8) 0.93 0.99 

 

3.5 Conclusion 

In conclusion, we have presented the first series of a monooxo-Mo(IV) dithiolene complexes 

possessing two dithiolene ligands in different oxidation states. The molecular structure of 6 

confirms the presence of both discrete oxidized and reduced dithiolene ligands bound to an oxo 

MoIV- center. Cyclic voltammetry studies demonstrate dithione ligand-based oxidation of 1-8. 

Theoretical calculations and experimental results show an intense charge transfer band at 529 nm 

can be assigned to LL’CT from the dithiolene ligand to the dithione ligand.  
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CHAPTER 4. OXYGEN ATOM TRANSFER REACTIVITY OF THREE 
CLASSES OF MO(IV) MONOOXO DITHIOLENE COMPLEXES 

4.1 Introduction 

 As discussed in Chapter 1, molybdopterin enzymes primarily function by transferring an 

oxygen atom (OAT) to or from the substrate. For example, DMSO reductase (DMSOR) transfers 

an oxygen atom from the substrate, dimethylsulfoxide (DMSO), producing water via electron and 

proton transfer process (Figure 4.1).81 It has been proposed through resonance Raman studies of 

molybdopterin enzymes that the redox-active dithiolene ligands of the molybdenum cofactor 

(Moco) may exist in differing oxidation states during catalysis.162 As opposed to two fully reduced 

dithiolene ligands, it has been shown that one dithiolene ligand is ene-1,2-dithiolate character and 

the second dithiolene is p delocalized in nature.81 Previously studied small molecule mimics of 

Moco were designed to possess two fully reduced dithiolene ligands (Dt2-) and a terminal oxo 

group [Mo(IV)O(Dt2-)2]2+ (Figure 4.2). We hypothesize that through modulation of the oxidation 

 

Figure 4.1. The proposed reaction scheme 
for the reduction of DMSO to DMS by 
Moco in dimethylsulfoxide reductase. 
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Figure 4.2. Examples of previously studied 
electronically symmetric small molecule 
mimics of the molybdenum- dithiolene 
moiety of Moco. 
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state of the redox active components that comprise the cofactor, the electronic structure and charge 

state of the Mo center is tuned for substrate catalysis.119 To this end,  we have designed three sets 

of complexes possessing fully oxidized dithiolene ligands and have studied their reactivity towards 

TMAO, DMSO, and NO3
-.Two pathways can be studied to understand the OAT reactivity of 

molybdenum-dithiolene complexes: 

1. A substrate donates an oxygen atom to the Mo metal center; one of the most heavily 

studied substrates for such reactions is trimethylamine-N-oxide (Scheme 4.1).104, 105, 110-

115, 118, 120, 163 

2. The Mo metal center donates an oxygen atom to the substrate; common substrates 

utilized are tertiary phosphines (Scheme 4.2).89, 98, 101, 103, 164-168 

 

 

Scheme 4.1 

 

S
Mo

S

S

S
O

S
Mo

S

S

S
O

(CH3)3NH
O

S
Mo

S
S
S

OO2- 2- 2-

+ (CH3)3NO + (CH3)3N

S

S
= fully reduced dithiolene ligand

Scheme 4.2 

 

S
Mo

S
S
S

OO
2-

+ PR3

S
Mo

S
S
S

O
2-

S
Mo

S

S

S
O 2-

+OPR3

S

S
= fully reduced dithiolene ligand

PR3 - tertiary phosphine

OPR3



97 
 

 

OAT reactivity of molybdenum-dithiolene complexes has commonly been explored using 1H 

NMR, 31P NMR, and mass spectrometry.89, 105, 110, 115, 165-171 Both reactions are going to be explored 

in the following sections. 

4.2 Materials and Methods 

MoO(tdt)(iPr2Dt0) (6) was synthesized according to the methods in Chapter 2. MoO(SPh)2(iPr2Dt0) 

(10) and [MoOCl(iPr2Dt0)2][PF6] (12) were synthesized according to literature procedures.76, 80 

4.2.1. Physical Methods 

1H and 31P NMR spectral data were collected using a Bruker 400 MHz spectrometer. Mass spectra 

were collected using either an Agilent Technologies 6520 Accurate Mass-QTOF LC/MS or an 

Agilent Technologies 6130 Quadrupole LC/MS. 

4.2.2 Syntheses of Complexes 

MoO(SPh)2(Me2Dt0) (9): [MoOCl(Me2Dt)2][PF6] (150 mg, 0.154 mmol, based on 2a.2NaPF6) was 

dissolved in 50 mL of acetonitrile.  Benzenethiol (146 mg, 1.33 mmol) and triethylamine (134 mg, 

1.33 mmol) in acetonitrile was added, resulting in a purple solution. After 20 mins of stirring, the 

purple solution was dried in vacuum and the crude product dissolved in a minimum amount of 

acetonitrile, layered with ether and kept at 4 oC overnight. Purple crystals were collected via 

filtration. Yield: 83% (65 mg, 0.128 mmol) Anal. Calcd. (Experimental) for C18H20N2S4MoO: C, 

42.85(42.68); H, 4.00(3.91), N, 5.55(5.51). 1H NMR (CD3CN): d = 7.65 (d, Ph, 2H, J= 10 Hz); 

7.24 (t, 4H, Ph, J= 10 Hz); 7.13 (t, 4H, Ph, J=10 Hz), 3.97 (m, 2H, CH2); 3.72 (m, 2H, CH2); 3.42 

(s, 6H, CH3). 13C NMR (CD3CN): d = 181.5 (C=S), 134.32, 127.54, 125.71 (Ph), 49.03 (CH3), 

44.34 (CH2). IR (neat, cm-1): 1511 (vs, C-N), 1348 (vs, C=S), 947 (vs, Mo=O) 824(PF6).  lmax, 
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nm (e, M-1cm-1) in CH3CN: 554 (2880) 415 (sh, 1790) 339 (sh, 6400) 290 (sh, 8810) 237 (sh, 

17750). 

[MoOCl(Me2Dt0)2][PF6] (11):  Into a dry Schlenk flask, MoCl5 (150 mg, 0.549 mmol) was 

dissolved in 5 mL of methanol resulting in the production of HCl (g). The solution was stirred until 

the cessation of HCl(g).  Me2Dt0 (190 mg, 1.09 mmol) was added neat, and the reaction mixture 

was stirred for 30 minutes before adding 460 mg (2.74 mmol) of NaPF6 in methanol (5 mL). After 

stirring for an additional 30 mins, the solution was filtered and the precipitate was washed with 

methanol and CH2Cl2 several times to obtain final product. Yield: 51% (0.270 mg, 0.276 mmol 

based on 1a.2NaPF6). Anal. Calcd (Experimental) for C12H20ClF18MoN4Na2OP3S4 (1a + 2NaPF6): 

C, 14.75 (14.27); H, 2.06 (2.11); N, 5.74 (5.42).  FTIR (neat, cm-1): 1551 (vs, C-N), 1366 (vs, 

C=S), 1261, 1099, 980 (vs, Mo=O), 830 (vs, PF6). 1H NMR (CD3CN): d = 4.22 (s, 4H, CH2), 

3.91(s, 6H, CH3); 13C NMR (CD3CN): d= 180.75 (C=S), 43.16 (CH2), 17.69 (CH3). lmax, nm (e, 

M-1cm-1) in CH3CN: 746 (3370), 507 (1920), 421 (sh, 2660), 313 (19900), 208 (3980). Molar Λ 

(MeCN): 220 Ω cm2mol-1. 

4.2.3 Reactivity Studies 

4.2.3.a. Probing by 1H and 31P NMR Spectroscopy 

OAT reactivity was explored for five different complexes: MoO(tdt)(iPr2Dt0) (6), 

MoO(SPh)2(Me2Dt0) (9), MoO(SPh)2(iPr2Dt0) (10), [MoOCl(Me2Dt0)2][PF6] (11), and 

[MoOCl(iPr2Dt0)2][PF6] (12). Sample preparation was similar for all reactions. Stock solutions of 

complex (0.027 mmol-0.035 mmol) in 2.0 mL of CD3CN, TMAO (0.053 mmol-0.066 mmol in 

0.5 mL CD3CN, and tertiary phosphine (0.027 mmol-0.035 mmol) in 0.5 mL of CD3CN were 

prepared. 1H NMR and 31P NMR spectroscopy were used to probe the following reactions: 
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1. Complex + TMAO; 5 µL of TMAO was dissolved in 400 µL of CD3CN. 100 µL of 

complex was added to the reaction mixture 

2. Complex + Tertiary phosphine; 10 µL of phosphine was dissolved in 400 µL of CD3CN. 

100 µL of complex was added to the reaction mixture 

3. Complex + TMAO + Tertiary phosphine; 5 µL of TMAO and 10 µL of phosphine was 

dissolved in 400 µL of CD3CN. 100 µL of complex was added to the reaction mixture 

Specific stock solutions that were used are listed below: 

a. MoO(tdt)(iPr2Dt0) (16 mg, 0.033 mmol), TMAO (5.0 mg, 0.066 mmol), PEt2Ph 

(5.9 μL, 0.033 mmol) 

b. MoO(SPh)2(Me2Dt0) (13 mg, 0.027 mmol), TMAO (4.0 mg 0.053 mmol), PEt2Ph 

(4.6 μL, 0.027 mmol) 

c. MoO(SPh)2(iPr2Dt0) (15 mg, 0.027 mmol), TMAO (4.0 mg 0.053 mmol), PEt2Ph 

(4.6 μL, 0.027 mmol) 

d. MoOCl(Me2Dt0)2][PF6] (17 mg, 0.027 mmol), TMAO (4.0 mg 0.053 mmol), 

PEt2Ph (4.6 μL, 0.027 mmol) 

e.  [MoOCl(iPr2Dt0)2][PF6] (20 mg, 0.033 mmol), TMAO (4.9 mg 0.066 mmol), 

PEt2Ph (5.9μL, 0.033 mmol) 

f. [MoOCl(Me2Dt0)2][PF6] (20 mg, 0.031 mmol), TMAO (4.6 mg 0.062 mmol), PEt3 

(4.5 μL, 0.031 mmol) 

g.  [MoOCl(iPr2Dt0)2][PF6] (20 mg, 0.027 mmol), TMAO (43.8 mg 0.053 mmol), PEt3 

(3.9μL, 0.027 mmol) 

h. [MoOCl(Me2Dt0)2][PF6] (20 mg, 0.031 mmol), TMAO (4.6 mg 0.062 mmol), 

PPh2Et (6.3 μL, 0.031 mmol) 



100 
 

 

i.  [MoOCl(iPr2Dt0)2][PF6] (20 mg, 0.035 mmol), TMAO (3.9 mg 0.053 mmol), 

PPh2Et (7.2 μL, 0.035 mmol) 

4.2.3.b Probing with Mass Spectrometry  

All of the reactions presented in Section 4.2.3.1 were also probed using mass spectrometry. 

MoO(tdt)(iPr2Dt0) was dissolved in a solution of acetonitrile with 0.1 % formic acid and NH4Cl. 

MoO(SPh)(Me2Dt0) and MoO(SPh)2(iPr2Dt0) were dissolved in a solution of acetonitrile and 

NH4Cl. [MoOCl(Me2Dt0)2][PF6] and [MoOCl(iPr2Dt0)2][PF6] were dissolved in acetonitrile. 

TMAO, PEt2Ph, PEt3, and PPh2Et were dissolved in acetonitrile. Complex solution and substrate 

solutions were simultaneously injected into the mass spectrometer.  

OAT reactivity of MoO(tdt)(iPr2Dt0) was probed using an Agilent Technologies 6520 

Accurate Mass-QTOF LC/MS over a drying gas temperature range of 150 oC- 350 oC and 

fragmentor voltages of 45 V-125 V. OAT reactivity of MoO(SPh)2(Me2Dt0), MoO(SPh)2(iPr2Dt0), 

[MoOCl(Me2Dt0)2][PF6], and [MoOCl(iPr2Dt0)2][PF6] was probed using an Agilent Technologies 

6130 Quadrupole LC/MS over a range of drying gas temperature range 150 oC- 350 oC and 

fragmentor voltages of 45 V- 125 V. 

4.3 Results  

The chemical reactivity of three series of monooxo-Mo(IV) dithiolene complexes towards 

biologically relevant substrates has been explored. Three different substrates were used: dimethyl 

sulfoxide (DMSO), trimethylamine-N-oxide (TMAO), and tetrabutylammonium nitrate 

(Bu4N[NO3]). Complexes were reacted with substrate in acetonitrile solutions. TMAO was the 

only substrate that reacted with all three classes of complexes and the results of those reactivity 

studies are presented in the following sections. The reactions were probed using both NMR 
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spectroscopy and mass spectrometry; full experimental details are presented in Section 4.2. Three 

reactions were explored: 

1. Target complex and TMAO 

As will be discussed in the following sections, all complexes studied proved unstable in 

the presence of TMAO which resulted in degradation of the desired dioxo complexes. Excess 

complex was used in all NMR reactions in attempts to slow down the OAT processes to allow for 

observation of the corresponding dioxo complex.  

2. Target complex and tertiary phosphines 

3. Target complex, TMAO, and tertiary phosphines 

Tertiary phosphines, which are well known oxygen-atom abstracting agents, were utilized 

to indirectly probe the presence of a MoVIO2 unit.89, 98, 101, 164, 166-168, 172-181 First, a control reaction 

between target complex and tertiary phosphine was performed to observe any reactivity that may 

impact the OAT reaction with TMAO. Second, a mixture of TMAO and tertiary phosphine was 

reacted with target complex. This was done to observe if free phosphine oxide was generated from 

abstracting the oxygen atom from the unstable MoVIO2 complex prior to degradation.  

All reactions discussed were monitored with 1H NMR and 31P NMR (when tertiary 

phosphine was used as a reactant) spectroscopy. Due to the instability of the MoVIO2 complex, 

mass spectrometry was used to monitor the reaction to observe potential reaction intermediates or 

products.  Acetonitrile solutions of the target complex and substrate were injected simultaneously 

into the mass spectrometer. We have successfully used this approach to understand the reactivity 

of oxo-Mo complexes.167, 169-171  
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4.3.1 Oxygen Atom Reactivity of Electronically Asymmetric Complexes: MoO(Dt2)(Dt0) 

No reaction between DMSO or Bu4N[NO3] and electronically asymmetric complexes (1-

8) was observed; only TMAO reacted with all complexes. The reactivity of complex 6 was 

explored as a representative example for all electronically asymmetric complexes.  

When an excess (> 2 equivalents) of TMAO is added to the solution of 6, the purple 

solution changes to brown. The 1H NMR spectrum of the reaction mixture (Figure 4.3) exhibits 

resonances for TMAO (dH 3.28 ppm (s)), TMA (dH 2.8 ppm(s, 9H)), 6 (dH 1.27 ppm (d, J=7.22 

Hz, 6H); 1.43 ppm (d, J=6.85, 6H); 2.34 ppm (s, 3H); 3.73 (m, 2H); 4.01(m, 2H); 5.22 (hept, J= 

6.7 Hz, 2H); 6.93 ppm (d, J= 8.15 Hz, 1H); 7.47 ppm (s, 1H); 7.51 ppm (d, J=7.93 Hz, 1H)), and 

the uncoordinated dithione ligand (dH 1.24 ppm (d, J= 6.87 Hz, 12H); 3.40 ppm (s, 4Hs); 5.39 ppm 

(p, J= 6.9 Hz, 2H)). The observation of TMA is consistent with the formation of a MoVIO2 complex 

due to the oxygen atom transfer (OAT) from TMAO to 6 generating TMA. Due to the inherent 

instability of the corresponding dioxo complex, MoO2(tdt)(iPr2Dt0), it was not observed in the 

NMR experiment. 
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The reaction between TMAO and 6 was further probed by mass spectrometry. In the 

reaction mixture, a peak cluster consistent with [6+ TMAO]+ was observed at m/z ~ 574 (Figure 

4.4). The isotope distribution pattern of the observed and predicted ion match well with the 

formulation, further supporting the composition of the species. A peak cluster consistent with the 

formation of [MoO(tdt)2]- was also observed, which suggests the formation of [MoO(tdt)2]- from 

the unstable MoVIO2 complex through loss the oxidized dithione ligand (Figure 4.5). 

 The formation of a MoVIO2 complex was probed by reaction with diethylphenylphosphine 

(PEt2Ph). In control experiments, 6 was reacted with PEt2Ph under similar conditions. Three 

resonances consistent with unreacted PEt2Ph (dP= 15.74 ppm), OPEt2Ph (dP= 41.89 ppm, which is 

also observed in free PEt2Ph samples) and a peak at dP= 51.95 ppm due to coordinated phosphine 

 

Figure 4.3. 1H NMR (CD3CN) spectra of the reaction between TMAO, PEt2Ph 
and MoO(tdt)(iPr2Dt0) in acetonitrile at room temperature. Top spectrum; 
Reaction between TMAO and MoO(tdt)(iPr2Dt0) , Bottom spectrum; Reaction 
between PEt2Ph and MoO(tdt)(iPr2Dt0). Chemical shifts are denoted 
symbolically: MoO(tdt)(iPr2Dt0) = ; free iPr2Dt0 = ; TMAO =. ;TMA = . 
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complex, MoO(tdt)(PEt2Ph)(iPr2Dt0) were observed (Figure 4.6). Another possibility would be a 

phosphine oxide complex, Mo(OPEt2Ph) (tdt)(iPr2Dt0), however previously reported molybdenum 

phosphoryl complexes exhibit chemical shifts between 64.7 ppm - 69.2 ppm for the coordinated 

OPEt2Ph.172 Another control experiment shows that TMAO does not react with PEt2Ph (Figure 

4.7). The reaction of 6 and PEt2Ph was also probed by mass spectrometry. When acetonitrile 

solutions of 6 and PEt2Ph were injected simultaneously into the mass spectrometer, a peak cluster 

consistent with [6 + PEt2Ph]+ was observed at m/z ~665 (Figure 4.8).  
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Figure 4.4. ESI-MS of the reaction between 6 and TMAO. Inset: ESI-MS parent ion of 
MoO(tdt)(Me3NO)(iPr2Dt0) intermediate formed during the reaction between 
MoO(tdt)(iPr2Dt0) and trimethylamine-N-oxide. Plotted are the experimental (hatched) and 
calculated (solid) spectra for C20H33MoN3O2S4+. 
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Figure 4.5. ESI-MS of the reaction between 6 and TMAO. Inset: ESI-MS parent ion of 
[MoO(tdt)2]- formed during the reaction between MoO(tdt)(iPr2Dt0) and TMAO. Plotted are the 
experimental (hatched) and calculated (solid) spectra for C14H12MoOS4

+ 
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Figure 4.6. 31P NMR (CD3CN) spectral studies on the reaction between TMAO, PEt2Ph 
and MoO(tdt)(iPr2Dt0) in acetonitrile at room temperature. Top spectrum is the reaction 
between 6, TMAO, and PEt2Ph. Middle spectrum is the reaction between 6 and PEt2Ph. 
The bottom spectrum is PEt2Ph. Integration is shown to determine if the OPEt2Ph (~41 
ppm) originates from the stock of PEt2Ph or is formed during the reaction between 6 
and PEt2Ph. 
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Figure 4.7. 1H NMR (CD3CN) spectrum testing the reactivity of TMAO and PEt2Ph.  
The study indicates that the two substrates do not react with each other; TMAO is 
represented with a  and PEt2Ph is represented with a . 
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Figure 4.8. ESI-MS parent ion of MoO(PEt2Ph)(tdt)(iPr2Dt0) formed during the 
reaction between MoO(tdt)( iPr2Dt0) and PEt2Ph. Plotted are the experimental 
(hatched) and calculated (solid) spectra for C27H39MoN2OPS4

+. 
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 Finally, a solution of TMAO and PEt2Ph was reacted with 6 and the reaction followed with 

1H NMR.31P NMR spectroscopy and mass spectrometry (Figure 4.3/4.6). The 1H NMR spectrum 

exhibited a chemical shift for TMA ((dH= 2.8 ppm ) as well as uncoordinated iPr2Dt0 ligand which 

are similar results that were observed during the reaction between 6 and TMAO. The 31P NMR 

spectrum (Figure 4.6) exhibited a strong resonance at dP= 41.89 ppm due to OPEt2Ph was observed 

as well as a less intense resonance at dP= 51.95 ppm that we attribute to the phosphine binding to 

the molybdenum center forming MoO(tdt)(PEt2Ph)(iPr2Dt0).  

4.3.2 Oxygen Atom Reactivity of Complexes with a Single Dithione: MoO(SPh)2(Dt0) 

No reaction between DMSO or [tBu]4[NO3] was observed, only TMAO reacted with 

complexes possessing a single dithione ligand and two thiophenol ligands: MoO(SPh)2(Me2Dt0) 

(9) (where SPh = thiophenol) and MoO(SPh)2(iPr2Dt0) (10). Complexes 9 and 10 exhibited 

identical reactivity compared to the electronically asymmetric complexes (1-8). The OAT 

reactivity was explored using the same methods presented in Section 4.2 and the results are 

summarized in Table 4.1. All pertinent data can be found in the Appendix. The results are similar 

to those observed in 6, the corresponding dioxo complexes of 9 and 10 are unstable and were not 

observed in solution. 
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Table 4.1. NMR and mass spectrometry results of the OAT reactivity for MoO(SPh)2(Dt0) complexes. 
MoO(SPh)2(Me2Dt0) 9 

Substrate Spectral Signatures 

TMAO TMAO (dH 3.28 ppm (s)); Me2Dt0 (dH 3.48 ppm (s,6H); 3.69 ppm (s, 4H)) 

PEt2Ph MoO(SPh)2(Me2Dt0) (dH 3.48 ppm (s, 6H), 3.79 ppm (m, 2H), 4.01 ppm (m, 2H), 7.14 ppm (m, 2H), 7.23 ppm 
(m, 4H), 7.50 ppm (m. 4H)); PEt2Ph (dP -15.63 ppm) 

PEt2Ph + TMAO TMAO (dH 3.28 ppm (s)); Me2Dt0 (dH 3.48 ppm (s, 6H); 3.69 ppm (s, 4H)); PEt2Ph (dP -15.63 ppm);  
457 m/z= [Mo(SPh)(TMAO)(Me2Dt0)]+ 

MoO(SPh)2(iPr2Dt0) 10 
Substrate Spectral Signatures 

TMAO TMA (dH 2.78 ppm (s, 9H)); MoO(SPh)2(iPr2Dt0) (dH 4.70 ppm (hept, J =6.8 Hz, 2H), 3.87 ppm (m, 2H), 3.58 
ppm (m, 2H), 1.26 ppm (d, J =6.7 Hz, 6H), 1.12 ppm (d, J =6.72 Hz, 6H)); iPr2Dt0 (dH 5.39 ppm (pent, J= 6.6 Hz, 
2H), 3.46 ppm (m, 4H), 1.24 ppm (d, J= 6.7 Hz, 12H)); 622 m/z= MoO(TMAO)(SPh)2(iPr2Dt0)+ 

PEt2Ph MoO(SPh)2(iPr2Dt0) (dH 4.70 ppm (hept, J =6.8 Hz, 2H), 3.87 ppm (m, 2H), 3.58 ppm (m, 2H), 1.26 ppm (d, J 
=6.7 Hz, 6H), 1.12 ppm (d, J =6.72 Hz, 6H)); iPr2Dt0 (dH 5.39 ppm (p, J= 6.6 Hz, 2H), 3.46 ppm (m, 4H), 1.24 
ppm (d, J= 3.14 Hz, 12H)); PEt2Ph (dP -15.63 ppm), 18.36*ppm, OPEt2Ph (dP 41.80 ppm), 
MoO(SPh)2(PEt2Ph)(iPr2Dt0) (dP  51.94 ppm); 545 m/z = [Mo(SPh)2(iPr2Dt0)]+ 

PEt2Ph + TMAO TMA (dH 2.78 ppm (s, 9H)); MoO(SPh)2(iPr2Dt0) (dH 4.70 ppm (hept, J =6.8 Hz, 2H), 3.87 ppm (m, 2H), 3.58 
ppm (m, 2H), 1.26 ppm (d, J =6.7 Hz, 6H), 1.12 ppm (d, J =6.72 Hz, 6H); iPr2Dt0 (dH 5.39 ppm (p, J= 6.6 Hz, 2H); 
3.46 ppm (m, 4H), 1.24 ppm (d, J= 6.7 Hz, 12H)); PEt2Ph (dP  -15.63 ppm); OPEt2Ph (dP  41.80ppm); 
MoO(SPh)2(PEt2Ph)(iPr2Dt0) (dP  51.94 ppm); 712 m/z=  [Mo(SPh)2(PEt2Ph)(iPr2Dt0)]+ 

*unknown phosphine complex 
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4.3.3 Oxygen Atom Reactivity of Electronically Symmetric Complexes: [MoOCl(Dt0)2]+  

Electronically symmetric complexes [MoOCl(Me2Dt0)2][PF6] (11) and 

[MoOCl(iPr2Dt0)2][PF6] (12) were reactive towards all three substrates (DMSO, TMAO, and 

[tBu]4[NO3])  in acetonitrile. The reaction between 11/12 and TMAO is presented as a 

representative reaction. The OAT reactivity was explored using the same methods presented in 

Section 4.2 and the results are summarized in Table 4.2. All pertinent data can be found in the 

Appendix. No dioxo species were observed during the course of the OAT reaction similar to 

complexes 6,9 and 10. Complexes 11 and 12 were reactive towards tertiary phosphine PEt2Ph and 

the complexes underwent a loss of a dithione ligand resulting in a monodithione product: 

[MoOCl(PEt2Ph)(Dt0)]. Reactivity towards two other tertiary phosphines, triethylphosphine (PEt3) 

and diphenylethylphosphine (PPh2Et), was explored.  
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Table 4.2. NMR and mass spectrometry results of the OAT reactivity for [MoOCl(Dt0)2][PF6] complexes. 
[MoOCl(Me2Dt0)2][PF6] 11 

Substrate Spectral Signatures 

TMAOa TMAO (dH  3.46 (s)); TMAH (dH 2.8 ppm (d, J= 5.2 Hz)); [MoOCl(Me2Dt0)2][PF6] (dH 3.89 ppm (s, 6H), 4.19 
ppm (s, 4H)); Me2Dt0  (dH  3.46 ppm (s, 6H), 3.69 ppm (s, 4H)) 

PEt2Phb [MoOCl(PEt2Ph)(Me2Dt0)]+ (dP 19.62 ppm); [MoO(PEt2Ph)(Me2Dt0)2]+  
(dP 51.94 ppm); PF6- (dP hept, -144.61 ppm); 489 m/z= [MoOCl(PEt2Ph)(Me2Dt0)]+ 

PEt2Ph + TMAOa, b TMAH (dH 2.8 ppm (d, J= 5.2 Hz)); [MoOCl(Me2Dt0)2][PF6] (dH 3.89 ppm (s, 6H), 4.19 ppm (s, 4H)); Me2Dt0  

(dH 3.46 ppm (s, 6H), 3.69 ppm (s, 4H)); [MoOCl(PEt2Ph)(Me2Dt0)]+ (dP 19.62 ppm); dP 29.01 ppm*; dP 26.49 
ppm*; [MoO(PEt2Ph)(Me2Dt0)2]+ (dP 51.94 ppm); PF6- (dP hept, -144.61 ppm); 489 m/z = 
[MoOCl(PEt2Ph)(Me2Dt0)]+ 

PEt3 b   [MoOCl(PEt3)(Me2Dt0)]+( dP 22.17 ppm); dP 25.17 ppm*; [MoO(PEt3)(Me2Dt0)2]+ (dP 55.19 ppm); PF6- (dP hept, 
-144.61 ppm); 425 m/z=  [MoOCl(PEt3)(Me2Dt0)]+ 

PEt3 + TMAOa, b TMAH (dH 2.8 ppm (d, J= 5.2 Hz )); [MoOCl(PEt3)(Me2Dt0)]+(dP 22.17 ppm); dP 25.17 ppm*; 
[MoO(PEt3)(Me2Dt0)2]+ (dP 55.19 ppm); PF6- (dP hept, -144.61 ppm);  425 m/z=  [MoOCl(PEt3)(Me2Dt0)]+ 

PPh2Et b  OPPh2Et (dP 45.19 ppm); 537 m/z= [MoOCl(PPh2Et)(iPr2Dt0)]+ 

PPh2Et + TMAOa, b TMAO (dH 3.27 ppm, (s)); TMAH (dH 2.8 ppm (d, J= 5.2 Hz)); dP 33.60 ppm*; OPPh2Et (dP 45.19 ppm); PF6- (dP 
hept, -144.61 ppm); 537 m/z= [MoOCl(PPh2Et)(Me2Dt0]+ 

[MoOCl(iPr2Dt0)2][PF6] 12 
Substrate Spectral Signatures 

TMAOa TMAH (dH 2.8 ppm (d, J= 5.2 Hz)); [MoOCl(iPr2Dt0)2][PF6] (dH 5.53 ppm (pent, J= 6.5 Hz, 4H), 3.96 ppm (s br, 
8H), 1.44 ppm (s br, 24H)); iPr2Dt0 (dH  5.42 ppm (pent, J= 6.8 Hz 2H), 3.46 ppm (s, 4H), 1.27 ppm (d, J= 6.7 Hz, 
12H)) 
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Table 4.2 (cont.) 
PEt2Ph b PEt2Ph (dP  -15.89 ppm); [MoOCl(PEt2Ph)(iPr2Dt0)] (dP 18.36 ppm); PF6- (dP hept, -144.61 ppm); 545 m/z = 

[MoOCl(PEt2Ph)(iPr2Dt0)]+ 
PEt2Ph + TMAOa, b  TMAH (dH 2.8 ppm (d, J= 5.2 Hz)); PEt2Ph (dP -15.89 ppm); [MoOCl(PEt2Ph)(iPr2Dt0)]+ (dP 18.36 ppm); 

[MoOCl(PEt2Ph)(iPr2Dt0)2]+ (dP  51.94 ppm); PF6- (dP hept, -144.61 ppm); 545 m/z= [MoOCl(PEt2Ph)(iPr2Dt0)]+ 
PEt3 b dP 15.92 ppm*; [MoOCl(PEt3)(iPr2Dt0)]+ (dP 22.12 ppm); [MoOCl(PEt3)(iPr2Dt0)2]+ (dP 55.16 ppm); PF6- (dP hept, 

-144.61 ppm); 497 m/z= [MoOCl(PEt3)(iPr2Dt0)]+ 

PEt3 + TMAOa, b  TMAH (dH 2.8 ppm(d, J= 5.2 Hz)); dP 15.92 ppm*; [MoOCl(PEt3)(iPr2Dt0)]+ (dP 22.12 ppm); 
[MoOCl(PEt3)(iPr2Dt0)2]+ (dP 55.16 ppm); PF6- (dP hept, -144.61 ppm); 497 m/z =[MoOCl(PEt3)(iPr2Dt0)]+ 

PPh2Et b OPPh2Et (dP  45.19 ppm); PF6- (dP hept, -144.61 ppm);  593 m/z =[MoCl(iPr2Dt0)2]+ 

PPh2Et + TMAOa TMAH (dH 2.8 ppm (d, J= 5.2 Hz)); [MoOCl(iPr2Dt0)2][PF6] (dH 5.52 ppm (pent, J= 6.6 Hz, 4H), 3.97 ppm (s br, 
8H), 1.45 ppm (s br, 24H)); iPr2Dt0 (dH  5.41 ppm (pent, J= 6.8 Hz 2H), 3.50 ppm (s, 4H), 1.27 ppm (d, J= 6.7 Hz, 
12H)); OPPh2Et (dP 45.19 ppm); PF6- (dP hept, -144.61 ppm); 593 m/z =[MoCl(iPr2Dt0)2]+ 

* unknown phosphine species  
a Leyden, D. E.; Morgan, W. R., Kinetics of proton exchange of trimethylammonium ion by N.M.R. Laboratory experiment. J. Chem. 

Educ. 1969, 46 (3), 169-71182 
b 31P NMR data is shown for clarity.  
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4.4 Discussion 

Complexes 1-10 exhibit selective OAT reactivity with biologically relevant substrates; and 

only exhibited OAT reactivity towards TMAO. Due to the presence of TMA in the 1H NMR 

spectrum of the reaction between 6 and TMAO, and the observation of a peak cluster consistent 

with a TMAO-containing species, [MoO(TMAO)(tdt)(iPr2Dt0)]+ in mass spectrometric studies, we 

suggest that TMAO coordinates to 6, thus forming a putative intermediate in the oxygen atom 

transfer (OAT) reaction (Figure 4.4). Using tertiary phosphine, PEt2Ph, to indirectly probe the 

presence of an unstable MoVIO2 complex has indicated that PEt2Ph reacts with the MoVIO2 species 

forming OPEt2Ph prior to degradation. The 31P NMR spectrum of a control experiment between 6 

and PEt2Ph exhibited a resonance for the coordinated PEt2Ph species, MoO(tdt)(PEt2Ph)(iPr2Dt0) 

and free OPEt2Ph. As shown in Figure 4.6, there is a minor OPEt2Ph impurity in the initial PEt2Ph. 

While the integration of the resonance due to OPEt2Ph shows an increase in OPEt2Ph present in 

solution, the major product of the reaction between 6 and PEt2Ph is MoO(tdt)(PEt2Ph)(iPr2Dt0). 

The relative amount of the OPEt2Ph is shown to significantly increase during the reaction of 6, 

TMAO and PEt2Ph; more phosphine oxide is generated during this reaction compared to the 

reaction between 6 and PEt2Ph, and we hypothesize this is due to the PEt2Ph abstracting an oxygen 

atom from the unstable MoO2(tdt)(iPr2Dt0). 

Reactions between 6 and PEt2Ph and a mixture of PEt2Ph and TMAO were also examined 

using mass spectrometry. A peak cluster at m/z ~ 665 consistent with an isotope distribution pattern 

for the MoO(tdt)(PEt2Ph)(iPr2Dt0) complex (Figure 4.8) was observed during the reaction between 

6 and PEt2Ph. Simultaneously a peak cluster at m/z ~545 consistent with an isotope distribution 

pattern for MoO(TMAO)(tdt)(iPr2Dt0) was also observed during the reaction between 6 and 

TMAO with PEt2Ph. Scheme 4.3 shows the proposed reaction cycle for the OAT reaction where 
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coordination of phosphine and decomposition of the dioxo-species prevents the system from being 

deemed a catalytic cycle; 6 is reacting with TMAO but cannot be regenerated with the addition of 

phosphine.  Acetonitrile is known to coordinate to metal centers and to explore if the solvent 

environment was affecting the stability of the MoVIO2 the reaction between 6 and TMAO was run 

in acetone. The results were the same as those observed in acetonitrile, uncoordinated iPr2Dt0 

dithione ligand and TMA were observed in the 1H NMR. 

 

While thiophenol complexes 9 and 10 exhibited similar reactivity towards TMAO as 

complex 6, complexes 9 and 10 proved to be more unstable during the OAT reaction with TMAO 

and exhibited different reactivity towards tertiary phosphines than complex 6. No TMA was 

observed during the reaction between 9 and TMAO. This may indicate that if the TMAO 

coordinated to the metal center in a similar manner observed in 6, the complex degraded prior to 

reduction of TMAO. Indirectly probing the presence of a MoVIO2 complex with PEt2Ph 

demonstrated a lack of reactivity between 9 and PEt2Ph; no phosphine-coordinated species was 

observed.  The reaction between TMAO, PEt2Ph and 9 did not exhibit a chemical shift for free 

phosphine oxide OPEt2Ph, or TMA due to the instability of the complex in the presence of TMAO. 

While no TMA was observed during the reactions probed by NMR, a TMAO species was observed 

Scheme 4.3 
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during mass spectrometry studies. A peak cluster for [Mo(SPh)(TMAO)(Me2Dt0)]+ was observed 

at m/z ~457 (see Appendix) and while losses of a thiophenol ligand and oxo group were observed, 

we interpret the presence of TMAO in the peak cluster to show that TMAO can potentially 

coordinate to the metal.  

Complex 10 proved more stable in the presence of TMAO, and TMA was observed in the 

1H NMR spectrum of the reaction between 10 and TMAO. A putative TMAO intermediate, 

MoO(SPh)2(TMAO)(iPr2Dt0), was observed in mass spectrometry studies, results similar to those 

observed in the reaction between 6 and TMAO. Complex 10 was reactive towards PEt2Ph. A 

chemical shift consistent with free OPEt2Ph (dP= 41.80 ppm) and a resonance at dP 51.95 ppm. A 

similar resonance for phosphine coordinated species, MoO(tdt)(PEt2Ph)(iPr2Dt0), was observed 

during the reaction between 6 and PEt2Ph. 

During mass spectrometry experiments a peak cluster consistent with desoxo species, 

Mo(SPh)2(iPr2Dt0) was observed. These results indicate that PEt2Ph can abstract the oxygen atom 

from complex 10 and is consistent with the observation of free OPEt2Ph observed in the 31P NMR 

spectrum.. A peak cluster consistent with a phosphine coordinated complex, 

Mo(SPh)2(PEt2Ph)(iPr2Dt0) was also observed. While a TMAO-coordinated intermediate and 

TMA were observed during the reaction between 10 and TMAO, the TMAO-coordinated 

intermediate and TMA were not observed during the reaction between 10, TMAO, and PEt2Ph. 

We propose this may be due to the complex being unreactive towards TMAO in the presence of 

PEt2Ph, perhaps due to the loss of the terminal oxo ligand. Scheme 4.4 and 4.5 show the proposed 

reaction cycles of 9 and 10, respectively. Neither system is deemed a catalytic cycle as 9 

decomposed in the presence of TMAO and 10 cannot be regenerated after the reduction TMAO to 

TMA. 
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Finally, complexes possessing two fully oxidized dithione ligands (11 and 12) were less 

selective towards substrates examined for this study. These results are comparable to the reactions 

previously presented in this chapter; corresponding dioxo complexes [MoO2(Me2Dt0)2]2+ or 

[MoO2(iPr2Dt0)2]2+ were not observed in solution, but the presence of protonated TMA indicates 

successful reduction of TMAO.182 Unlike complexes 6, 9, and 10, no TMAO-coordinated 

intermediate was observed during the mass spectrometry experiments of complexes 11 and 12. 

The absence of any observable reaction intermediates or dioxo species may be due to the inherent 

instability of complexes possessing two fully oxidized dithione ligands.  

As shown during the reaction between 6 and PEt2Ph, PEt2Ph does coordinate to the 

molybdenum metal center of 11 and 12 in a similar manner, but the complex also loses one of the 

dithione ligands coordinated to the molybdenum metal center. The formation of a monodithione 

complex was observed during the reaction for both 11 and 12 with PEt2Ph. The formation of the 

monodithione, [MoOCl(PEt2Ph)(Dt0)] rendered the phosphine unreactive towards the unstable 

MoVIO2 complex formed during the OAT. Similar monodithione complexes were formed when 

PEt3 was reacted with complex 11 and 12. No monodithione complex was observed during the 

reaction between 12 and PPh2Et, instead, free phosphine oxide, OPPh2Et and a desoxo species, 

[MoCl(iPr2Dt0)2]+ were formed during the reaction.  Due to the unfavorable reactivity towards 

Scheme 4.4. 

 

MoO(SPh)2(Me2Dt0)

TMAO

Me2Dt0+
9
+PEt2Ph

TMAO

MoO(TMAO)(SPh)(Me2Dt0)
Scheme 4.5 

 
 

MoO(SPh)2(iPr2Dt0)

MoO(TMAO)(SPh)2(iPr2Dt0)

[MoO2(SPh)2(iPr2Dt0)]

TMAO

TMA
iPr2Dt0

MoO(SPh)2(PEt2Ph)(iPr2Dt0)

10
+PEt2Ph



119 
 

 

tertiary phosphines and the inherent instability of complex 11 and 12, no TMAO-coordinated 

intermediate was observed and the presence MoVIO2 species was not indirectly probed using 

tertiary phosphines. All degradation pathways similar to complexes 6, 9, and 10 are presented in 

Scheme 4.6.  

 

4.5 Implication to the Reactivity of Moco 

Overall, these studies indicate that small molecule mimics possess a fully oxidized 

dithiolene ligand can exhibit OAT reactivity towards biologically relevant substrates. 

Interestingly, 6, 9, and 10 did not exhibit any reactivity towards DMSO or NO3
-. The only 

complexes that exhibited reactivity with all three substrates were 11 and 12 that possess two fully 

oxidized dithiolene ligands. The redox potential of TMAO is +130 mV, making TMAO easier to 

reduce than the other two substrates.119 Complex 6 exhibits OAT reactivity similar to previously 

Scheme 4.6 
 

 

[MoOCl(iPr2Dt0)2]+ [MoO2(R2Dt0)2]a,b

TMAO

TMA
iPr2Dt0

[MoOCl(PR’R’’2)(R2Dt0)]f,g

11/12
+PR’R’’2c

+PR’R’’2c, TMAO
-OPR’R’’2d

-OPR’R’’2e

[MoO(PR’R’’2)(R2Dt0)2]f,h

[MoCl(R2Dt0)2]i

a R= Me, iPr
b not directly observed
c R’= R’’= Et3; R’=Ph, R’’=Et; R’= Et, R’’=Ph
d R= iPr; R’= R’’= Et3; R’= Et, R’’=Ph
e R= iPr; R’= Et, R’’=Ph
f R= Me, R’= R’’= Et3; R’=Ph, R’’=Et; R’= Et, R’’=Ph
g R= iPr; R’= Ph, R’’=Et
h R= iPr; R’= R’’= Et3; R’=Ph, R’’=Et
i R= iPr; R’= Et, R’’=Ph
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studied complexes of general formula, [MoO(Dt)2]2- (Dt = reduced dithiolene) complexes for 

example; [MoO(mnt)2]2- and [MoO(bdt)2]-2. These two complexes serve as representative 

examples for oxo-Mo complexes of reduced dithiolene ligands. Both of these complexes react with 

TMAO but not with DMSO or NO3
-.105, 107, 120 There have been multiple reports of [MoO(Dt)2]2- 

complexes that react with TMAO, but to our knowledge, only [MoIVO(vdt)2]2- and 

[MoIVO(ntdt)2]2- (where vdt is 4,5-dimethoxy-benzene-1,2-dithol and ntdt is 2-naphthyl-1,4-

dithiolate) have been reported to reduce DMSO.108, 109 Reduction of NO3
- has not been reported in 

these systems.82, 105, 107-109, 111, 112, 114-118, 120 

Complex 6 is the first example of an oxo-Mo(IV) complex possessing two dithiolene 

ligands in different oxidation states. It has been proposed that given the non-innocent nature of the 

pyranopterin and dithiolene ligands of Moco, an electronically asymmetric environment may exist 

in molybdopterin enzymes. This work shows that an electronically asymmetric complex can 

undergo an OAT reaction with TMAO; an indication that Moco can function when the dithiolene 

ligands exist in different oxidation states. 
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CHAPTER 5. SUMMARY AND FUTURE WORK 

5.1 Summary 

This work is the first example of monooxo-Mo(IV) dithiolene complexes possessing two 

dithiolene ligands in different oxidation states. These electronically asymmetric were designed and 

characterized to generate a mixed ligand system to study what effects that may play on the 

electronics and reactivity of the molybdenum cofactor found in molybdopterin enzymes. 

Asymmetric oxo-MoIV(dithiolene) complexes exhibit a unique structural property, a large fold 

angle along the S•••S vector of the dithione ligand. Absorbance spectrum of complexes 1-8 exhibit 

a strong transition at ~530 nm -540 nm.  DFT and TD-DFT calculations have predicted this 

transition to be a LL’CT transition.  The composition of the frontier orbitals was shown to be 

dithiolene based and the LUMO is mainly dithione ligand based; i.e. the electron rich dithiolene 

ligand can donate electron density to the electron deficient dithione ligand. These complexes also 

show a positive solvatochromic effect in a range of polar to nonpolar solvents. The complexes 

have exhibited OAT reactivity towards TMAO a biologically relevant substrate of molybdopterin 

enzymes, demonstrating a potential means to modulate reactivity of the enzymes. 

5.2 Future Work 

As mentioned, the complexes presented here are the first electronically asymmetric Mo(IV) 

dithiolene complexes. There are molybdopterin enzymes that have tungsten at the heart of the 

active site as opposed to molybdenum. Tungsten dithione complexes chemistry is significantly 

underdeveloped with only 6 known structures of tungsten dithione complexes reported; none of 

which are bis-dithione complexes. A potential avenue to explore the fundamental science of 

tungsten dithione complexes possessing two fully oxidized dithione ligand and similar 
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electronically asymmetric complexes with a single fully oxidized and fully reduced dithiolene 

ligand. 

Tungsten complexes are also known to be less reactive than their molybdenum 

counterparts. Slower reactivity may aid in the exploration of the OAT reactivity. These proposed 

tungsten complexes will still suffer from instability due to the neutral dithione ligand however, if 

the reactivity of such complexes is slower than the corresponding molybdenum complexes this 

may allow for the observation of reaction intermediates or even the dioxo W(VI) complexes that 

result from the OAT reaction. 

The reactivity of MoO(Dt2-)(Dt0) complexes can be further explored. As it stands only three 

biologically relevant substrates have been explored and this can be expanded to fully explore the 

reactivity of MoO(Dt2-)(Dt0) complexes. It was observed that MoO(Dt2-)(Dt0) complexes react 

with pyridine. A similar reaction was observed between [MoO(BF4)(iPr2Dt0)2][BF4] which 

resulted in a low coordinate Mo cluster. Such reactivity was out of the scope of this project and 

should be further explored. 
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APPENDIX 

A1. 1H NMR Spectra  

1H NMR spectra were recorded on either a Bruker 500 MHz Avance spectrometer or a Bruker 400 

MHz Avance spectrometer in air-tight NMR tubes. All spectra were collected at room temperature 

(X K) in deuterated acetonitrile (CD3CN). 

 

 

 

 

 

 

 

 

 

 
Figure A1.1. 1H NMR spectrum (CD3CN) of MoO(bdt)(Me2Dt0) 
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Figure A1.2. 1H NMR spectrum (CD3CN) of MoO(tdt)(Me2Dt0) 

 

 
Figure A1.3 1H NMR spectrum (CD3CN) of MoO(qdt)(Me2Dt0) 
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Figure A1.4 1H NMR spectrum (CD3CN) of MoO(bdtCl2)(Me2Dt0) 

 

 
Figure A1.5 1H NMR spectrum (CD3CN) of MoO(bdt)(iPr2Dt0) 
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Figure A1.6 1H NMR spectrum (CDCl3) of MoO(qdt)(iPr2Dt0) 

 

 
Figure A1.7 1H NMR spectrum (CD3CN) of MoO(bdtCl2)(iPr2Dt0) 
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A2. IR Spectra 

Infrared spectroscopy (FTIR) was recorded using a Thermo-Fisher Nicolet iS10 spectrometer at 

room temperature using a KBr pellet. 

 

 
Figure A2.1 IR spectrum (KBr) of MoO(bdt)(Me2Dt0) 

 

 
Figure A2.2 IR spectrum (KBr) of MoO(tdt)(Me2Dt0) 
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Figure A2.3 IR spectrum (KBr) of MoO(qdt)(Me2Dt0) 

 

 
Figure A2.4 IR spectrum (KBr) of MoO(bdtCl2)(Me2Dt0) 
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Figure A2.5 IR spectrum (KBr) of MoO(bdt)(iPr2Dt0) 

 
Figure A2.6 IR spectrum (KBr) of MoO(tdt)( iPr2Dt0) 
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Figure A2.7 IR spectrum (KBr) of MoO(qdt)(iPr2Dt0) 

 

 
Figure A2.8 IR spectrum (KBr) of MoO(bdtCl2)(iPr2Dt0) 
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A3. Electrochemistry 

Cyclic voltammetry was recorded on a Metorhm PGSTAT204 galvanostat/potentiostat. A Pt disk 

working electrode, Ag+/Ag reference electrode and Pt wire auxillary electrode and 

tetrabutylammonium hexafluorophosphate supporting electrolyte were used. 

 

 

 

 

 

 

 

 

 

 

 
Figure A3.1 Cyclic voltammogram of MoO(bdt)(Me2Dt0). Scan rate, 100 mV s-1; 
solvent, acetonitrile; temperature, 25oC; Pt-disk working electrode, Ag/Ag+ 
reference electrode, and a Pt-wire auxiliary electrode; supporting electrolyte, 
Bu4NPF6. Potentials referenced internally to Fc+/Fc couple. 
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Figure A3.2 Cyclic voltammogram of MoO(bdt)(Me2Dt0). Scan rate, 100 mV s-1; 
solvent, acetonitrile; temperature, 25 oC; Pt-disk working electrode, Ag/Ag+ 
reference electrode, and a Pt-wire auxiliary electrode; supporting electrolyte, 
Bu4NPF6. Potentials referenced internally to Fc+/Fc couple. 
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Figure A3.3 A plot showing the linearity of the peak current (ip) versus the square 
root of the scan rate(v) for MoO(bdt)(Me2Dt0) suggesting diffusion-controlled 
processes. Fit of the equations are given below. 
Oxidation 

     ip= 1.45E-9(+/-2.88E-9)n3/2AD1/2Cb -2.28E-7(+/-5.76E-8); r2=0.99 

     ip= 4.88E-8 (+/-1.64E-9) n3/2AD1/2Cb  -2.22E-8 (+/- 1.57E-6); r2=0.99 

Reduction 

     ip= -2.22E-7 (+/- 2.43 E-7) n3/2AD1/2Cb  + 8.65E-8 (+/- 4.87E-8); r2= 0.99 

     ip= -2.430E-6 (+/- 9.03E-10) n3/2AD1/2Cb  – 1.69E-7 (+/- 1.89E-8); r2= 0.99 

 
 
 
 
 
.   
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Figure A3.4 Cyclic voltammogram of MoO(tdt)(Me2Dt0). Scan rate, 100 mV s-1; 
solvent, acetonitrile; temperature, 25 oC; Pt-disk working electrode, Ag/Ag+ 
reference electrode, and a Pt-wire auxiliary electrode; supporting electrolyte, 
Bu4NPF6. Potentials referenced internally to Fc+/Fc couple. 
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Figure A3.5 Cyclic voltammogram of MoO(tdt)(Me2Dt0). Scan rate, 100 mV s-1; 
solvent, acetonitrile; temperature, 25 oC; Pt-disk working electrode, Ag/Ag+ 
reference electrode, and a Pt-wire auxiliary electrode; supporting electrolyte, 
Bu4NPF6. Potentials referenced internally to Fc+/Fc couple. 
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Figure A3.6 A plot showing the linearity of the peak current (ip) versus the square 
root of the scan rate(v) for MoO(tdt)(Me2Dt0) suggesting diffusion-controlled 
processes. Fit of the equations are given below. 
Oxidation 

     ip= 2.96E-7(+/-1.97E-9)n3/2AD1/2Cb -2.57E-7(+/-3.94E-8); r2=0.99 

     ip= 1.28E-7 (+/-2.92E-9) n3/2AD1/2Cb  -2.58E-7 (+/- 5.85E-8); r2=0.99 

Reduction 

     ip= -4.06E-7 (+/- 3.70 E-9) n3/2AD1/2Cb  + 3.25E-8 (+/- 7.40E-8); r2= 0.99 

     ip= -4.50E-7 (+/- 1.98E-9) n3/2AD1/2Cb  – 5.82E-7 (+/- 3.95E-8); r2= 0.99 

.   
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Figure A3.7 Cyclic voltammogram of MoO(qdt)(Me2Dt0). Scan rate, 100 
mV s-1; solvent, acetonitrile; temperature, 25 oC; Pt-disk working electrode, 
Ag/Ag+ reference electrode, and a Pt-wire auxiliary electrode; supporting 
electrolyte, Bu4NPF6. Potentials referenced internally to Fc+/Fc couple. 
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Figure A3.8 Cyclic voltammogram of MoO(qdt)(Me2Dt0). Scan rate, 100 mV s-1; 
solvent, acetonitrile; temperature, 25 oC; Pt-disk working electrode, Ag/Ag+ 
reference electrode, and a Pt-wire auxiliary electrode; supporting electrolyte, 
Bu4NPF6. Potentials referenced internally to Fc+/Fc couple. 
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Figure A3.9 A plot showing the linearity of the peak current (ip) versus the 
square root of the scan rate(v) for MoO(qdt)(Me2Dt0) suggesting diffusion-
controlled processes. Fit of the equations are given below. 
Oxidation 

     ip= 2.88E-7(+/-1.59E-9)n3/2AD1/2Cb -5.05E-7(+/-3.56E-8); r2=0.99 

     ip= 5.13E-8 (+/-3.19E-9) n3/2AD1/2Cb  -2.98E-7 (+/- 7.15E-8); r2=0.99 

Reduction 

     ip= -4.70E-7 (+/- 1.44 E-9) n3/2AD1/2Cb  + 2.81E-7 (+/- 3.22E-8); r2= 0.99 

     ip= -5.30E-7 (+/- 1.53E-9) n3/2AD1/2Cb  – 6.48E-8 (+/- 3.42E-8); r2= 0.99 
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Figure A3.10 Cyclic voltammogram of MoO(bdtCl2)(Me2Dt0). Scan rate, 100 mV 
s-1; solvent, acetonitrile; temperature, 25 oC; Pt-disk working electrode, Ag/Ag+ 
reference electrode, and a Pt-wire auxiliary electrode; supporting electrolyte, 
Bu4NPF6. Potentials referenced internally to Fc+/Fc couple. 
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Figure A3.11 Cyclic voltammogram of MoO(bdtCl2)(Me2Dt0). Scan rate, 100 mV 
s-1; solvent, acetonitrile; temperature, 25 oC; Pt-disk working electrode, Ag/Ag+ 
reference electrode, and a Pt-wire auxiliary electrode; supporting electrolyte, 
Bu4NPF6. Potentials referenced internally to Fc+/Fc couple. 
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Figure A3.12 A plot showing the linearity of the peak current (ip) versus the square 
root of the scan rate(v) for MoO(bdtCl2)(Me2Dt0) suggesting diffusion-controlled 
processes. Fit of the equations are given below. 
Oxidation 

     ip= 2.83E-7(+/-1.76E-9)n3/2AD1/2Cb -1.12E-7(+/-3.95E-8); r2=0.99 

     ip= 1.20E-7 (+/-2.04E-9) n3/2AD1/2Cb  -9.32E-8 (+/- 4.55E-8); r2=0.99 

Reduction 

     ip= -3.72E-7 (+/- 2.49E-9) n3/2AD1/2Cb  – 7.81E-8 (+/- 5.58E-8); r2= 0.99 

     ip= -4.54E-7 (+/- 4.01E-9) n3/2AD1/2Cb  – 3.99E-7(+/- 8.97E-8); r2= 0.99 
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Figure A3.13 Cyclic voltammogram of MoO(bdt)(iPr2Dt0). Scan rate, 100 mV 
s-1; solvent, acetonitrile; temperature, 25 oC; Pt-disk working electrode, 
Ag/Ag+ reference electrode, and a Pt-wire auxiliary electrode; supporting 
electrolyte, Bu4NPF6. Potentials referenced internally to Fc+/Fc couple. 
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Figure A3.14 Cyclic voltammogram of MoO(bdt)(iPr2Dt0). Scan rate, 100 mV 
s-1; solvent, acetonitrile; temperature, 25 oC; Pt-disk working electrode, Ag/Ag+ 
reference electrode, and a Pt-wire auxiliary electrode; supporting electrolyte, 
Bu4NPF6. Potentials referenced internally to Fc+/Fc couple. 
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Figure A3.15 A plot showing the linearity of the peak current (ip) versus the 
square root of the scan rate(v) for MoO(bdt)(iPr2Dt0) suggesting diffusion-
controlled processes. Fit of the equations are given below. 
Oxidation 

     ip= 8.22E-7(+/-3.90E-9)n3/2AD1/2Cb -2.48E-7(+/-7.81E-8); r2=0.99 

     ip= 2.47E-7 (+/-9.85-9) n3/2AD1/2Cb  +3.21E-7 (+/- 1.97E-7); r2=0.99 

Reduction 

     ip= -1.11E-6 (+/- 1.38 E-8) n3/2AD1/2Cb  – 5.06E-7 (+/- 2.77E-7); r2= 0.99 

     ip= -1.20E-6 (+/- 3.78E-8) n3/2AD1/2Cb  – 2.29E-6 (+/- 2.91E-7); r2= 0.99 
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Figure A3.16 Cyclic voltammogram of MoO(qdt)(iPr2Dt0). Scan rate, 100 mV 
s-1; solvent, acetonitrile; temperature, 25 oC; Pt disk working electrode, Ag/Ag+ 
reference electrode, and a Pt-wire auxiliary electrode; supporting electrolyte, 
Bu4NPF6. Potentials referenced internally to Fc+/Fc couple. 
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Figure A3.17 Cyclic voltammogram of MoO(qdt)(iPr2Dt0). Scan rate, 100 mV s-1; 
solvent, acetonitrile; temperature, 25 oC; Pt-disk working electrode, Ag/Ag+ 
reference electrode, and a Pt-wire auxiliary electrode; supporting electrolyte, 
Bu4NPF6. Potentials referenced internally to Fc+/Fc couple. 
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Figure A3.18 A plot showing the linearity of the peak current (ip) versus the 
square root of the scan rate(v) for MoO(qdt)(iPr2Dt0) suggesting diffusion-
controlled processes. Fit of the equations are given below. 
Oxidation 

     ip= 8.04E-8(+/-3.20E-9)n3/2AD1/2Cb +1.01E-6(+/-7.15E-8); r2=0.99 

     ip= -1.52E-8 (+/-1.39E-9) n3/2AD1/2Cb  +6.67E-7 (+/- 3.12E-8); r2=0.94 

Reduction 

     ip= -1.63E-7 (+/- 3.89 E-9) n3/2AD1/2Cb  – 1.07E-6 (+/- 8.72E-8); r2= 0.99 

     ip= -1.38E-7 (+/- 3.32E-9) n3/2AD1/2Cb  – 1.89E-6 (+/- 7.42E-8); r2= 0.99 
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Figure A3.19 Cyclic voltammogram of MoO(bdtCl2)(iPr2Dt0). Scan rate, 100 
mV s-1; solvent, acetonitrile; temperature, 25 oC; Pt-disk working electrode, 
Ag/Ag+ reference electrode, and a Pt-wire auxiliary electrode; supporting 
electrolyte, Bu4NPF6. Potentials referenced internally to Fc+/Fc couple. 
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Figure A3.20 Cyclic voltammogram of MoO(bdtCl2)(iPr2Dt0). Scan rate, 100 mV 
s-1; solvent, acetonitrile; temperature, 25 oC; Pt-disk working electrode, Ag/Ag+ 
reference electrode, and a Pt-wire auxiliary electrode; supporting electrolyte, 
Bu4NPF6. Potentials referenced internally to Fc+/Fc couple. 
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Figure A3.21 A plot showing the linearity of the peak current (ip) versus the 
square root of the scan rate(v) for MoO(bdtCl2)(iPr2Dt0) suggesting diffusion-
controlled processes. Fit of the equations are given below. 
Oxidation 

     ip= 1.61E-7 (+/-2.25E-9)n3/2AD1/2Cb -1.03E-7(+/-5.03E-8); r2=0.99 

     ip= 4.53E-8 (+/-3.79E-9) n3/2AD1/2Cb  +2.22E-7 (+/- 8.27E-8); r2=0.97 

Reduction 

     ip= -2.04E-7 (+/- 8.83 E-9) n3/2AD1/2Cb  + 2.13E-8 (+/- 1.97E-7); r2= 0.98 

     ip= -1.99E-7 (+/- 4.03E-9) n3/2AD1/2Cb  – 5.78E-7 (+/-9.01E-8); r2= 0.99 
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A4. Electronic Structure/Calculations 

All computational work was performed using Gaussian 09 software package running on UNIX 

OS and visualized utilizing GaussView 5.0.9. Calculations were done using the Lee-Yang-Parr 

nonlocal correlation functional136 (B3LYP) and a combination of the LANL2DZ137 effective core 

potential basis set for molybdenum and the 6-31G** basis set for all other atoms. Atomic 

composition for molecular orbitals was determined using C-squared population analysis from 

single-point calculations with the program QM-Forge. The lowest 60 transition energies were 

generated using non-equilibrium TDDFT calculations with the polarizable continuum model 

(PCM) algorithm. PCM-TDDFT calculations were performed using acetonitrile as the solvent to 

match experimental conditions. Electron density difference maps (EDDMs) were generated using 

the cubman package in Gaussian09.  
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Figure A4.1 Molecular orbital diagrams for 1. The energy gap between frontier 
orbitals (blue) is listed for each complex. Energies presented are relative. 
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Figure A4.2 Molecular orbital diagrams for 3. The energy gap between 
frontier orbitals (blue) is listed for each complex. Energies presented 
are relative. 
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Figure A4.3 Molecular orbital diagrams for 4. The energy gap between frontier 
orbitals (blue) is listed for each complex. Energies presented are relative. 
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Table A4.1 Population analysis for 1 and 5. 
MoO(bdt)(Me2Dt0) (1) MoO(bdt)(iPr2Dt0) (5) 

Orbital eV Mo Mo (d) O bdt Me2Dt0 Orbital eV Mo Mo (d) O bdt iPr2Dt0 

-5 -7.084 0.77 0.31 2.01 79.47 17.75 -5 -7.02 1.64 0.91 0.42 83.41 14.53 

-4 -6.881 4.71 2.02 6.97 16.73 71.59 -4 
-

6.766 9.7 5.24 9.02 40.52 40.76 

-3 -6.74 9.76 7.28 1.62 62.41 26.21 -3 
-

6.613 4.08 3.43 0.03 31.08 64.82 

-2 -5.764 47.89 45.15 0.05 14.94 37.13 -2 
-

5.666 47.09 44.12 0.09 13.68 39.14 

-1 -5.449 1.29 0.89 1.9 87.44 9.37 -1 
-

5.385 1.18 0.89 2 87.84 8.98 

HOMO -5.062 7.4 4.32 6.32 79.71 6.57 HOMO 
-

5.013 7.67 4.28 5.95 81.59 4.78 
LUMO -3.061 26.22 25.82 0.9 4.66 68.22 LUMO -2.83 25.75 25.3 1.74 3.02 69.49 

1 -1.395 45.75 37.26 9.84 7.24 37.17 1 
-

1.436 42.64 35.53 9.78 9.32 38.25 

2 -1.128 49.03 39.88 10.54 18.57 21.85 2 
-

1.081 48.54 39.84 10.21 17.76 23.49 

3 -0.736 35.88 32.25 3.94 32.34 27.84 3 
-

0.718 39.62 31.79 6.62 27.33 26.43 
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Table A4.2 Population analysis for 3 and 7. 
MoO(qdt)(Me2Dt0) (3) MoO(qdt)(iPr2Dt0) (7) 

Orbital eV Mo Mo(d) O qdt Me2Dt0 Orbital eV Mo Mo(d) O qdt iPr2Dt0 

-5 
-

6.952 13.16 8.98 1.69 69.41 15.75 -5 
-

6.873 2.44 2.13 1.72 22.17 73.67 

-4 
-

6.615 2.49 1.64 1.76 85.26 10.49 -4 
-

6.533 2.91 2.03 1.51 81.08 14.51 

-3 
-

6.386 22.15 20.97 0.06 58.28 19.51 -3 
-

6.288 19.03 17.78 0.04 61.15 19.78 

-2 
-

5.743 27.64 24.99 0.1 51.03 21.23 -2 
-

5.644 29.83 27.04 0.19 46.85 23.14 

-1 
-

5.675 1.29 0.9 1.55 89.74 7.43 -1 
-

5.616 2.87 2.4 1.5 87.36 8.27 

HOMO 
-

5.528 7.16 5 5.24 80.6 7 HOMO 
-

5.477 6.87 4.62 5.07 82.46 5.6 

LUMO 
-

3.208 26.6 26.29 1.34 3.64 68.43 LUMO 
-

2.997 25.3 24.91 1.79 2.78 70.13 

1 
-

1.629 45.95 37.9 10.29 7.92 35.85 1 
-

1.628 42.6 35.81 9.89 9.6 37.91 

2 
-

1.499 40.35 30.84 8.24 32.18 19.23 2 
-

1.431 39.11 29.39 7.74 33.67 19.47 

3 
-

1.179 32.5 27.8 9.11 43.08 15.3 3 
-

1.144 34.81 30.02 9.99 36.14 19.06 
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Table A4.3 Population analysis for 4 and 8 
MoO(bdtCl2)(Me2Dt0) (4) MoO(bdtCl2)(iPr2Dt0) (8) 

Orbital eV Mo 
Mo 
(d) O bdtCl2 Me2Dt0 Orbital eV Mo 

Mo 
(d) O bdtCl2 iPr2Dt0 

-5 -7.09 1.74 0.55 6.05 12.77 79.44 -5 
-

6.889 1.17 0.69 3.5 42.08 53.24 

-4 
-

6.924 5.64 3.64 1.13 73.03 20.19 -4 
-

6.845 6.83 4.09 3.74 49.53 39.9 

-3 
-

6.727 7.33 5.39 2.63 77.3 12.74 -3 
-

6.586 6.48 4.83 1.65 69.49 22.38 

-2 
-

5.969 48.04 45.12 0.05 16.46 35.45 -2 
-

5.829 46.8 43.71 0.1 14.98 38.12 

-1 
-

5.616 0.81 0.51 1.27 92.24 5.69 -1 
-

5.584 0.8 0.52 1.37 92.13 5.71 

HOMO 
-

5.446 7.4 4.51 6.35 79.45 6.8 HOMO 
-

5.391 7.4 4.47 6.12 80.8 5.69 

LUMO 
-

3.231 25.29 24.87 1.07 4.23 69.41 LUMO 
-

2.977 24.84 24.33 1.91 3 70.25 

1 
-

1.604 45.45 37.04 9.85 7.45 37.24 1 
-

1.612 41.26 34.17 9.51 8.97 40.26 

2 
-

1.318 48.76 39.71 10.48 18.8 21.95 2 
-

1.244 48.32 39.58 10.18 18.39 23.11 

3 
-

0.913 36.44 32.14 4.6 32.46 26.49 3 -0.9 38.82 29.89 7.72 24.74 28.71 
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Table A4. 4 Difference in orbital population between 1 and 5. 

Orbital eV Mo  Mo(d)  O Dt2- Dt0 
-5 0.064 0.87 0.6 -1.59 3.94 -3.22 
-4 0.115 4.99 3.22 2.05 23.79 -30.83 
-3 0.127 -5.68 -3.85 -1.59 -31.33 38.61 
-2 0.098 -0.8 -1.03 0.04 -1.26 2.01 
-1 0.064 -0.11 0 0.1 0.4 -0.39 

HOMO 0.049 0.27 -0.04 -0.37 1.88 -1.79 
LUMO 0.231 -0.47 -0.52 0.84 -1.64 1.27 

1 -0.041 -3.11 -1.73 -0.06 2.08 1.08 
2 0.047 -0.49 -0.04 -0.33 -0.81 1.64 
3 0.018 3.74 -0.46 2.68 -5.01 -1.41 

 

 
Table A4. 5 Difference in orbital population between 2 and 6. 

Orbital eV Mo  Mo(d)  O Dt2- Dt0 
-5 0.063 0.52 0.56 -2.42 7.62 -5.71 
-4 0.108 4.66 2.97 2.57 19.47 -26.7 
-3 0.125 -5.55 -3.73 -1.75 -29.3 36.6 
-2 0.086 -0.85 -1.08 0.04 -1.26 2.07 
-1 0.059 -0.09 0 0.14 0.38 -0.44 

HOMO 0.051 0.29 -0.02 -0.39 1.94 -1.83 
LUMO 0.229 -0.33 -0.36 0.88 -1.85 1.3 

1 -0.053 -3.17 -1.8 -0.09 2.05 1.22 
2 0.043 -0.55 -0.09 -0.36 -0.7 1.61 
3 0.019 3.96 -0.26 2.67 -4.84 -1.79 

 
 

Table A4. 6 Difference in orbital population between 3 and 7. 
Orbital eV Mo  Mo(d)  O Dt2- Dt0 

-5 0.079 -10.72 -6.85 0.03 -47.24 57.92 
-4 0.082 0.42 0.39 -0.25 -4.18 4.02 
-3 0.098 -3.12 -3.19 -0.02 2.87 0.27 
-2 0.099 2.19 2.05 0.09 -4.18 1.91 
-1 0.059 1.58 1.5 -0.05 -2.38 0.84 

HOMO 0.051 -0.29 -0.38 -0.17 1.86 -1.4 
LUMO 0.211 -1.3 -1.38 0.45 -0.86 1.7 

1 0.001 -3.35 -2.09 -0.4 1.68 2.06 
2 0.068 -1.24 -1.45 -0.5 1.49 0.24 
3 0.035 2.31 2.22 0.88 -6.94 3.76 
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Table A4. 7 Difference in orbital population between 4 and 8. 

Orbital eV Mo  Mo(d)  O Dt2- Dt0 
-5 0.201 -0.57 0.14 -2.55 29.31 -26.2 
-4 0.079 1.19 0.45 2.61 -23.5 19.71 
-3 0.141 -0.85 -0.56 -0.98 -7.81 9.64 
-2 0.14 -1.24 -1.41 0.05 -1.48 2.67 
-1 0.032 -0.01 0.01 0.1 -0.11 0.02 

HOMO 0.055 0 -0.04 -0.23 1.35 -1.11 
LUMO 0.254 -0.45 -0.54 0.84 -1.23 0.84 

1 -0.008 -4.19 -2.87 -0.34 1.52 3.02 
2 0.074 -0.44 -0.13 -0.3 -0.41 1.16 
3 0.013 2.38 -2.25 3.12 -7.72 2.22 

 

 

 

 

 

 

 

Figure A4.4 Electronic spectra (lines) with calculated excited state transitions 
superimposed (bars) for 1 (red line and bar) and 5 (black line/gray bar). 
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Figure A4.5 Electronic spectra (lines) with calculated excited state transitions 
superimposed (bars) for 3 (red line and bar) and 7 (black line/gray bar). 
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Figure A4.6. Electronic spectra (lines) with calculated excited state 
transitions superimposed (bars) for 4 (red line and bar) and 8 (black 
line/gray bar). 
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A5. Solvatochromic Effect 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A5.1 Linear correlation between dipole moment (µ) and the energy of the 
LL’CT of MoO(bdt)(Me2Dt0). Equation of fit: E = -518.86µ + 20432 
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Figure A5.2 Linear correlation between dipole moment (µ) and the energy of the 
LL’CT of MoO(tdt)(Me2Dt0). Equation of fit: E = -739.58 µ + 21146 
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Figure A5.3 Linear correlation between dipole moment (µ) and the energy of the 
LL’CT of MoO(bdtCl2)(Me2Dt0). Equation of fit: E = -397.27 µ + 20038 
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Figure A5.4 Linear correlation between dipole moment (µ) and the energy of the 
LL’CT of MoO(bdt)(iPr2Dt0). Equation of fit: E = -399.03 µ + 20108 
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Figure A5.5 Linear correlation between dipole moment (µ) and the energy of the 
LL’CT of MoO(tdt)(iPr2Dt0). Equation of fit: E = -610.17 µ + 20884 
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Table A5.1 Equation of the fit for the multivariate regression using the Kamlet-Taft model. 
Complex Equation of Fit 

MoO(bdt)(Me2Dt0) (1) 23726+1514 p*– 1675 a - 9347 b 
MoO(tdt)( Me2Dt0) (2) 26752+1785 p*– 27025 a - 1406 b 

MoO(bdtCl2)( Me2Dt0 )(4) 20777+3031 p*– 425.9 a - 606 b 
MoO(bdt)(iPr2Dt0) (5) 23041+366 p*– 12720 a - 6794 b 
MoO(tdt)(iPr2Dt0) (6) 25891+1336 p*– 23442 a - 11962 b 
MoO(bdtCl2)(iPr2Dt0) (8) 21829+104 p*– 7887 a - 4563 b 

 

 

 

 

Figure A5.6 Linear correlation between dipole moment (µ) and the energy of the 
LL’CT of MoO(bdtCl2)(iPr2Dt0). Equation of fit: E = -338.3 µ + 19833 
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A6. Reduced Species [MoO(bdt)(Me2Dt1-]+ 

Electron paramagnetic resonance signals were obtained in DCM at 298 K on a Bruker EMX X-

band EPR spectrometer. Electronic absorbance spectra were collected on a Shimadzu UV-3600 

Plus in a quartz cuvette. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A6.1 EPR of electrochemically generated [MoO(bdt)(Me2Dt1-]+recorded 
in CH2Cl2 at 298K. 
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Figure A6.2Absorbance spectra collected during the spectroelectrochemistry of 
MoO(tdt)(iPr2Dt0) (green), compared to the absorbance spectrum of iPr2Dt0 (blue). 
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A7. Oxygen Atom Transfer (OAT) Reactivity 

1H and 31P NMR spectral data were collected using a Bruker 400 MHz spectrometer. Mass spectra 

were collected using either an Agilent Technologies 6520 Accurate Mass-QTOF LC/MS or an 

Agilent Technologies 6130 Quadrupole LC/MS. 

 

MoO(SPh)2(Dt0) Complexes 
1H NMR and 31P NMR spectroscopy 

 

 

 

 

 

 

 

 

 

 

Figure A7.1. 1H NMR spectrum (CD3CN) of the reaction between 9 and TMAO. 
Uncoordinated dithione ligand is marked with  indicating degradation of the complex 
and unreacted TMAO is marked with . 
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Figure A7.2 1H NMR (CD3CN) spectra of the reaction between TMAO, PEt2Ph and 
10 in acetonitrile at room temperature. Bottom spectrum is the reaction between 
PEt2Ph and 10. The top spectrum is the reaction between TMAO and 10 Unreacted 
10 is marked with  , uncoordinated dithione ligand is marked with  and TMA is 
marked with .  
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Figure A7.3. 31P NMR (CD3CN) spectral studies on the reaction between TMAO, 
PEt2Ph and MoO(SPh)2(Me2Dt0) in acetonitrile at room temperature. Top spectrum is 
the reaction between 9, TMAO, and PEt2Ph. Bottom spectrum is the reaction between 
9 and PEt2Ph. 
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Figure A7.4. 31P NMR (CD3CN) spectral studies on the reaction between TMAO, 
PEt2Ph, and MoO(SPh)2(iPr2Dt0) in acetonitrile at room temperature. Top spectrum is 
the reaction between 10, TMAO, and PEt2Ph. Bottom spectrum is the reaction between 
10 and PEt2Ph. 
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MoO(SPh)2(Dt0) Complexes 

Mass Spectrometry 

 

 

 

 

Figure A7.5 ESI-MS of [Mo(SPh)2(TMAO)(iPr2Dt0)]+formed during the reaction between 10 and TMAO. Inset: plotted 
are the experimental (hatched) and calculated (solid) spectra for C25H37MoN3OS4
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Figure A7.6. ESI-MS of [Mo(SPh)(TMAO)(Me2Dt0)]+formed during the reaction between 9, PEt2Ph, and TMAO. 
Inset: plotted are the experimental (hatched) and calculated (solid) spectra for C15H24MoN3OPS3

-. 
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Figure A7.7 ESI-MS of [Mo(SPh)2(iPr2Dt0)]+formed during the reaction between 10 and PEt2Ph. Inset: plotted are the 
experimental (hatched) and calculated (solid) spectra for C22H28MoN2OS3
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Figure A7.8. ESI-MS of [Mo(SPh)2(PEt2Ph)(iPr2Dt0)]+formed during the reaction between 10, PEt2Ph, and TMAO. 
Inset: plotted are the experimental (hatched) and calculated (solid) spectra for C15H24MoN3OPS3

+. 
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[MoOCl(Dt0)2][PF6] Complexes 

1H NMR and 31P NMR spectroscopy 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A7.9. 1H NMR (CD3CN) spectra of the reaction between TMAO, and 11 
(Top) and 12 and TMAO (Bottom) in acetonitrile at room temperature. Unreacted 

starting material is marked with  , uncoordinated dithione ligand is marked with 

 and TMA is marked with . 
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Figure A7.10. 31P NMR (CD3CN) spectral studies on the reaction between TMAO, 

PEt2Ph and 11 in acetonitrile at room temperature. Top spectrum is the reaction 

between 11, PEt2Ph. Bottom spectrum is the reaction between 11, TMAO and PEt2Ph. 
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Figure A7.11. 31P NMR (CD3CN) spectral studies on the reaction between TMAO, 

PEt2Ph and 12 in acetonitrile at room temperature. Top spectrum is the reaction 

between 12, TMAO, and PEt2Ph. Bottom spectrum is the reaction between 12 and 

PEt2Ph. 
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Figure A7.12. 31P NMR (CD3CN) spectral studies on the reaction between TMAO, 

PEt3 and 11 in acetonitrile at room temperature. Top spectrum is the reaction 

between 11, TMAO, and PEt3. Bottom spectrum is the reaction between 11 and 

PEt3. 
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Figure A7.13. 31P NMR (CD3CN) spectral studies on the reaction between TMAO, 

PEt3 and 12 in acetonitrile at room temperature. Top spectrum is the reaction 

between 12, TMAO, and PEt3.  Bottom spectrum is the reaction between 12 and 

PEt3. 
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Figure A7.14. 31P NMR (CD3CN) spectral studies on the reaction between 

TMAO, PPh2Et, and 11 in acetonitrile at room temperature. Top spectrum is the 

reaction between 11, TMAO, and PPh2Et. Bottom spectrum is the reaction 

between 11 and PPh2Et. 
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 Figure A7.15. 31P NMR (CD3CN) spectral studies on the reaction between 

TMAO, PPh2Et, and 12 in acetonitrile at room temperature. Top spectrum is the 

reaction between 12, TMAO, and PPh2Et. Bottom spectrum is the reaction 

between 12 and PPh2Et.. 
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[MoOCl(Dt0)2][PF6] Complexes 

Mass Spectrometry 

 

 
Figure A7.16. ESI-MS of [MoOCl(PEt2Ph)(Me2Dt0)]+ formed during the reaction between 11 and PEt2Ph. Inset: plotted are the 
experimental (hatched) and calculated (solid) spectra for C16H25MoClN2OPS2

+. 
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Figure A7.17. ESI-MS of [MoCl(PEt3)(Me2Dt0)]+ formed during the reaction between 11 and PEt3. Inset: plotted are 
the experimental (hatched) and calculated (solid) spectra for C12H25MoClN2OPS2

+. 



 
 

 

 

202 

 

 

 

 

 

 

 

 
Figure A7.18. ESI-MS of[ MoOCl(PPh2Et)(Me2Dt0)]+ formed during the reaction between 11 and PPh2Et. Inset: plotted are 
the experimental (hatched) and calculated (solid) spectra for C20H25MoClN2OPS2

+. 
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Figure A7.19. ESI-MS of [MoOCl(PEt2Ph)(iPr2Dt0)]+ formed during the reaction between 12 and PEt2Ph. Inset: plotted 
are the experimental (hatched) and calculated (solid) spectra for C20H33MoClN2OPS2

+. 
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Figure A7.20. ESI-MS of [MoOCl(PEt3)(iPr2Dt0)]+ formed during the reaction between 12 and PEt3. Inset: plotted are 
the experimental (hatched) and calculated (solid) spectra for C16H33MoClN2OPS2

+. 
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Figure A7.21. ESI-MS of [MoCl(iPr2Dt0)2]+ formed during the reaction between 12 and PPh2Et. Inset: plotted are the 
experimental (hatched) and calculated (solid) spectra for C20H36MoClN4OS4

+ . 


