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Chapter I 

 

General Introduction 

 

 The active site of a metalloenzyme can be regarded as a metal complex, which is surrounded 

by a huge protein. Even if the active site is precisely reconstructed by an artificial metal complex, 

the activity of the model is far from that of the enzyme. There is no room to doubt that the 

protein is essential for the enzyme activity. 

 Understanding how the protein realize the high reactivity and substrate specificity of the 

metalloenzyme under physiological condition is one object of bioinorganic chemistry. A 

metalloenzyme is a monodisperse macromolecule having specific folding, and catalyzes a 

variety of biological reactions in aqueous media at ambient temperature.1 In the field of 

theoretical chemistry, Warshel proposed that the ionic and/or polar residues around the active 

site of enzymes can be regarded as “supersolvent” surrounded by a hydrophobic protein, which 

can increase rates of reactions by providing optimal solvation to the ionic resonance forms at 

the transition state.2 The polar active site is considered to be isolated from bulk water by 

hydrophobic surroundings even if the enzyme is soluble in aqueous media owing to a 

hydrophilic shell (Figure 1). 

 
Figure 1. The schematic drawing of metalloenzyme with tri-layered architecture. 
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 Molybdenum, the most abundant transition metal in seawater, has been incorporated widely 

into biological systems including carbon, nitrogen, and sulfur metabolism.3 The metal is redox-

active under physiological conditions between Mo(IV) and Mo(VI) oxidation states, and a 

number of molecular structures of molybdenum-containing oxidoreductases in both reduced 

(Mo(IV)) and oxidized (Mo(VI)) states have been reported.4-10 Dimethyl sulfoxide reductase 

(DMSOR) is a principal molybdoenzyme and catalyzes oxygen-atom-transfer (OAT) reaction 

of DMSO and amine N-oxides, and the molecular structures in the reduced, oxidized, and 

substrate-bound states have been reported. As illustrated in Figure 2, the molybdenum site with 

two unique dithiolene ligands, MGD, is located at the base of a large funnel-shaped depression 

(~ 15 Å),11,12 and the ligands are not exposed to the surface.13 Aromatic residues at the base of 

the funnel provides a binding site for the methyl groups of DMSO,4 which can be regard as a 

hydrophobic pocket denoted by orange color. In the catalytic cycle of DMSOR, a 

molybdenum(IV) center reductively eliminates an oxygen atom from the substrates, such as 

sulfoxides and amine N-oxides, to form a MoVI=O bond (Figure 2b). The Mo(IV) species is 

regenerated by two successive processes including protonation and one-electron reduction.4 

 The specificity constant (kcat/Km) is used to describe the catalytic efficiency of the enzyme 

where the inverse of the Michaelis constant, Km
–1, represents the affinity for the substrate of the 

enzyme. In the case of well-known metalloenzyme, catalase, a very efficient disproportionation 

of H2O2 proceeds (kcat/Km = 4 × 108 M–1s–1) with large kcat (4 × 107 s–1) and large Km (0.11 M) 

values. On the contrary, DMSOR has very high affinity for the substrate with small Km (7 µM), 

which results in the efficient reduction of DMSO (kcat/Km = 7.1 × 106 M–1s–1), while the reaction 

is apparently slow (kcat = 50 s–1).14 As listed in Table 1, almost all the molybdoenzymes tend to 

have high affinity for the substrates resulting in the high efficiency, and some of them are 

referred to contain a hydrophobic pocket or channel.4,14-21 The result indicates that the efficient 

binding of the substrates to the active center is accomplished by weak interactions such as 
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hydrogen bonds and electrostatic interactions in the hydrophobic microenvironment. A 

hydrophobic environment around the active site should support such weak interactions; 

however, it is difficult to investigate how the hydrophobicity affects the catalytic reactivity of 

metalloenzymes in an aqueous media, because numerous interactions by folded polypeptides 

are complicated. Modeling of the active site is one solution, which gives us the information 

about the specific characteristics of the enzymes. 

 
Figure 2. (a) The structure of the active site. Red dot lines denote hydrogen bonds, and orange 

arrows denote the aromatic residues providing the substrate binding site. (b) The catalytic cycle 

of dimethyl sulfoxide reductase. 
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 A number of model complexes of DMSOR have been synthesized.22-27 For example, 

desoxomolybdenum(IV) complexes with ene-1,2-dithiolate ligands have been reported to 

reduce the biological substrate, DMSO (Chart 1a).28,29 On the other hand, Basu et al. focused 

on the bulkiness and hydrophobicity of protein matrix, and monooxomolybdenum(V) 

complexes having dendritic benzenethiolate ligands were synthesized (Chart 1b). The 

electrochemical investigation revealed that the sterically encumbering ligands regulated the rate 

of redox process, indicating that the bulky ligands can mimic the protein matrix.13,30 However, 

although the OAT reaction has been not examined, the access of the substrate is considered to 

be restricted due to highly-encumbered dendritic ligands. 

 As functional models, it has been revealed that a monooxomolybdenum(IV) benzene-1,2-

dithiolate (bdt) complexes can catalytically reduce amine N-oxide (Chart 1c).31,32 When NH···S 

hydrogen bonds were introduced to the bdt ligands, the OAT reaction of Me3NO were 

accelerated.33-36 Moreover, the introduction of bulky CPh3 groups into the complex resulted in 

a dramatic acceleration of the OAT reaction; therefore, a “cis-attack” mechanism via a distorted 

intermediate stabilized by congested bulky substituents was proposed (Scheme 1).33,35,37 In the 

proposed mechanism, the substrate approaches the polar molybdenum center from the upper 

side, i.e., cis to the oxo ligand, and spontaneously a Mo=O bond is formed. Similarly, DMSO 

is proposed to attack the active center at the cis position to apical serinate ligand in of DMSOR. 

However, the complex were only slightly soluble in nonpolar solvents due to the strong 

intermolecular ionic interactions. 
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Chart 1. The Structures of Model Complexesa 

 

aa) Refs. 15,16. b) Refs. 17,18. c) Refs. 19, 20. 

Scheme 1. Proposed Reaction Mechanism via the cis-Attack of Me3NO to the Complex 
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 If the reactive site is surrounded by large hydrophobic groups enough to encapsulate the 

polar Mo=O group and counterions, the complex in nonpolar medium probably simulates the 

hydrophobic pocket of the active site in molybdoenzymes; therefore, molybdenum(IV, VI) 

complexes containing bulky hydrophobic (4-tBuC6H4)3C groups was synthesized, which 

completely covered the polar Mo=O group as illustrated in Figure 3. The complexes were 

soluble in nonpolar solvents like toluene, and the approach of Me3NO was found more efficient 

in the hydrophobic environment supported by nonpolar media. 

 “Desoxo”-molybdenum(IV) complexes are known to have the enhanced reactivity with 

sulfoxides such as DMSO, the biological substrate.29 A desoxomolybdenum(IV) complex with 

a siloxo ligand instead of the oxo ligand is synthesized to model the reactivity of DMSOR 

(Figure 5). The OAT reaction of DMSO in toluene was found as fast as in polar media, which 

ensured the construction of hydrophobic surroundings at the active center. 

 In addition, the entire catalytic cycle of trimethylamine N-oxide reductase (TMAOR), a 

molybdoenzyme catalyzing the reduction of Me3NO by NADH, was modeled. The catalytic 

reduction of amine N-oxide by an NADH analog was achieved even in aqueous micellar 

solution. 

 

Figure 3. (a) Schematic and (b) side-view structure in the crystal of the anion part of the 

monooxomolybdenum(IV) complex having bulky hydrophobic groups.  
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Scope of This Thesis 

 In order to model the active site of molybdoenzymes in the hydrophobic microenvironment, 

the author designed novel dithiolate ligands containing very bulky hydrophobic moieties. In 

this thesis, the author describes the stepwise modeling of the hydrophobic microenvironment at 

the active site of molybdoenzymes. 

 In Chapter II, the synthesis and properties of toluene-soluble anionic molybdenum(IV, VI) 

complexes containing bulky hydrophobic groups are described (Figure 4). The tungsten 

analogues are known to be isostructural with the corresponding molybdenum complex and 

relatively stable in the higher oxidation state; thus, tungsten(IV, VI) complexes were also 

synthesized to investigate the structure in the M(VI) state. The bulky groups can encapsulate 

the counterions, and the model complexes and toluene as media successfully constructed the 

hydrophobic environment around the active center. The polar Me3NO accessed efficiently in 

the hydrophobic media. 

 

 
Figure 4. Schematic drawing of the structure of the molybdenum and tungsten complexes 

containing bulky hydrophobic moieties and NH···S hydrogen bonds.  
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 In Chapter III, a desoxomolybdenum(IV) complex and the related compounds are described 

as the reaction model of DMSO reductase (Figure 5). The approach of Me3NO was more 

efficient in nonpolar solvent as described in Chapter II, whereas the reduction rate of DMSO in 

toluene was found comparable with that in a polar solvent. These results indicate the 

construction of the hydrophobic microenvironment at the active center which can uptake 

DMSO effectively. 

 

 

 

Figure 5. Efficient uptake and reduction of DMSO by the desoxomolybdenum(IV) complex 

having bulky hydrophobic dithiolate ligands. 
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 In Chapter IV, the catalysis of an enzyme model complex is described. The catalytic 

reduction of amine N-oxide (DDAO) by an NADH analog (BNAH) proceeds both in water-

containing toluene and an aqueous micellar solution using Triton X-100 (Scheme 2, Figure 6). 

The protonation of MoIV=O was revealed to be involved in the rate-determining-step by kinetic 

isotope effect. The synthetic approach toward a unimer-micellar type model complex using 

amphiphilic dithiolate ligands is also described. 

 

 

Scheme 2. Catalytic Cycle of the OAT Reaction between DDAO and BNAH 
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Figure 6. Aqueous micellar solution of molybdenum complex containing bulky hydrophobic 

dithiolate ligands using Triton X-100 (represented by blue sticks and orange ovals). 

 

 The bottom-up modeling of the active site of molybdoenzymes described above is achieved 

by the precise investigation of the fundamental complexes. The solubility and reactivity of the 

complexes can be easily modified maintaining the coordination structures and hydrophobic 

pocket. Thus, the hydrophobic microenvironment at the active site of molybdoenzymes seems 

to regulate the enzyme activity.  
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Chapter II 

 

Behavior of Anionic Molybdenum(IV, VI) and Tungsten(IV, VI) 

Complexes Containing Bulky Hydrophobic Dithiolate Ligands and 

Intramolecular NH···S Hydrogen Bonds in Nonpolar Solvents 

Introduction 

 Molybdo- and tungstoenzymes with unique dithiolene ligands called the molybdopterin 

cofactor (MGD, Chart 1a) catalyze oxygen-atom-transfer (OAT) reactions via MIV and MVI 

oxidation states (M = Mo, W).1-8 In the case of dimethyl sulfoxide reductase (DMSOR), a 

molybdoenzyme with two dithiolene ligands, the molybdenum(IV) center reductively 

eliminates an oxygen atom from sulfoxides and amine N-oxides to form a MoVI=O bond.9 The 

active site is located at the bottom of a large depression and is buried within the protein matrix, 

and the coordinating ligands are not exposed to the surface. The hydrophobic pocket formed by 

aromatic residues at the base of the substrate access 

funnel is conserved in both DMSOR and 

trimethylamine N-oxide reductase, which suggests 

the importance of hydrophobicity in the enzyme 

activity.1 

 A hydrophobic environment at the active site 

should support the binding of substrates by weak 

interactions such as hydrogen bonds, and is 

probably important for controlling the 

Chart 1. Structures of (a) the 

Molybdopterin Cofactor (MGD) and (b) 

Model Ligand with Intramolecular 

NH···S Hydrogen Bonds 
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electrochemical properties. From this point of view, encapsulation using very bulky dendritic 

molecules has been reported as models of iron–sulfur proteins, heme proteins, and 

molybdoenzymes.10-15 

 As one of the weak interactions, hydrogen bonds are known to be supported in nonpolar 

solvents, and the contribution of the NH···S hydrogen bond to the redox potential has been 

clearly shown, in iron–sulfur peptide model complexes, to be dependent on the polarity of 

solvents.16 Systematic studies using simple model complexes including iron–sulfur 

proteins,16-19 cytochrome P450s,20,21 copper proteins,22 and molybdo- and tungstoenzymes23-27 

have revealed the positive shift of redox potential by NH···S hydrogen bonds. 

 A number of complexes have been synthesized to model molybdo- and tungstoenzymes.28-33 

As functional models, monooxomolybdenum(IV) benzene-1,2-dithiolate complexes can 

eliminate the oxygen atom of trimethylamine N-oxide to afford a MoVI=O bond of 

dioxomolybdenum(VI) complexes34,35 although DMSOR uses desoxomolybdenum(IV) and 

monooxomolybdenum(VI) species. In the research on the NH···S hydrogen bonds of 

molybdenum benzene-1,2-dithiolate derivatives, it was found that the hydrogen bonds 

accelerate the OAT reaction between MoIV complexes and Me3NO and stabilize the resulting 

MoVI=O bonds through a trans influence.23,25-27 These suggestive results inspired the author to 

propose the presence of an intra-ligand NH···S hydrogen bond in MGD although the NH proton 

of DMSOR was not observed in crystal structures (Chart 1). As described in detail in previous 

papers,23,26 introduction of four bulky triphenylacetylamino groups into the model complex, i.e. 

(Et4N)2[MoIVO{1,2-S2-3,6-(Ph3CCONH)2C6H2}2] (5-Mo, Chart 2), resulted in a dramatic 

acceleration of the OAT reaction via the stabilization of a distorted intermediate by the bulky 

substituents and intramolecular NH···S hydrogen bonds.23,36 In the proposed mechanism, the 

substrate approaches the polar molybdenum center from the upper side, i.e. cis to the oxo ligand, 

and spontaneously a Mo=O bond is formed, similarly to the enzyme. If the polar reactive site 
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is covered with hydrophobic media, the vacant site probably simulates the hydrophobic pocket 

of the active site in molybdoenzymes; however, the solubility of 5-Mo in nonpolar solvents is 

not enough to confirm this hypothesis. Encapsulation of counterions using hydrophobic groups 

is one solution. In a previous paper, the (4-tBuC6H4)3CCONH group was used, and it was found 

that the two substituents partially masked the ionic molybdenum center and created a 

hydrophobic environment in (Et4N)2[MoIVO{1,2-S2-3-(4-tBuC6H4)3CCONHC6H3}2].26 

However, the complex was insoluble in nonpolar solvents because of insufficient encapsulation. 

These results and simulations suggested that introduction of four substituent groups must cover 

up the ionic parts as shown in this chapter. Another approach to understand the effect of a 

protein matrix at the active site has already been reported by Basu et al. using dendritic 

molecules.14,15 

 

Chart 2. Designation of Molybdenum and Tungsten Complexes (M = Mo, W) 
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 Here, molybdenum(IV, VI) and tungsten(IV, VI) complexes (1-M, 2-M; M = Mo, W; Chart 

2) containing bulky hydrophobic dithiolate ligands and intramolecular NH···S hydrogen bonds, 

which make the complexes soluble in nonpolar solvents like toluene, are reported. The OAT 

reaction of Me3NO proceeded faster in nonpolar solvents, which demonstrated that the polar 

substrate had better access to the active center in hydrophobic surroundings. In addition, the 

solid and solution state structures of the complexes were spectroscopically investigated in detail. 

Results 

 Synthesis of the ligand. In the process of searching for a precursor of the dithiolate ligand 

that contained bulky triarylmethyl CAr3 substituents, a benzotrithiol derivative, 1,2-S3-3,6-{(4-

tBuC6H4)3CCONH}2C6H2 (L1), with a trisulfide bond was found and isolated. To synthesize a 

diaryl disulfide compound, Bunte salts are generally used as the protecting group for thiophenol 

derivatives. In a previous paper, a disulfide derivative with bulky CPh3 substituents {1,2-S2-

3,6-(Ph3CCONH)2C6H2}2 was synthesized by deprotecting the corresponding Bunte salt using 

alkanethiolate in methanol and air oxidation.23 At first, deprotection of the Bunte salt with bulky 

hydrophobic substituents, (nBu4N)2[3,6-{(4-tBuC6H4)3CCONH}2C6H2-1,2-(SSO3)2], was 

attempted using EtSNa by a previously reported procedure. However, the reaction hardly 

proceeded because of the steric hindrance and the lack of reactant solubility in methanol, and 

only a small amount of an asymmetric disulfide, 3,6-{(4-tBuC6H4)3CCONH}2C6H2-1,2-(SSEt)2, 

was obtained. Another method for deprotecting Bunte salts using thiourea40 gave a benzotrithiol 

derivative, L1, as yellow blocks which were isolated in a 56% yield (Scheme 1). L1 was 

characterized by X-ray structural analysis (Figure 1), 1H NMR, IR, and elemental analysis. Its 

unexpected structure can be explained by the steric hindrance on the sulfur atoms of a thiourea-

bound intermediate, which prefers an intramolecular cyclization reaction to the intermolecular 
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formation of two disulfide bonds (Scheme 2). The author used L1 as a precursor for the desired 

ligand because L1 is chemically and thermodynamically stable and reducible by borohydride 

to afford the desired dithiolate ligand. 

 

Scheme 1. Synthetic Route of the Molybdenum and Tungsten Complexes 
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Figure 1. (a) ORTEP drawing at 50% probability (protons are omitted for clarity except amide 

groups) and (b) simplified structure of L1·3.1CH3OH·H2O. 

Scheme 2. Proposed Mechanism Producing L1 

 

 Synthesis of the complexes. Monooxo-molybdenum(IV) and tungsten(IV) complexes, 

(Et4N)2[MIVO(1,2-S2-3,6-{(4-tBuC6H4)3CCONH}2C6H2)2] (1-M, M = Mo, W), were obtained 

using the reactions shown in Scheme 1. These complexes were synthesized by a method similar 

to that previously reported.23,24,26 A ligand-exchange reaction in acetonitrile was carried out 
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between the dithiolate ligand, prepared by reduction of L1 with excess Et4NBH4, and a MV 

starting complex, (Et4N)[MVO(SPh)4] (M = Mo, W). The subsequent reduction of the MV 

species by residual borohydride anions gave 1-M as a yellowish-white precipitate. Since the 1-

M complexes have negligible solubility in acetonitrile, the precipitate was thoroughly washed 

with acetonitrile and selectively extracted with toluene. The pure molybdenum(IV) complex, 

1-Mo, was isolated as yellow blocks via recrystallization from toluene in a 48% yield, and the 

recrystallization of the tungsten(IV) complex, 1-W, from a mixture of toluene and acetonitrile 

resulted in orange blocks in a 28% yield. 

 Dioxo-molybdenum(VI) and tungsten(VI) complexes, (Et4N)2[MVIO2(1,2-S2-3,6-{(4-

tBuC6H4)3CCONH}2C6H2)2] (2-M, M = Mo, W), were obtained by the oxygen-atom-transfer 

(OAT) reaction between the corresponding complexes, 1-M and Me3NO (Scheme 1). The 

reaction proceeded immediately in DMF at room temperature. The pure molybdenum(VI) 

complex, 2-Mo, was isolated as dark brown blocks by recrystallization from acetonitrile in a 

58% yield, and the tungsten derivative, 2-W, was isolated as reddish-orange blocks from 

acetonitrile in a 76% yield. The dioxomolybdenum(VI) complex 2-Mo is quite stable in both 

the solid and solution states compared to other dioxomolybdenum(VI) complexes containing 

3,6-bis(acylamino)benzene-1,2-dithiolate ligands, which are too unstable to be isolated.23,24,26 

The complex is considered to be thermodynamically stabilized by its bulky substituents and 

NH···π hydrogen bonds between amide NH and the adjacent CAr3 group, which weaken the 

NH···S hydrogen bond as described in the following section. 

 Molecular structures in the crystals. The molecular structures of 1-M and 2-M (M = Mo, 

W) were determined by X-ray analysis. These complexes were apparently recrystallized easily 

but the crystallinity was very low like gel because of the highly-disordered structures inside the 

organic frameworks or capsules. Although careful recrystallization and selection of crystals 

were repeated, the quality of the data was quite poor, resulting in large R factors. Unfortunately, 
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the structural details cannot be described; however, the backbone structures and the packing 

must be correct. Here, the author mainly discusses the relative location of counter cations and 

conformation of substituents. The preliminary structure of 2-Mo was only used to confirm that 

2-Mo was isomorphous and isostructural to 2-W. 

 Two molecular structures of 1-Mo were obtained and varied depending on the 

crystallization solvents. The molecular structures of 1-Mo·8(toluene) and 1-

Mo·toluene·5CH3CN, obtained by crystallization from toluene and toluene/acetonitrile, 

respectively, are shown in Figure 2. The CAr3 moieties are bulky enough to interlock with each 

other in the crystal, so the possible symmetries of the four CAr3 moieties are C2 and Ci. As 

shown in Figure 2c,d, the anion part of 1-Mo·8(toluene) has a pseudo-Ci symmetry (the 

molecular structure showed a pseudo-center of symmetry), and the anion part of 1-

Mo·toluene·5CH3CN has a C2 symmetry. The crystal of 1-W·4(toluene)·3CH3CN·H2O is 

essentially isomorphous to that of 1-Mo·toluene·5CH3CN with similar cell parameters 

(Table 1). The anion part is also C2 symmetry. In this chapter, the author discusses the molecular 

structure of 1-Mo·8(toluene) because it is the highest quality crystal. 

 The Mo center of 1-Mo·8(toluene) shows a square pyramidal geometry similar to 

(Et4N)2[MoIVO{1,2-S2-3,6-(CH3CONH)2C6H2}2] (3-Mo, Chart 2). All of the amide NH 

moieties were directed toward the sulfur atoms of the dithiolate ligand, which indicated the 

presence of NH···S hydrogen bonds. The aromatic ring of the substituent is close to the NH 

group suggesting the formation of an NH···π hydrogen bond.44 Bifurcated (NH···S and NH···π) 

hydrogen bonds are known45 and can perturb the strength of the N–H bond. The change was 

not detected by structural analysis but was found in the IR spectra described later. One of the 

two Et4N+ counterions was found close to the terminal oxo ligand suggesting the formation of 

a CH···O=Mo interaction (Figure 2e). Similar interactions between an oxo ligand and counter 

cations have been reported.46-49 In the space-filling model of 1-Mo·8(toluene) (Figure 2f), the 
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polar MoO moiety and Et4N+ counterions (blue) are covered by the walls formed by the bulky 

hydrophobic ligands. These ligand walls can prevent intermolecular ionic interactions, and this 

makes the complex soluble in nonpolar solvents like toluene. 
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Figure 2. (a, b) ORTEP drawings at 50% probability (protons are omitted for clarity except 

amide groups) and (c, d) side-view structures of the anion part of (a, c) 1-Mo·8(toluene) and (b, 

d) 1-Mo·toluene·5CH3CN. (e) Schematic drawing of the interionic CH···O=Mo interaction in 

the crystal. (f) Space-filling model of 1-Mo·8(toluene) with Et4N+ (blue) and toluene (yellow). 
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 The W center of 2-W·5CH3CN shows a slightly distorted octahedral geometry similar to 

(Et4N)2[WVIO2{1,2-S2-3,6-(CH3CONH)2C6H2}2] (4-W). The molecular structure of 2-

W·5CH3CN is shown in Figure 3. The crystals of 2-Mo·5CH3CN and 2-W·5CH3CN are 

isomorphous (Table 1). The two dithiolate ligands are crystallographically equivalent owing to 

the C2 axial symmetry across the bisector of the O–W–O angle. Two Et4N+ counterions were 

found close to the terminal oxo ligands with CH···O=W interactions (Figure 3c). 

 

Figure 3. (a) ORTEP drawing at 50% probability (anion part, protons are omitted for clarity 

except amide groups) and (b) space-filling model of 1-Mo·toluene·5CH3CN with Et4N+ (blue), 

toluene (yellow), and acetonitrile (light green). (c) Schematic drawing of interionic 

CH···O=Mo hydrogen bond in the crystal. 
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 As shown in Figure 4 and Table 2, the geometrical parameters of 2-W were similar to the 

reported values of 4-W, showing the longer W–S at the position trans to W=O owing to a strong 

trans influence of the oxo ligand and the unsymmetrical structure with the stronger (red) and 

the weaker (green) NH···S hydrogen bonds. The amide NH at the position cis to the oxo ligand 

is directed towards the benzene ring of the CAr3 moiety rather than the sulfur atom suggesting 

the presence of an NH···π hydrogen bond. The NH···π hydrogen bond decreases the 

contribution of NH···S, resulting in an increase in donation from S to W. The W–S bond at the 

position cis to the oxo ligand is thought to be stabilized by the intermolecular NH···π hydrogen 

bond between the amide NH and benzene ring of the neighboring dithiolate ligand. On the other 

hand, an NH···π hydrogen bond is only seen in an intermolecular fashion in the crystal of 4-W. 

 
Figure 4. A simplified molecular structure of the anion part of 2-W·5CH3CN. Four 4-tBuC6H4 

moieties and two of acylamino groups were omitted for clarity.  
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Table 2. Comparison of Selected Bonds and Angles (Å, deg) for the Dioxotungsten(VI) 

Complexes 2-W and 4-W 

 2-W 4-W 

W=O 1.76(2) 1.735(4) 

W–S (trans) 2.598(8) 2.607(3) 

W–S (cis) 2.428(5) 2.426(4) 

W–S (mean) 2.51 2.52 

Δ(W–S) 0.17 0.18 

NH···Sa (trans) 2.45 2.47 

NH···S (cis) 2.65 2.74 

NH···πa (trans) 3.10 —b 

NH···π (cis) 2.78 2.74c 

dihedral angled (trans) 8(5) 7.9(9) 

dihedral angle (cis) 44(3) 49.7(8) 
aHydrogen atoms are located at the calculated positions. Distance between the amide proton and the centroid 

of the closest benzene ring. bNo NH···π interaction. cIntermolecular NH···π interaction. dDihedral angle 

between benzene ring and amide CONH plane (C17-N1-C16-C15 for 2-W). 

 IR and Raman spectra. The presence of NH···S hydrogen bonds was confirmed by IR 

spectroscopy. IR data for 1-M and 2-M in the solid state are listed in Table 3 along with the 

values of the related complexes, (Et4N)2[MIVO{1,2-S2-3,6-(CH3CONH)2C6H2}2] (3-M) and 

(Et4N)2[WVIO2{1,2-S2-3,6-(CH3CONH)2C6H2}2] (4-W). As described in a previous paper,26 the 

strength of the hydrogen bond is evaluated using the negative shift of ν(NH) compared to the 

corresponding compound without a hydrogen bond. RCONHPh is used as a reference in this 

chapter. The Δν(NH) values of 1-Mo and 1-W (−97 and −99 cm−1, respectively) are more 

negative than those of 3-Mo and 3-W (−85 and −85 cm−1, respectively), which by conventional 

estimation indicates stronger hydrogen bonds in the complexes with bulky substituents. 

However, 1-M forms bifurcated (NH···S and NH···π) hydrogen bonds and not the simple 

NH···S hydrogen bonds seen in 3-M. In this case, it is necessary to take into account the 

contribution of the NH···S hydrogen bond. The NH···π hydrogen bond is favorably formed 

with a fixed orientation of the aromatic ring to the NH group seen in 1-M and lowers ν(NH) 
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significantly. The NH···π hydrogen bond is not as strongly formed in the reference compound, 

RCONHPh, compared to 1-M. The conventional evaluation based on the obtained Δν(NH) for 

1-M must overestimate the strength of the NH···S hydrogen bond. Therefore, the net strength 

should be weaker. Moreover, the perturbation of the NH···π hydrogen bond likely weakens the 

competing NH···S hydrogen bond. 

 In IR spectra of 2-W, a single but relatively broad band was observed even though the 

presence of two distinct hydrogen bonds was suggested in the crystal (Figure 5). On the other 

hand, 4-W, with CH3 substituents, exhibited two distinct ν(NH) bands (3370 and 3316 cm−1) in 

the solid state. The ν(NH) at the position cis to the oxo ligand was observed at a wavenumber 

54 cm−1 higher. The ν(NH) band at 3316 cm−1 of 2-W can be fitted by a single Gaussian curve 

(Figure 5b, curve 1) with a full width at half maximum (FWHM) of 66 cm−1. The curve is 

reasonably separated into two equivalent Gaussian curves at 3326 and 3306 cm−1 (curve 2). The 

difference of the two peaks is only 20 cm−1 smaller than the FWHM; therefore the stretching 

vibrations could not be detected as two bands. The results indicate that the relatively stronger 

NH bond at the cis position was significantly weakened by the formation of the NH···π 

hydrogen bond in 2-W (see Figure 4). 

Table 3. IR Bands of ν(NH) (cm–1) in the Molybdenum and Tungsten Complexes in the Solid 

State 

 ν(NH)a ∆ν(NH)b 

1-Mo 3306 –97 

1-W 3304 –99 

2-Mo 3307 –96 

2-W 3316 –87 

3-Moc 3346 –85 

3-Wd 3346 –85 

4-Wd 3370, 3316 –61, –115 
aNujol. bDifferences from the value (3403 cm–1 for 1-M and 2-M, 3431 cm–1 for 3-M and 4-M) of the 

corresponding compound, RCONHPh in solution (10 mM in CH2Cl2). 
cRef. 23. dRef. 24. 
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Figure 5. (a) IR spectrum of the dioxotungsten complex 2-W in the solid state (Nujol method) 

and (b) Curve-fitting data at the region around ν(NH) bands by Gaussian distribution using a 

open sourse software fityk 0.9.8.50 Curve 1 (gray, dashed) represents the single Gaussian curve 

fitting, and curve 2 (black, thin solid) represents two Gaussian curves. 
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 IR ν(MO) bands of 1-M are listed in Table 4 along with those of the related complexes, 3-

M and (Et4N)2[MIVO(1,2-S2C6H4)2] (7-M) without the hydrogen bond.51-53 The stabilization of 

the MIV=O bonds of monooxo-molybdenum(IV) and tungsten(IV) complexes by NH···S 

hydrogen bonds was observed for 1-M, as well as 3-M. The results are consistent with the 

tendency of the NH···S hydrogen-bonded complexes described in previous papers.23,26 

Table 4. IR Bands of ν(MO) (cm–1) in the Monooxo-Molybdenum(IV) and Tungsten(IV) 

Complexes in the Solid State 

 ν(MO) ∆ν(MO)a 

1-Mo 921 +16 

1-W 920 +14 

3-Mob 922 +17 

3-Wc 912 +6 

7-Mod 905  

7-We 906  
aDifferences from the value of (Et4N)2[M

IVO(1,2-S2C6H4)2] (7-M). bRef. 23. cRef. 24. dRef. 51. eRef. 53. 

 The symmetric and asymmetric MO2 stretching bands of 2-Mo and 2-W, ascribed to the 

cis-dioxo configuration, were clearly observed by resonance Raman spectroscopy excited at 

514.5 nm in the LMCT band (Figure 6). These values are listed in Table 5 together with the 

related compounds and the differences from (Et4N)2[MVIO2(1,2-S2C6H4)2] (8-M) are shown in 

parentheses. Because a dioxomolybdenum(VI) complex with CH3 substituents (4-Mo) was not 

isolated by thermodynamic instability,23 only the values for 4-W are shown.24 The wavenumber 

shifts of 2-M (23 and 21 cm−1) were larger than those of 4-W (14 cm−1). 
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Figure 6. Resonance Raman spectra of (a) 2-Mo and (b) 2-W excited at 514.5 nm in the solid 

state. 

Table 5. Resonance Raman Bands of ν(WO2) (cm–1) in the Dioxotungsten(VI) Complexes in 

the Solid Statea 

 Mo W 

 νs(MoO2) νas(MoO2) νs(WO2) νas(WO2) 

2-M 881 (+23) 846 (+17) 906 (+21) 865 (+22) 

4-Mb   899 (+14) 854 (+9) 

8-Mc 858 829 885 843 
aDifferences from the value of (Et4N)2[M

VIO2(1,2-S2C6H4)2] (8-M) are shown in the parentheses. bRefs. 23,24. 

cRefs. 34,53. 

 1H NMR studies. 1H NMR spectra of the monooxo-molybdenum(IV) and tungsten(IV) 

complexes (1-M) are shown in Figure 7. Because the 1-M complexes are only slightly soluble 

in acetonitrile, the 1H NMR measurements were carried out in DMF-d7 (Figure 7a and c) and 

toluene-d8 (Figure 7b and d). 1-M exhibited well defined signals in DMF-d7 as did the related 

molybdenum(IV) complexes in CD3CN,25-27 but some crystal solvent signals (labeled by 

asterisks) were observed. On the other hand, the broadened and upfield-shifted signals of the 

Et4N+ counterions, e and g, were observed in toluene-d8. These results probably arose from 

shielding by the benzene rings of the ligand. In the crystal of 1-M, the Et4N+ counterions are 
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located at a position shielded by the benzene rings of the dithiolate ligand and CAr3 groups. 

Though the shielding effect depends on the spatial position and direction, only a single set of 

signals was observed, because the molecular motion was faster than the NMR timescale. Upon 

cooling to –45 °C, the signals of Et4N+ broadened and the signal g split into two distinct signals 

(Figure 8). The result can be explained by a decrease in the molecular motion, resulting in the 

construction of two distinct environments by shielding of the MoO moiety, which has a triple 

bond character (formally expressed as Mo≡O+)54 and whose effect was the stronger the closer 

the Et4N+ counterion is to the oxo ligand (upper side of Figure 2e). 

 The 1H NMR spectrum of 2-W showed a single set of broad signals in a polar solvent, 

CD3CN, although the green and red protons of one ligand are essentially nonequivalent in the 

cis-dioxo octahedral configuration but two ligands are equivalent in C2-symmetric molecular 

structures (Figure 9). The observation is caused by fast conformational changes, which are 

relatively slow in the nonpolar solvent, toluene-d8 (Figure 9b). Upon cooling to –45 °C in 

toluene-d8, the signals sharpened and a pair of signals separated into two sets of signals 

(Figure 9c). Because the NH proton forming the stronger NH···S hydrogen bond is observed at 

the lower field26 and the NH···S at the position trans to the oxo ligand is stronger than cis,24 the 

lowest signal is reasonably assigned to the NH proton at the position trans to the oxo ligand. 

Therefore the other signals were assigned to each side of the ligand at the positions trans (red) 

and cis (green) to the oxo ligand using TOCSY and ROESY spectra (Figure 10). The rotating 

frame Overhauser effects (ROE) between red f and green a, b were observed indicating the 

fixed conformation, but were absent between green f and red a in ROESY spectra, which are in 

accord with the molecular structure in the crystal. These observations prove the validity of the 

assignments. In addition, the interionic ROE was observed between signals b and g, which is 

consistent with the relative location of Et4N+ in the crystal. 
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Figure 7. 1H NMR spectra of (a) 1-Mo in DMF-d7, (b) 1-Mo in toluene-d8, (c) 1-W in DMF-

d7, and (d) 1-W in toluene-d8 at 30 °C. The asterisks denote solvents as a contaminant (*1: 

DMF; *2: toluene; *3: acetonitrile; *4: water). The double asterisk (**) denotes BH4
– used for 

clear spectrum by reducing a trace amount of WVO species. 
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Figure 8. VT NMR spectra and fitted curves using Lorentzian distribution50 (green and red 

lines) of the monooxomolybdenum complex 1-Mo in toluene-d8 at (a) 30 °C, (b) –10 °C, and 

(c) –45 °C. 
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Figure 9. 1H NMR spectra of 2-W in (a) CD3CN at 30 °C, (b) toluene-d8 at 30 °C, and (c) 

toluene-d8 at –45 °C. The asterisks denote solvents as a contaminant (*1: acetonitrile; *2: 

toluene; *3: water). 
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Figure 10. (a,b) TOCSY and (c,d) ROESY spectra of 2-W in toluene-d8 at –45 °C. The asterisks 

denote the residual signals of toluene-d8. Assignment of red and green protons is represented in 

(i) to (v). 

 Variable temperature (VT) NMR analysis of 2-W confirmed that the signals separated in 

various solvents at low temperature. Thermodynamic parameters of the chemical exchange 

estimated from VT NMR spectra using line shape analysis are summarized in Table 6. The 

Eyring plot in various solvents gave ΔH‡, ΔS‡, and ΔG‡. The activation free energies, ΔG‡, were 

estimated to be 58.1–64.1 kJ mol−1 which are larger than that (ΔG‡ = 43.2 kJ mol−1) of the 
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related complex without hydrogen bonds, (Et4N)2[WVIO2(1,2-S2-3,6-Cl2C6H2)2] in THF-d8.55 

The activation entropies, ΔS‡, were negative in all cases, which indicates that the 

conformational change proceeds through a Bailar twist mechanism without dissociation of the 

ligands as shown in Figure 11, where two enantiomers are identical in NMR spectroscopy.56-58 

The bulky substituents are expected to restrict the possible conformations, which enlarges the 

negative entropy of activation. In addition, the activation enthalpies, ΔH‡, were relatively large 

in nonpolar solvents, which allowed observation of the green and red protons in Figure 9 even 

at room temperature. The small entropy of activation in DMF with a large donor number 

suggests the presence of a dissociative isomerization mechanism. VT NMR analysis of 2-Mo 

in toluene-d8 gave a relatively small activation free energy (ΔG‡ = 55.1 kJ mol−1) compared to 

2-W. In the case of 2-Mo, two distinct signals were not observed in toluene-d8 at room 

temperature owing to the fast conformational change, which was probably caused by the lability 

of the Mo–S bonds. 

Table 6. Thermodynamic Parameters of 2-W in Various Solvents 

solvent εr
a ∆H‡/kJ·mol–1 ∆S‡/J·K–1·mol–1 ∆G‡/kJ·mol–1 b 

CD3CN 35.9 43.4 –48.7 58.1 

DMF-d7 36.7 59.5 –5.6 61.1 

CD2Cl2 8.93 53.9 –33.8 64.1 

toluene-d8 2.38 51.9 –39.0 63.7 

toluene-d8
c 2.38 47.1 –26.6 55.1 

aRef. 59. bCalculated from the formula ∆G‡ = ∆H‡ – T∆S‡ at 303 K. c2-Mo. 

 

Figure 11. Proposal mechanism of the conformational change of 2-W in solution. The square 

and the circle represent two different environments. The color of squares and circles (gray and 

white) corresponds to the assignment of 1H NMR signals (red and green). 



- 38 - 

 Electrochemical properties. The redox 

potentials of 1-M in DMF are listed in 

Table 7 along with those of 3-M with CH3 

substituents and 7-M without hydrogen 

bonds. The cyclic voltammogram of 1-M 

exhibits a reversible Mo(IV)/Mo(V) redox 

couple at E1/2 = –0.20 V vs. SCE and 

W(IV)/W(V) at −0.40 V, respectively. The redox potentials of 1-M are 0.15 V and 0.23 V more 

positive than those of the corresponding 7-M, which lacks NH···S hydrogen bonds. This is a 

common tendency for the molybdenum(IV) and tungsten(IV) complexes with NH···S hydrogen 

bonds. The redox potential of 1-M is less positive than that of 3-M, which has methyl groups. 

As described in the section “IR and Raman spectra”, the evaluation of the strength of the NH···S 

hydrogen bond in 1-M is difficult because of the significant contribution of the NH···π 

hydrogen bond. The less positive shift is explained by two reasons. One is that the NH···π 

hydrogen bond weakened the NH···S hydrogen bond of 1-M, even though the total contribution 

of the NH···S and NH···π hydrogen bonds was larger than that of 3-M. The other is the 

hydrophobic microenvironment formed by the bulky ligands reported in experimental60,61 and 

theoretical62 examinations on iron–sulfur proteins. 

 Complex 2-W exhibits a pseudo-reversible W(VI)/W(V) redox couple at E1/2 = –0.86 V vs. 

SCE (Figure 12). As shown in previous reports, the redox couples of the dioxotungsten(VI) 

complexes with unsubstituted benzene-1,2-dithiolate ligands (8-W) and with 3,6-

bis(acetylamino)benzene-1,2-dithiolate ligands (4-W) were irreversible because of the 

instability of the one electron reduced WVO2 species.24,52,53 The electron-rich WVO2 species is 

thought to degrade via O-atom releasing reactions.53,55,63 Improved reversibility was observed 

for (Et4N)2[WVIO2{1,2-S2-3,6-(tBuCONH)2C6H2}2], which contains relatively bulky tBu 

 Mo W 

 E1/2 ∆E1/2
a E1/2 ∆E1/2

a 

1-M –0.20 +0.15 –0.40 +0.23 

3-Mb –0.13 +0.22 –0.34 +0.29 

7-Mc –0.35 — –0.63 — 

Table 7. Redox Potentials of Monooxo-

Molybdenum(IV) and Tungsten(IV) Complexes

aDifferences from the value of (Et4N)2[M
IVO(1,2-

S2C6H4)2] (7-M). bRefs. 23,24. cRefs. 51,53. 
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groups. The explanation for this was that the tBu groups prevented intermolecular reactions.24 

In the case of 2-W with bulky hydrophobic CAr3 groups, the reversibility was improved 

(ipa/ipc = 0.81) but quantitative evaluation of the reversibility was difficult because of the 

successive irreversible redox process. The ipa/ipc value is the highest of the cis-

dioxotetrathiolato-tungsten(VI) complexes ([WVIO2(SR)4]2−) previously reported.24,52,53,55,64 

The reduction potential (Ep = –0.92 V) of 2-W is positively shifted compared to −1.26 V of 

8-W, which lacks NH···S hydrogen bonds, and is negatively shifted compared to −0.82 V of 

4-W with CH3 groups, and this is thought to be the effect of NH···S and NH···π hydrogen 

bonds and/or the hydrophobic microenvironment described for 1-M. Unfortunately, 2-Mo did 

not give well-defined Mo(VI)/Mo(V) redox couple although 2-Mo is significantly stable 

compared to 4-Mo. 

 
Figure 12. Cyclic voltammogram of 2-W in DMF scanning from –0.4 to –1.4 V (upper) and 

from –0.4 to –2.2 V (lower).  
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 Absorption spectra and reactivity. The UV-vis spectra of 1-Mo and 2-Mo in DMF are 

shown in Figure 13. The spectrum of 1-Mo shows absorption bands at 348, 412, and 452 nm 

and is similar to 5-Mo with CPh3 groups (348, 406, and 457 nm).23 The spectrum of 2-Mo 

shows absorption bands at 364, 398, and 531 nm, and the lowest transition energy assigned to 

the LMCT band (531 nm) was equal to that of 6-Mo.23 Upon addition of 2 eq. of Me3NO to 

1-Mo, a rapid oxygen-atom-transfer reaction proceeded to afford 2-Mo. The reaction was 

monitored by examining the absorption maximum of 2-Mo at 531 nm in DMF. The second-

order rate constant of 1-Mo in DMF (k2 = 27 ± 12 M−1 s−1) was comparable to the estimated k2 

(kobs/[5-Mo]0 = 26 ± 0.1 M−1 s−1) of 5-Mo from the reported pseudo-first-order rate constant, 

kobs,23 which indicates that the reaction proceeds via cis-attack of Me3NO, as well as 5-Mo.23,26 

In the case of 1-W, the OAT reaction is too fast to evaluate the exact rate constant using the 

author’s instruments, but at least approximately three times faster than 1-Mo. This result 

indicates a similar tendency to previous studies.24 

 Surprisingly, in the nonpolar solvent (toluene) the reduction of Me3NO proceeded about ten 

times faster than in DMF. In a medium polarity solvent, THF, the complex exhibited moderate 

reactivity (Figure 14). The calculated k2 values under these conditions are listed in Table 8 with 

the dielectric constant of the solvents, εr.59 The results indicate that the substrate can easily 

approach the active center and efficiently interact with the complex in the hydrophobic 

environment, which supports attracting interactions between polar molecules.  
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Figure 13. UV-vis spectra of 1-Mo (black) and 2-Mo (red) in DMF. 

 
Figure 14. Time course of relative intensity of the absorption maximum of 2-Mo in toluene 

(red), THF (green), and DMF (blue). 

Table 8. Kinetic Parameters of the Reaction of 1-Mo with Me3NO in Various Solvents 

solvent εr
a k2/M–1·s–1 

DMF 36.7 26.6 ± 12.2 

THF 7.58 106 ± 10 

toluene 2.38 384 ± 51 
aRef. 59.  
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Discussion 

 The molybdenum(IV, VI) and tungsten(IV, VI) complexes with NH···S hydrogen bonded 

hydrophobic benzene-1,2-dithiolate ligands are soluble in nonpolar solvents like toluene. The 

solubility allows a precise discussion about the solution structure and reactivity in various 

solvents. Here, the author discusses the weak interactions in a hydrophobic environment and 

the effect of the triarylmethyl groups, in conjunction with their relevance to the nature of the 

molybdoenzyme. 

 Weak interactions in a hydrophobic environment. The 1-M complexes with hydrophobic 

substituents are soluble in nonpolar solvents like toluene, allowing the observation of weak 

interionic interactions. Both of the solid state structures of 1-Mo with different crystal solvents 

show interionic CH···O=Mo interactions, even though the configuration of four bulky CAr3 

groups is different. Generally such interactions cannot be observed in polar solvents because 

each ion is completely solvated. However, the 1H NMR spectra in toluene-d8 clearly showed 

the nonequivalent Et4N+ cations and proximity of the cation to the terminal oxo ligand.  

 The results correspond with the cis-attack of Me3NO on the MoIVO moiety in the reported 

mechanism.23,36 In the attack of polar Me3NO, the positively charged Me3N moiety tended to 

be drawn by the basic terminal oxo ligand based on theoretical calculations.26 Such interactions 

should be stabilized in nonpolar solvents and result in the acceleration of the reduction of 

Me3NO, which is consistent with the experimental results for the reactivity of 1-Mo. 

 A hydrophobic environment around the active site is a key factor for the activity of the 

enzymes involving substrate uptake and stabilization of transition states. In the latter case, 

Warshel proposed that enzymes can be considered as “supersolvents” that stabilize (solvate) 

ionic transition states by using noncovalent interactions more effectively than do aqueous 
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solutions.65 Experimentally, the artificial enzyme with a hydrophobic chain showed much large 

kcat for catalytic transamination of pyruvic acid.66 

 On the basis of the X-ray structure of DMSOR, the presence of hydrogen bonds from the 

amino acid residues to the coordinated atoms at the base of the substrate access funnel has been 

proposed.6,9,67-69 The mutation study revealed that an OH···O–Mo hydrogen bond between 

tyrosine 114 and the oxygen atom of the coordinated DMSO increases the affinity of the 

substrate for the metal center and the rate of the catalytic reaction.68 Tryptophan 116 is thought 

to form an NH···O=Mo hydrogen bond between the oxo ligand of the oxidized enzyme, which 

stabilizes the coordination of the dithiolene ligand and accelerates the reduction process.70 

However, it is very difficult to observe the weak interactions around the active site in solution. 

The model study with hydrophobic substituents allows observation of noncovalent interactions 

in solution and investigation of the effect of the hydrophobicity of the surrounding environment 

by altering the polarity of the solvents. 

 The effect of the triarylmethyl groups. The CAr3 groups make the complexes stable and 

restrict undesirable intermolecular reactions by maintaining interionic and intramolecular weak 

interactions. With respect to the stability of the complexes, the dioxomolybdenum(VI) complex, 

2-Mo, is much more stable than 4-Mo with CH3 groups. The stabilization is attributed to the 

bulkiness of the ligand and the intra-ligand NH···π hydrogen bond, which stabilizes the Mo–S 

bond. In cyclic voltammetry of 2-W, the improved reversibility indicates the stabilization of 

the one electron reduced WVO2 species. The bulky dithiolate ligand can restrict the 

intermolecular side reactions. 

 Concerning weak interactions described in the previous section, the Et4N+ counterion was 

found close to the terminal oxo ligand of 1-M in both the solid and solution states, and efficient 

uptake of Me3NO is observed. There is a confined space around the active center that interacts 

with counterions or neutral small molecules. In addition, the 1H NMR spectrum of 2-W 
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indicates that the unsymmetrical geometry remains in the hydrophobic environment even at 

room temperature. 

 In DMSOR, the huge protein is thought to stabilize the coordination of the dithiolene ligand 

and restrict undesirable intermolecular reactions, while the large depression enables efficient 

transport of the substrate to the active site. In order to understand the weak interactions and 

realize the catalytic activity in model systems, the inclusive design of an enzyme model is 

required. When the outer hydrophilic sphere of the enzyme is removed, the simplest model 

should contain limited space for electrostatic interactions surrounded by the hydrophobic sphere 

with a narrow gateway for substrate uptake. The present complexes satisfy these requirements 

and allow investigation of weak interactions in the hydrophobic environment. 

Conclusions 

 Monooxomolybdenum(IV), monooxotungsten(IV), dioxomolybdenum(VI), and 

dioxotungsten(VI) complexes (1-M, 2-M; M = Mo, W) with bulky hydrophobic dithiolate 

ligands and NH···S hydrogen bonds are soluble in nonpolar solvents like toluene. The 

thermodynamic stability of 2-M with a cis-dioxo octahedral geometry is effectively enhanced 

by the bulkiness of the dithiolate ligands, intra-ligand bifurcated NH···S and NH···π hydrogen 

bonds, and the hydrophobicity of the media. The polar Me3NO can effectively approach the 

active center in hydrophobic surroundings, resulting in faster oxygen-atom-transfer reaction. 

These results indicate that a steady structure in hydrophobic media allows observation of the 

unsymmetrical coordination structure and noncovalent interactions in solution. This concept of 

reconstructing the active site with the hydrophobic surroundings will provide new insights for 

enzyme modeling.  
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Experimental 

 All procedures were performed under an argon atmosphere by the Schlenk technique. All 

solvents were dried and distilled under argon before use. Reagents were obtained commercially 

and used without further purification. (4-tBuC6H4)3CCOOH,26 3,6-(NH2)2C6H2-1,2-

(SSO3K)2,37 (Et4N)[MoVO(SPh)4],38 and (Et4N)[WVO(SPh)4]39 were prepared by reported 

methods. 

 (4-tBuC6H4)3CCOCl. A suspension of (4-tBuC6H4)3CCOOH (8.88 g, 19.5 mmol) in SOCl2 

(60 mL, 0.84 mol) was refluxed for 1.5 h to afford a yellow solution. After removal of volatile 

materials, the white residue was suspended in CH2Cl2 and concentrated to dryness under 

reduced pressure. This procedure was repeated for several times to remove completely the 

residual SOCl2. The resulting white powder was recrystallized from CH2Cl2/n-hexane to afford 

colorless blocks. Yield: 9.29 g, quant. Mp: 235 °C. Anal. Calcd for C32H39ClO: C, 80.90; H, 

8.27; Cl, 7.46. Found: C, 80.69; H, 8.23; Cl, 7.58.‡ 1H NMR (CDCl3): δ 7.32 (d, J = 8.9 Hz, 6H, 

Ar), 7.25 (d, J = 8.9 Hz, 6H, Ar), 1.31 (s, 27H, tBu). IR (KBr): 1795, 1768 (νC=O) cm–1. 

‡The chlorine (Cl) content in (4-tBuC6H4)3CCOCl was analyzed by the silver absorption method 

with an elemental analyzer (Yanaco New Science Inc.). 

 (4-tBuC6H4)3CCONHPh. A solution of (4-tBuC6H4)3CCOCl (136 mg, 285 µmol) in 

CH2Cl2 (4 mL) was added to a mixture of aniline (27.7 mg, 297 µmol) and Et3N (29.8 mg, 294 

mmol) in CH2Cl2 (3 mL) at 0 °C, and the reaction mixture was stirred at 0 °C for 17 h to afford 

a colorless solution. After removal of volatile materials, the resulting white residue was 

extracted with AcOEt and washed successively with water, sat. NaCl aq., 2% HCl aq., sat. 

NaCl aq., 4% NaHCO3 aq., and sat. NaCl aq. The organic layer was dried over Na2SO4, filtered, 

and concentrated to dryness to afford colorless solid. Recrystallization from AcOEt/n-hexane 

gave colorless needles. Yield: 285 mg, quant. Mp: 241 °C (dec.). Anal. Calcd for C38H45NO: C, 
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85.83; H, 8.53; N, 2.63. Found: C, 85.72; H, 8.54; N, 2.62. 1H NMR (CDCl3): δ 7.49 (s, 1H, 

NH), 7.42 (d, J = 7.9 Hz, 2H, Ph), 7.32 (d, J = 8.7 Hz, 6H, Ar), 7.28 (t, J = 7.9 Hz, 2H, Ph), 

7.22 (d, J = 8.7 Hz, 6H, Ar), 7.08 (t, J = 7.9 Hz, 1H, Ph), 1.31 (s, 27H, tBu). IR (10 mM in 

CH2Cl2): 3403 (νNH), 1683 (νC=O) cm–1. 

 (nBu4N)2[3,6-(NH2)2C6H2-1,2-(SSO3)2]. To a mixture of 3,6-(NH2)2C6H2-1,2-(SSO3K)2 

(6.04 g, 14.8 mmol) and nBu4NCl (8.24 g, 29.7 mmol) were added water (~30 mL) and CH2Cl2 

(~20 mL). The organic layer was separated, and then the remnant product was extracted from 

aqueous layer with CH2Cl2 (50 mL and 2 × 10 mL). The combined organic layer was washed 

with water (3 × 5 mL), dried over Na2SO4, and concentrated to dryness under reduced pressure. 

The green residue was recrystallized from acetone/THF to afford greenish yellow blocks. Yield: 

9.19 g, 76%. Mp: 148 °C (dec.). Anal. Calcd for C38H78N4O6S4·H2O: C, 54.77; H, 9.68; N, 6.72. 

Found: C, 54.98; H, 9.46; N, 6.77. 1H NMR (CDCl3): δ 6.58 (s, 2H, 4,5-H), 4.50 (br, 4H, NH2), 

3.13 (m, 16H, nBu4N+), 1.59 (m, 16H, nBu4N+), 1.43 (m, 16H, nBu4N+), 0.98 (t, J = 7.3 Hz, 24 

H, nBu4N+). IR (KBr): 3436, 3338 (νNH), 1017 (νSO) cm–1. 

 (nBu4N)2[3,6-{(4-tBuC6H4)3CCONH}2C6H2-1,2-(SSO3)2]. A solution of (4-

tBuC6H4)3CCOCl (4.95 g, 10.4 mmol) in CH2Cl2 (37 mL) was added to a mixture of 

(nBu4N)2[3,6-(NH2)2C6H2-1,2-(SSO3)2] (4.08 g, 5.01 mmol) and Et3N (2.8 mL, 20 mmol) in 

CH2Cl2 (10 mL) at 0 °C, and the reaction mixture was stirred at 0 °C for 15 h to afford a yellow 

solution. After removal of volatile materials, the yellow residue was washed with water and 

AcOEt, and then dried under reduced pressure to afford white powder. Recrystallization from 

hot AcOEt gave colorless blocks. Yield: 8.15 g, 96%. Mp: 251 °C (dec.). Anal. Calcd for 

C102H154N4O8S4·H2O: C, 71.62; H, 9.19; N, 3.28. Found: C, 71.52; H, 9.14; N, 3.32. 1H NMR 

(CDCl3): δ 9.71 (s, 2H, NH), 8.18 (s, 2H, 4,5-H), 7.28 (d, J = 9.0 Hz, 12H, Ar), 7.25 (d, J = 9.0 

Hz, 12H, Ar), 3.04 (m, 16H, nBu4N+), 1.51 (m, 16H, nBu4N+), 1.30 (m, 16H, nBu4N+), 1.30 (s, 
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54H, tBu), 0.87 (t, J = 7.3 Hz, 24H, nBu4N+). IR (KBr): 3298 (νNH), 1669 (νC=O), 1018 (νSO) 

cm–1. 

 1,2-S3-3,6-{(4-tBuC6H4)3CCONH}2C6H2 (L1). This compound was synthesized by a 

modified method reported in the literature.40 A suspension of (nBu4N)2[3,6-{(4-

tBuC6H4)3CCONH}2C6H2-1,2-(SSO3)2] (1.51 g, 889 μmol) and (NH2)2CS (129 mg, 1.69 mmol) 

in AcOH (15 mL) was heated at 100 °C to afford a light yellow solution, and the reaction 

mixture was stirred for 5 h. The resulting light yellow powder was filtered off, washed with 

MeOH, and recrystallized from CH2Cl2/MeOH to afford yellow blocks. Yield: 539 mg, 56%. 

Mp: >300 °C. Anal. Calcd for C70H82N2O2S3: C, 77.88; H, 7.66; N, 2.59. Found: C, 77.68; H, 

7.65; N, 2.87. 1H NMR (CDCl3): δ 7.62 (s, 2H, NH), 7.42 (s, 2H, 4,5-H), 7.32 (d, J = 8.6 Hz, 

12H, Ar), 7.20 (d, J = 8.6 Hz, 12H, Ar), 1.30 (s, 54H, tBu). IR (KBr): 3358 (νNH), 1696 (νC=O) 

cm−1. 

 (Et4N)2[MoIVO(1,2-S2-3,6-{(4-tBuC6H4)3CCONH}2C6H2)2] (1-Mo). A suspension of L1 

(237 mg, 219 μmol) and Et4NBH4 (85 mg, 586 μmol) in a mixture of acetonitrile (5 mL) and 

water (0.5 mL) was heated at 70 °C for 0.5 h to afford a greenish-yellow solution and a colorless 

precipitate. After adding acetonitrile (19 mL) to dissolve the precipitate, a solution of 

(Et4N)[MoVO(SPh)4] (38.0 mg, 56.0 μmol) in acetonitrile (3 mL) was added dropwise to afford 

an orange suspension. The reaction mixture was stirred for 72 h at 30 °C to afford a yellow 

solution and a yellowish-white precipitate. The supernatant was removed, and the precipitate 

was washed several times with acetonitrile by centrifugation. The product was extracted with 

toluene and recrystallized from toluene/acetonitrile to afford yellow blocks. Yield: 66.0 mg, 

48%. 1H NMR (toluene-d8): δ 8.95 (s, 4H, NH), 8.18 (s, 4H, 4,5-H), 7.70 (d, J = 8.4 Hz, 24H, 

Ar), 7.37 (d, J = 8.4 Hz, 24H, Ar), 1.88 (br, 16H, Et4N+), 1.31 (s, 108H, tBu), 0.37 (br, 24H, 

Et4N+). 1H NMR (DMF-d7): δ 9.10 (s, 4H, NH), 8.02 (s, 4H, 4,5-H), 7.43 (d, J = 8.7 Hz, 24H, 

Ar), 7.38 (d, J = 8.7 Hz, 24H, Ar), 3.21 (q, J = 7.3 Hz, 16H, Et4N+), 1.26 (s, 108H, tBu), 1.17 



- 48 - 

(tt, JH–H = 7.3 Hz, JH–N = 1.6 Hz, 24H, Et4N+). ESI-MS (CH3CN) calcd for [MoIVO(1,2-S2-3,6-

{(4-tBuC6H4)3CCONH}2C6H2)2]2−: m/z 1103.8. Found: 1103.5. Absorption spectrum (DMF): 

λmax (ε, M−1 cm−1) 348 (sh) (10000), 412 (920), 452 (sh) (590) nm. Absorption spectrum 

(toluene): λmax (ε, M−1 cm−1) 337 (sh) (11000), 395 (1000), 455 (sh) (550) nm. Anal. Calcd for 

C156H204N6O5S4Mo: C, 75.93; H, 8.33; N, 3.41. Found: C, 74.91; H, 8.35; N, 3.43. 

 The disagreement with elemental analysis results for molybdenum and tungsten complexes 

is probably caused by their nanoporous structure in the solid state. After removal of the solvent 

molecules from the crystals, the resulting voids might be able to trap gaseous water molecules. 

Formal addition of water to the chemical formula improved the results. The calculated values 

for C156H204N6O5S4Mo·(H2O)1.8: C, 74.95; H, 8.37; N, 3.36, which agree with the found ones. 

The water molecules were also detected in 1H NMR spectra, but the amount of water depended 

on the reaction conditions. Similar results were also found for 1-W, 2-Mo, and 2-W. 

 (Et4N)2[WIVO(1,2-S2-3,6-{(4-tBuC6H4)3CCONH}2C6H2)2] (1-W). A suspension of L1 

(1.01 g, 0.936 mmol) and Et4NBH4 (1.42 g, 9.81 mmol) in a mixture of acetonitrile (53 mL) 

and water (2 mL) was refluxed at 70 °C for 3 h to afford a greenish-yellow solution and a 

colorless precipitate. The supernatant was separated, and a solution of (Et4N)[WVO(SPh)4] (288 

mg, 0.375 mmol) in acetonitrile (25 mL) was added dropwise to the solution to afford a 

yellowish-white precipitate. The reaction mixture was stirred for 15 h at room temperature to 

afford a yellow suspension. The supernatant was removed, and the precipitate was washed 

several times with acetonitrile using centrifugation. The product was extracted with toluene and 

concentrated to dryness to afford a yellow powder. The crude product was recrystallized from 

toluene/acetonitrile to afford yellowish-orange blocks. Yield: 252 mg, 28%. 1H NMR (toluene-

d8): δ 8.94 (s, 4H, NH), 8.20 (s, 4H, 4,5-H), 7.69 (d, J = 8.5 Hz, 24H, Ar), 7.37 (d, J = 8.5 Hz, 

24H, Ar), 1.86 (br, 16H, Et4N+), 1.31 (s, 108H, tBu), 0.35 (br, 24H, Et4N+). 1H NMR (DMF-

d7): δ 9.11 (s, 4H, NH), 8.01 (s, 4H, 4,5-H), 7.44 (d, J = 8.7 Hz, 24H, Ar), 7.39 (d, J = 8.7 Hz, 
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24H, Ar), 3.34 (q, J = 7.3 Hz, 16H, Et4N+), 1.26 (s, 108H, tBu), 1.26 (tt, JH–H = 7.3 Hz, JH–N = 

1.8 Hz, 24H, Et4N+). Absorption spectrum (toluene): λmax (ε, M−1 cm−1) 342 (sh) (9100), 425 

(sh) (1300) nm. Anal. Calcd for C156H204N6O5S4W·CH3CN·(H2O)1.6: C, 72.28; H, 8.07; N, 3.73. 

Found: C, 72.27; H, 7.95; N, 3.93. 

 (Et4N)2[MoVIO2(1,2-S2-3,6-{(4-tBuC6H4)3CCONH}2C6H2)2] (2-Mo). A solution of 

Me3NO (0.42 mg, 5.6 μmol) in DMF (0.2 mL) was added to a solution of 1-Mo (6.8 mg, 2.8 

μmol) in DMF (1.2 mL). The solution immediately turned reddish-purple. After removal of the 

solvent under reduced pressure, the reddish-purple residue was extracted with toluene. The 

solution was concentrated to dryness under reduced pressure, and the resulting reddish-purple 

solid was recrystallized from acetonitrile to afford dark brown blocks. Yield: 4.0 mg, 58%. 1H 

NMR (CD3CN): δ 8.49 (s, 4H, NH), 7.73 (s, 4H, 4,5-H), 7.33 (d, J = 8.7 Hz, 24H, Ar), 7.23 (d, 

J = 8.7 Hz, 24H, Ar), 3.04 (q, J = 7.3 Hz, 16H, Et4N+), 1.24 (s, 108H, tBu), 1.12 (tt, JH–H = 7.3 

Hz, JH–N = 1.9 Hz, 24H, Et4N+). ESI-MS (CH3CN, M2− = [MoVIO2(1,2-S2-3,6-{(4-

tBuC6H4)3CCONH}2C6H2)2]2−) calcd for M2−: m/z 1111.2. Found: 1111.5. Absorption spectrum 

(DMF): λmax (ε, M−1 cm−1) 364 (10000), 398 (sh) (7500), 531 (2100) nm. Absorption spectrum 

(toluene): λmax (ε, M−1 cm−1) 357 (12000), 392 (sh) (7800), 548 (2300) nm. Anal. Calcd for 

C156H204N6O6S4Mo·(H2O)3: C, 73.84; H, 8.34; N, 3.31. Found: C, 73.82; H, 8.15; N, 3.32.  

 (Et4N)2[WVIO2(1,2-S2-3,6-{(4-tBuC6H4)3CCONH}2C6H2)2] (2-W). To a mixture of 1-W 

(131.7 mg, 51.5 μmol) and Me3NO (8.74 mg, 116 μmol) was added DMF (5 mL), and the 

mixture was stirred for 2 h to afford a reddish-orange solution. After removal of the solvent 

under reduced pressure, the reddish-orange residue was extracted with toluene. The solution 

was concentrated to dryness under reduced pressure, and the resulting reddish-orange solid was 

recrystallized from acetonitrile to afford reddish-orange blocks. Yield: 100.7 mg, 76%. 1H NMR 

(CD3CN): δ 8.44 (br, 4H, NH), 7.73 (s, 4H, 4,5-H), 7.34 (d, J = 8.2 Hz, 24H, Ar), 7.23 (d, J = 

8.2 Hz, 24H, Ar), 3.10 (q, J = 7.2 Hz, 16H, Et4N+), 1.24 (br, 108H, tBu), 1.16 (tt, JH–H = 7.2 Hz, 
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JH–N = 1.9 Hz, 24H, Et4N+). ESI-MS (CH3CN, M2− = [WVIO2(1,2-S2-3,6-{(4-

tBuC6H4)3CCONH}2C6H2)2]2−) calcd for M2−: m/z 1155.1. Found: 1155.7. IR (Nujol): 3316 

(νNH), 1671 (νC=O) cm−1. Absorption spectrum (toluene): λmax (ε, M−1 cm−1) 360 (sh) (9200), 

436 (2100), 495 (840) nm. Anal. Calcd for C156H204N6O6S4W·H2O: C, 72.36; H, 8.02; N, 3.25. 

Found: C, 72.34; H, 7.93; N, 3.36.  

 Physical measurements. The elemental analyses were performed on a Yanaco CHN 

CORDER MT-5. 1H NMR spectra were obtained with JEOL ECA-500, GSX-400, and ECS-

400 spectrometers in chloroform-d, dichloromethane-d2, acetonitrile-d3, N,N-

dimethylformamide-d7, or toluene-d8 at 30 °C. Totally correlated spectroscopy (TOCSY) and 

rotating frame Overhauser enhancement (ROE) and exchange spectroscopy (ROESY) spectra 

were recorded on a VARIAN VNS-600 spectrometer in toluene-d8 at –45 °C with a mixing time 

of 500 ms. Electrospray ionization mass spectroscopy (ESI-MS) measurements were performed 

on a Finnigan MAT LCQ ion trap mass spectrometer using an acetonitrile solution. UV-visible 

absorption spectra were recorded using a SHIMADZU UV-3100PC spectrometer. Infrared (IR) 

spectroscopic measurements were done on a Jasco FT/IR-4000 spectrometer. Raman spectra 

were measured on a Jasco NR-1800 spectrophotometer with a liq. N2 cooled CCD detector. 

Exciting radiation was provided by an Ar+ ion laser (514.5 nm). The measurements of cyclic 

voltammograms (CVs) in a DMF solution were carried out on a BAS 100B/W instrument with 

a three-electrode system: a glassy carbon working electrode, a Pt-wire auxiliary electrode, and 

a saturated calomel electrode (SCE). The scan rate was 100 mV s−1. The concentration of the 

sample was 2.5 mM, containing 0.1 M of nBu4NClO4 as a supporting electrolyte. The result was 

cross-referenced using the ferrocene/ferrocenium couple as a calibrant. The redox potential of 

ferrocene/ferrocenium was observed at +0.48 V vs. SCE under the same conditions. 

 Structural determination. Each single crystal of L1·3.1CH3OH·H2O, 1-Mo·8(toluene), 

1-Mo·toluene·5CH3CN, 1-W·4(toluene)·3CH3CN·H2O, 2-Mo·5CH3CN and 2-W·5CH3CN 
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was selected carefully and mounted on MicroMount™ 200 µm with Nujol, which was frozen 

immediately in a stream of cold nitrogen at 200 K. Data collection was made on a Rigaku 

RAPID II Imaging Plate area detector with Mo-Kα radiation (0.71075 Å) using MicroMax-

007HF microfocus rotating anode X-ray generator and VariMax-Mo optics. The structures were 

solved by direct methods (SIR200841 for L1·3.1CH3OH·H2O, SHELX-9742 for 1-

Mo·8(toluene), 2-Mo·5CH3CN and 2-W·5CH3CN, and SIR9743 for 1-Mo·toluene·5CH3CN, 

1-W·4(toluene)·3CH3CN·H2O) and expanded Fourier techniques using SHELXL-2014/6.42 

 Kinetic measurements. A reaction system containing 1-Mo and Me3NO was monitored 

spectrophotometrically in the range 280–800 nm. The measurements were carried out in a 1 cm 

UV cell containing a solution of 1-Mo (0.1 mM, 3.0 mL) at 27 °C (solvents: DMF, THF, 

toluene). After thermal equilibrium, a Me3NO solution (60 mM, 10 μL) in DMF was injected 

through a silicone rubber cap, and the cell contents were quickly mixed by shaking. The time 

course of the reaction was monitored using the absorption maximum of 2-Mo. All calculations 

for the data analysis were performed at 531, 537, and 548 nm in DMF, THF, and toluene, 

respectively. 
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Chapter III 

 

Efficient Uptake of Dimethyl Sulfoxide by Desoxomolybdenum(IV) 

Dithiolate Complex Containing Bulky Hydrophobic Groups 

Introduction 

 Dimethyl sulfoxide reductase (DMSOR), one of the molybdoenzymes with two unique 

dithiolene ligands and an alkoxo ligand, catalyzes an oxygen-atom-transfer (OAT) reaction of 

DMSO via Mo(IV) and Mo(VI) oxidation states. A molybdenum(IV) center reductively 

eliminates an oxygen atom from the substrates such as sulfoxides and amine N-oxides, resulting 

in the formation of a MoVI=O bond (Chart 1).1,2 

 

Chart 1. The Structure of the Active Site and Catalytic Cycle of Dimethyl Sulfoxide Reductase 
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 DMSOR is involved in anaerobic respiration using 

dilute DMSO as an energy source in aqueous media.3 

The enzyme has high affinity for DMSO with Km 

values in the micromolar range.4 Its molecular crystal 

structure shows that the molybdenum site is located at 

the base of a large funnel-shaped depression,2,5 and the 

ligands are not exposed to the surface (Chart 1).6 The 

aromatic residues at the base of the depression provide 

a hydrophobic pocket to capture the methyl groups of 

substrate.1 The above results suggest the importance of the hydrophobic microenvironment for 

an efficient uptake of the substrates. 

 Siloxomolybdenum(IV) complex with benzene-1,2-dithiolate (bdt) ligands (7, Chart 2) has 

been reported as a structural model for the “desoxo”-molybdenum center of DMSOR, 

synthesized by a simple modification of the corresponding monooxomolybdenum(IV) 

complex.7 Moreover, a structural analogue, alkoxomolybdenum(IV) dithiolate complex (8, 

Chart 2), has been reported to promote the OAT reaction of DMSO, a biological substrate; 

however, because the complex has low reactivity, excess DMSO was used.8,9 

 The DFT calculations of the models indicated that the transient distortion of the square-

pyramidal geometry that affords a vacant site cis to the apical ligand is important for the binding 

of the substrate.10 If the active center is covered with adequately bulky hydrophobic groups, 

and as a result, distorted by the bulkiness, then both the efficient uptake of the substrate and the 

enhancement of the reactivity to DMSO are expected to be achieved. 

 In the earlier studies, it has been demonstrated that the introduction of four bulky 

CPh3CONH substituents into the monooxomolybdenum(IV) bdt complex resulted in a dramatic 

Chart 2. Designation of Molybdenum 

and Tungsten Complexes (L1 = 1,2-

S2-3,6-{(4-tBuC6H4)3CCONH}2C6H2) 
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acceleration of the OAT reaction of Me3NO via the “cis-attack” mechanism. This is due to the 

stabilization of the distorted intermediate.11-13 

 Furthermore, the author has recently reported that the monooxomolybdenum(IV) complex 

containing bulky hydrophobic dithiolate ligands, i.e., (Et4N)2[MoIVO(1,2-S2-3,6-{(4-

tBuC6H4)3CCONH}2C6H2)2] (4, Scheme 1), was soluble in nonpolar solvents such as toluene. 

The approach of a polar substrate, Me3NO, to the active center was found to be more efficient 

in hydrophobic media.14 The hydrophobic microenvironment formed by bulky hydrophobic 

moieties was expected to simulate the hydrophobic pocket of DMSOR; however, 4 did not react 

with DMSO owing to the strong donation of the oxo ligand to the Mo(IV) center. 

 Here, the synthesis and reactivity of a desoxomolybdenum(IV) complex, 

(Et4N)[MoIV(OSitBuPh2)(1,2-S2-3,6-{(4-tBuC6H4)3CCONH}2C6H2)2] (1, Scheme 1), are 

reported. The author showed that a simple modification of 4 that maintains the solubility and 

coordination structure results in a dramatic enhancement of the reactivity of the complex to 

DMSO. Unlike complex 7 with unsubstituted bdt ligands, 1 promotes the OAT reaction of 

DMSO in both polar and nonpolar solvents, thus demonstrating the efficient uptake of DMSO 

into the hydrophobic microenvironment. Monooxotungsten(VI) complex 3 was also 

synthesized and isolated as crystals to investigate its coordination structure in the higher-

oxidation state. 

Results 

 Synthesis. Desoxomolybdenum(IV), monooxomolybdenum(VI), and 

monooxotungsten(VI) complexes, 1-3 (Chart 2), were obtained by the reactions shown in 

Scheme 1. First, the author monitored the UV-vis spectral change of the silylation of 

monooxomolybdenum(IV) (4) and dioxomolybdenum(VI) (5) complexes by using a modified 
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method reported in the literature (Figure 1).7,15 Upon adding tBuPh2SiCl to the complexes in 

toluene, the absorption spectra changed with sharp isosbestic points. The silylation of complex 

4 (k2 = 0.18 M–1 s–1) was slower than that of 5 (k2 = 0.29 M–1 s–1), which is probably ascribed 

to weak nucleophilicity of the strongly bonded apical oxo ligand.10,16  On completion of 

silylation of 4, the UV-vis spectrum was found to be identical to that of isolated 1. Therefore, 

the spectrum of quantitatively silylated complex 5 was regarded as that of 2. Tungsten analogue 

3 was obtained by a similar method. All the complexes were soluble in nonpolar solvents such 

as toluene, and pure 1 and 3 were isolated as light green and dark purple blocks in a 93% and 

74% yields, respectively. 

 

Scheme 1. Synthesis of the Complexes 1-3 
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Figure 1. UV-vis spectral change of the reaction of a 1 mM solution of (a) 4 (green) and (b) 5 

(orange) with 1.7 eq. of tBuPh2SiCl in toluene at 27 °C to afford 1 (blue) and 2 (red), 

respectively.  
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 Molecular structures in the crystals. The molecular structures of 1 and 3 were determined 

by X-ray analysis. These complexes were apparently recrystallized easily, but their crystallinity 

was very poor. The result was similar to that observed in case of 4, 5, and 6, as previously 

described.14 Here, the author mainly discusses the geometry of the metal center. 

 The molecular structure of 1·5CH3CN·2H2O is shown in Fig. 1a. The C(C6H4-4-tBu)3 

(CAr3) moieties are bulky enough to interlock with each other in the crystal and to create walls 

similar to those of as complex 4 that have been previously reported.14 The resulting hydrophobic 

microspace was retained both before and after silylation. The square pyramidal geometry and 

the linearity of Mo–O–Si (164°) were similar to those of the related siloxomolybdenum(IV) 

complexes (164°–175°).7,17 All the amide NH moieties were directed toward the sulfur atoms 

of the dithiolate ligand, indicating the presence of NH···S hydrogen bonds. 

 The W center of 3·7/2CH3CN·5/2H2O shows a slightly distorted octahedral geometry, 

which is similar to that of 6 rather than that of a monooxotungsten(VI) complex with bdt ligands 

(Figure 2b).14,15 The bulky substituents and hydrogen bonds probably maintain the coordination 

structure. All the four W–S bonds in 3 were different, and the order of the bond length was W–

S1 > W–S3 > W–S4 > W–S2. As described in a previous paper on complex 6, a strong trans 

influence of the oxo ligand makes W–S1 trans to W=O, leading to the most anionic thiolate 

and the strongest (red) N1H1···S1 hydrogen bond.14 The moderate (blue) and weak (green) 

hydrogen bonds were formed at S3 and S2 owing to the medium and weak trans influences of 

the siloxo and thiolate ligands, respectively. The other amide N4H4 is directed toward the 

benzene ring of the neighboring R4 moiety, probably owing to the packing in the crystal. 
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Figure 2. Ball-and-stick models (left) and schematic drawings (right) of the anion part of (a) 

1·5CH3CN·2H2O and (b) 3·7/2CH3CN·5/2H2O.  
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 1H NMR studies. Desoxomolybdenum(IV) complex 1 exhibited well-defined 1H NMR 

signals in toluene-d8 (Figure 3), which indicated that the four acylamino groups are 

magnetically equivalent. In the 1H NMR spectrum of monooxotungsten(VI) complex 3, a single 

set of broad signals in a polar solvent, CD3CN, and a couple of broad signals were observed in 

toluene-d8 (Figure 3). The separation and broadening of signals are ascribed to the 

conformational change through the Bailar twist, as described for cis-dioxotungsten(VI) 

complex 5 in a previous paper.14 As expected, the signals in toluene-d8 became sharp upon 

cooling to –45 °C. The partial assignment using ROESY and COSY techniques showed that the 

four acylamino groups are nonequivalent like in the crystal. The singlet signal at the lowest 

field (red a) was reasonably assigned to the amide NH proton trans to the oxo ligand, as 

observed in 6.14 The protons in the other dithiolate ligand (blue and pink) were unassignable 

because of the relatively weak trans influence of the siloxo ligand. The unassignable signals 

are shown in purple (Figure 4). Interestingly, two distinct d protons were observed at 8.2 and 

8.5 ppm (Figure 4c), indicating that the two phenyl rings of the tBuPh2SiO ligand in essentially 

nonequivalent environments can be distinguished owing to the slowing of the conformational 

change. 
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Figure 3. 1H NMR spectrum of 1 in toluene-d8 at 30 °C. The asterisks denote solvents as a 

contaminant (*1: toluene; *2: water; *3: acetonitrile; *4: petroleum ether; *5: silicone grease). 

The double asterisk (**) denotes TMS. 
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Figure 4. 1H NMR spectra of 3 in (a) CD3CN at 30 °C, (b) toluene-d8 at 30 °C, and (c) toluene-

d8 at -45 °C. The two set of assignable siganals and unassignable signals are colored in red, 

green, and purple, respectively. The asterisks denote solvents as a contaminant (*1: acetonitrile; 

*2: toluene; *3: water). The double asterisk (**) denotes TMS.  
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 IR and resonance Raman spectra. The presence of NH···S hydrogen bonds was 

confirmed by IR spectroscopy. Amide NH stretching bands for 1 and 3 in the solid state are 

listed in Table 1, along with the values of related complexes 4 and 6.14 The ∆ν(NH) values, the 

lower shifts of ν(NH) than that of the corresponding compound without the NH···S hydrogen 

bond (RCONHPh), represent the strength of the hydrogen bond, as described in a previous 

paper.12,14 

 The smaller ∆ν(NH) values of 1 (–57 cm–1) and 3 (–26, –69 cm–1) than those of 4 and 6 (–

97 and –96 cm–1, respectively) indicate the presence of weaker NH···S hydrogen bonds in the 

complexes with the siloxo ligand, which is consistent with the molecular structures in the crystal. 

 In monooxotungsten(VI) complex 3, four ν(NH) values are expected based on the molecular 

structure, but only two NH stretching bands (3377 and 3334 cm–1) were observed. The NH 

bands of 3 were considered to be overlapped similar to related complex 6, which exhibited a 

single band (3316 cm–1) of two ν(NH) values (3326 and 3306 cm-1 by curve-fitting 

simulation).14 

 Complexesa ∆(NH)b 

1 3346 –57 

3 3377, 3334 –26, –69 

4c 3306 –97 

6c 3316 –87 

  

Table 1. IR Bands of ν(NH) (cm–1) in the Molybdenum and Tungsten Complexes in the Solid 

State 

aNujol. bDifferences from the value (3403 cm–1) of the corresponding compound, RCONHPh 
in solution (10 mM in CH2Cl2). cRef. 14. 
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 Resonance Raman spectra of desoxomolybdenum(IV) complex 1 excited at 514.5 nm 

exhibited a single signal at 919 cm–1 (Figure 5a). In the IR spectrum of the related complex, 

(Et4N)[MoIV(OSitBuPh2)(bdt)2] (7), the corresponding band at 947 cm–1 was assigned to ν(O–

Si).7 In the case of monooxotungsten(VI) complex 3, strong (924 cm–1) and weak (889 cm–1) 

signals were observed (Figure 5b), whereas the corresponding signals of 

(Et4N)[WIVO(OSitBuPh2)(bdt)2] at 933 and 888 cm–1 were assigned to ν(O–Si) and ν(W=O) by 

IR, respectively.15 However, because the sample was excited at the LMCT absorption band, the 

signal of ν(W=O) should be more intense than that of ν(O–Si) owing to the resonance effect 

(Figure 6). In order to assign the vibrational mode of these complexes, the frequency was 

estimated by DFT calculations and compared them with the observed values in the resonance 

Raman measurements of reported complexes containing bdt ligands (Figure 5c, d).7,15 As 

illustrated in Figure 5, the signal of the molybdenum(IV) complex was assigned to a Mo–O 

stretching combined with O–Si stretching, and the signals of the tungsten(VI) complex were 

assigned to symmetric and asymmetric WO2 stretchings combined with O–Si stretching. The 

bands of 1 and 3 involving the M–O bonds were observed at lower wavenumbers than those of 

the corresponding bdt complexes; however, it is difficult to evaluate the influence of NH···S 

hydrogen bonds on the M–O bonds because of the complicated coupling of the stretching bands, 

as described above.  
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Figure 5. Resonance Raman spectra of (a) 1, (b) (Et4N)[MoIV(OSitBuPh2)(bdt)2], (c) 3, (d) 

(Et4N)[WVIO(OSitBuPh2)(bdt)2] excited at 514.5 nm in the solid state. The vibrational mode 

was assigned using DFT calculation and illustrated in (b) and (d). 
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Figure 6. UV-vis spectra of 3 in toluene at 27 °C. 

 Oxygen-atom-transfer reactions. The OAT reaction between Me3NO and complex 1 was 

monitored using UV-vis spectroscopy. Upon adding 2 equiv. of Me3NO in DMF to 1 in toluene, 

a fast reaction occurred to afford a dark green solution (Figure 7). The UV-vis spectrum 

obtained after the OAT reaction (red solid line) was identical with that of 2 (red dotted line), 

which indicated the clear and quantitative conversion of 1 into 2. The second-order rate constant, 

k2, of the reaction was calculated to be 98 M–1 s–1. 

 In a polar toluene/acetonitrile solution (v/v = 1/1 with a dielectric constant (εr) of 

approximately 2518), the reaction rate (k2 = 8.6 M–1 s–1) was about ten times smaller than that 

in toluene, which was consistent with the results of a previous study, suggesting that the 

approach of a polar substrate was more efficient in a hydrophobic environment.14 

 Notably, these k2 values were smaller in both polar and nonpolar solvents than those of the 

OAT reaction between 4 and Me3NO (k2 = 26.6 and 384 M–1 s–1 in DMF (εr = 36.719) and 

toluene, respectively).14 This was ascribed to the steric hindrance of bulky CAr3 moieties and 

tBuPh2SiO– ligand and/or the decrease of ionicity of the active center by the replacement of the 

dianionic O2– ligand into the monoanionic tBuPh2SiO– ligand. 
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Figure 7. UV-vis spectra of 1 (blue), the reaction mixture of 1 with 2 eq. of Me3NO (red, solid), 

and in-situ synthesized 2 by silylation of 5 (red, dotted) in toluene. 

 Unfortunately, the solubility of complex 1 in acetonitrile was not enough to determine the 

k2 of the reaction. In another polar solvent (DMF), 1 was unstable and hence decomposed into 

4 by the dissociation of the silyl group, and its reaction with Me3NO afforded 

dioxomolybdenum(VI) complex 5. 

 On the other hand, complex 1 was stable for several hours in an aqueous micellar solution 

containing Triton X-100, even in the presence of Me3NO (Figure 8), indicating the formation 

of a robust hydrophobic microenvironment that prevents the approach of water molecules and 

polar substrates. 

 Addition of a large excess (400 eq.) of DMSO to 1 in toluene at 27 °C resulted in the 

oxidative dissociation of the dithiolate ligand to afford a disulfide derivative, L12. These results 

suggest that a large excess of the coordinating compound with a large donor number (DN)19 

tends to dissociate the ligands of 1. 



- 72 - 

 

Figure 8. Stability of 1 in an aqueous micellar solution (red) and DMF (blue) monitored by 

absorption at 418 nm using UV-vis spectroscopy at 27 °C. 

 Surprisingly, complex 1 could reduce DMSO into Me2S in toluene-d8, while no reaction 

occurred between monooxomolybdenum(IV) complex 4 and DMSO at 80 °C for 20 h. The 

reaction system containing 1.2 mM of 1 and 4.6 equiv. of DMSO in toluene-d8 was monitored 

using 1H NMR spectroscopy. No significant change in the spectrum was observed at r.t. for 24 

h; however, heating the mixture at 50 °C resulted in the slow consumption of DMSO and 1, 

accompanying the production of Me2S (Figure 9,10). The reaction accomplished within 600 h, 

and the second-order kinetic constant estimated from the conversion of 1 was k2 = 5.7 × 10–4 

M–1s–1 (Figure 11). Accompanying the decrease in the signals of 1, neither the signals of amide 

NH nor the benzenedithiolate protons of the product were observed, whereas a broad signal of 

tBu protons in the CAr3 moiety was observed. The result suggests the formation of paramagnetic 

species. After the complete consumption of 1, the UV-vis spectrum of the reaction mixture 

showed the absorption band at 756 nm (Figure 12), which is characteristic of five-coordinated 

monooxomolybdenum(V) complexes. One-electron oxidation of 4 by 1.1 equiv. of 

[FeIIICp2]BF4 proceeded quickly and quantitatively in toluene to afford the 
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monooxomolybdenum(V) complex, (Et4N)[MoVO(1,2-S2-3,6-{(4-tBuC6H4)3CCONH}2-

C6H2)2]. By comparing the absorbance at 756 nm, the yield of the Mo(V) species was found to 

be approximately 70%. Moreover, sharp signals of tBuPh2SiOH were observed. The result is 

similar to that observed for monooxomolybdenum(VI) complex, 8, which decomposes by a 

homolytic cleavage of the MoVI–OPh bond to afford the corresponding 

monooxomolybdenum(V) complex and phenol.9,20 The dissociative mechanism is consistent 

with the ~60% production of tBuPh2SiOH (Scheme 2). In addition, 2 equiv. of DMSO was 

consumed while ~20% of Me2S based on the initial amount of 1 was detected, probably owing 

to the decomposition of the product through a radical process. 

 A similar OAT reaction occurred in a mixture of toluene-d8 and acetonitrile-d3 (v/v = 1/1, 

Figure 13). The similar reaction rate (k2 = 6.7 × 10–4 M–1s–1) to that in toluene-d8 indicates that 

the desoxomolybdenum(IV) complex can reduce DMSO without depending on the solvent 

polarity, unlike the case of Me3NO. The polar amine N-oxide is hardly soluble in nonpolar 

solvents and considered to be condensed into the ionic active center. Thus, the dramatic 

acceleration of the OAT reaction was achieved, as described in a previous paper.14 On the 

contrary, DMSO can diffuse uniformly even in toluene, and only the hydrophobic 

microenvironment around the active center affects the uptake of substrate. The similar reactivity 

in both polar and nonpolar solvents indicates the presence of a hydrophobic microenvironment 

for an efficient uptake of the substrate. 
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Figure 9. NMR spectral change during the reaction of 1 and 5 eq. of DMSO in toluene-d8. (a) 

0 h, (b) 24 h, (c) 294 h, (d) 576 h. The asterisk (*) denotes toluene. 
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Scheme 2. The Proposed Mechanism of the OAT Reaction of DMSO 

 

 
Figure 10. Time course of the conversion of 1 during the reduction of DMSO in toluene-d8. 

 

Figure 11. Kinetic plot of the reduction of DMSO. 
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Figure 12. UV-vis spectra of the reaction mixture of 1 and DMSO in toluene (red) and the in-

situ generated monooxomolybdenum(V) complex (blue) in toluene at 27 °C. 

 

 
Figure 13. Time course of the conversion of 1 during the reduction of DMSO in a mixed 

solution of toluene-d8 and acetonitrile-d3 (v/v = 1/1).  
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Discussion 

 Desoxomolybdenum(IV) complex 1 containing bulky hydrophobic substituents could 

reduce DMSO in both polar and nonpolar solvents. Although it is difficult to quantitatively 

discuss the reaction because of the instability of the resulting monooxomolybdenum(VI) 

complex 2 under the reaction conditions, the production of Me2S was confirmed by 1H NMR 

analysis. Moreover, the clean and quantitative OAT reaction of 1 with Me3NO was also 

observed. 

 In the case of the siloxomolybdenum(IV) complex containing unsubstituted bdt ligands (7), 

no appreciable reaction was observed when large excess of more reactive tetramethylene 

sulfoxide ((CH2)4SO) was reacted in CH3CN on heating at 50 °C, whereas the OAT reaction of 

Me3NO occurred, but it was not clean.7 Phenoxomolybdenum(IV) complex 8 slowly reacted 

with a large excess of DMSO in CH3CN on heating, and the kinetic parameters ∆H‡ and ∆S‡ 

were reported to be 14.8(5) kcal/mol and –36(1) cal/mol, respectively.9,20 The estimated k2 at 

50 °C from the Eyring plot was 8 × 10–6 M–1s–1, which was much smaller than the present 

system. In another case, a siloxomolybdenum(IV) complex, 

(Et4N)[MoIV(OSitBuPh2){S2C2(COOCH3)2}2], was reported to cleanly react with Me3NO 

below –15 °C; however, the reaction with DMSO was too slow to be monitored.17 

 The enhanced reactivity of the desoxomolybdenum(IV) complex in the present system is 

considered to be caused by the stabilization of the DMSO-bound transient structure owing to 

bulky hydrophobic substituents. The DFT calculations of desoxomolybdenum(IV) complexes 

indicated that the distortion of the geometry and trigonal-prismatic transition state are important 

to promote the attack of DMSO cis to the alkoxo ligand.10 In the previous theoretical 

investigation of monooxomolybdenum(IV) complexes, it has been shown that the four bulky 
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ligands stabilize the transient distorted structure and promote the very fast OAT reaction of 

Me3NO through a direct cis-attack mechanism.12 

 Further, the hydrophobic microenvironment around the active center is found to be 

maintained regardless of the solvent polarity. These results indicate that 

desoxomolybdenum(IV) complex 1 ensures the substrate-access pocket for DMSO. 

Conclusions 

 Toluene-soluble desoxomolybdenum(IV), monooxomolybdenum(VI), and 

monooxotungsten(VI) complexes (1-3, respectively) containing bulky hydrophobic groups 

were synthesized. The simple modification of an oxo ligand into a siloxo ligand achieved the 

reduction of not only Me3NO but also DMSO. Moreover, the reduction of DMSO was 

accelerated compared to that of the other complexes. 

 The rate of the OAT reaction of DMSO was independent of the polarity of the reaction 

media, which suggests the formation of a hydrophobic microenvironment around the active 

center. The combination of the bulkiness of CAr3 groups and a hydrophobic microenvironment 

promoted the OAT reaction of the biological substituent, DMSO, by forming the confined space 

for substrate binding.  
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Experimental 

 All procedures were performed under an argon atmosphere by the Schlenk technique. All 

solvents were dried and distilled under argon before use. (Et4N)2[MoIVO(1,2-S2-3,6-{(4-

tBuC6H4)3CCONH}2C6H2)2] (4), (Et4N)2[MoVIO2(1,2-S2-3,6-{(4-tBuC6H4)3CCONH}2C6H2)2] 

(5), and (Et4N)2[WVIO2(1,2-S2-3,6-{(4-tBuC6H4)3CCONH}2C6H2)2] (6) were prepared by the 

reported method.14 

 (Et4N)[MoIV(OSitBuPh2)(1,2-S2-3,6-{(4-tBuC6H4)3CCONH}2C6H2)2] (1). This 

compound was synthesized by a modified method reported in the literature.7 To a solution of 4 

(17.5 mg, 7.09 μmol) in toluene (0.7 mL) was added tBuPh2SiCl (3 μL, 12 μmol), and the 

reaction mixture was stirred for 1 h to afford a brownish-yellow suspension. After removal of 

colorless precipitates by filtration, the filtrate was evaporated under reduced pressure. The 

resulting brownish-yellow residue was recrystallized from toluene/acetonitrile to afford light 

green blocks. Yield: 17.0 mg, 93%. 1H NMR (toluene-d8): δ 8.54 (s, 4H, NH), 8.10 (s, 4H, 4,5-

H), 7.68 (d, J = 8.7 Hz, 24H, Ar), 7.41 (m, 4H, PhSi), 7.33 (d, J = 8.7 Hz, 24H, Ar), 7.18 (m, 

2H, PhSi), 6.95 (m, 4H, PhSi), 1.36 (br, 8H, Et4N+), 1.25 (s, 108H, tBu), 0.94 (s, 9H, tBuSi), 

0.03 (br, 12H, Et4N+). Absorption spectrum (toluene): λmax (ε, M–1cm–1) 363 (17000), 420 (sh) 

(7300) nm. Anal. Calcd for C164H203N5O5S4MoSi: C, 76.45; H, 7.94; N, 2.72. Found: C, 75.17; 

H, 7.99; N, 2.66. 

 As described in a previous paper, the disagreement of elemental analysis for molybdenum 

complexes is probably caused by their nanoporous structure in the solid state.14 After removal 

of the solvent molecules from the crystals, the resulting voids might be able to trap gaseous 

water molecules. Formal addition of water to the chemical formula improved the results. The 

calculated values for C164H203N5O5S4MoSi·(H2O)2.5: C, 75.13; H, 8.00 N, 2.67, which agree 
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with the found ones. The water molecules were also detected in 1H NMR spectra, but the 

amount of water depended on the conditions. 

 (Et4N)[MoVIO(OSitBuPh2)(1,2-S2-3,6-{(4-tBuC6H4)3CCONH}2C6H2)2] (2). This 

compound was synthesized in situ to obtain the UV-vis spectrum. To a solution of 5 (1 mM, 0.3 

mL) in toluene in a 1-mm UV cell was added a tBuPh2SiCl solution (128 mM, 4 µL) in toluene, 

and the cell contents were quickly mixed by shaking and allowed to stand for 8.5 h at 27 °C. 

The product was used for the spectral measurements without further purification. Absorption 

spectrum (toluene): λmax (ε, M–1cm–1) 371 (8500), 465 (sh) (5000), 583 (4900), 770 (sh) (2100) 

nm. 

 (Et4N)[WVIO(OSitBuPh2)(1,2-S2-3,6-{(4-tBuC6H4)3CCONH}2C6H2)2] (3). This 

compound was synthesized by a modified method reported in the literature.15 To a solution of 

5 (30.9 mg, 12.0 µmol) in toluene (1 mL) was added tBuPh2SiCl (5 µL, 19 µmol). The reaction 

mixture was stirred at r.t. for 10 min. After removal of colorless precipitates by filtration, the 

filtrate was evaporated. The resulting dark reddish-purple powder was recrystallized from 

toluene/acetonitrile to afford dark purple plates. Yield: 23.8 mg, 74%. 1H NMR (CD3CN): δ 

7.88 (s, 4H, NH), 7.77 (s, 4H, 4,5-H), 7.63 (d, J = 7.2 Hz, 4H, PhSi), 7.22 (d, J = 8.5 Hz, 24H, 

Ar), 7.20 (m, 2H, PhSi), 7.16 (d, J = 8.5 Hz, 24H, Ar), 7.11 (dd, J = 7.2, 7.8 Hz, 4H, PhSi), 3.15 

(q, J = 7.2 Hz, 8H, Et4N+), 1.20 (tt, JH-H = 7.2 Hz, JH-N = 1.9 Hz, 12H, Et4N+), 1.19 (s, 108H, 

tBu), 0.93 (s, 9H, tBuSi). Absorption spectrum (toluene): λmax (ε, M–1cm–1) 390 (sh) (6100), 485 

(6100), 608 (sh) (2600) nm. Anal. Calcd for C164H203N5O6S4SiW: C, 73.48; H, 7.63; N, 2.61. 

Found: C, 73.32; H, 7.51; N, 2.57. 

 Physical measurements. The elemental analyses were performed on a Yanaco CHN 

CORDER MT-5. 1H NMR spectra were obtained with JEOL ECA-500 and ECS-400 

spectrometers in toluene-d8 and CD3CN at 30 °C. UV-visible absorption spectra were recorded 

using a SHIMADZU UV-3100PC spectrometer. Infrared (IR) spectroscopic measurements 
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were done on a Jasco FT/IR-6100 spectrometer. Raman spectra were measured on a Jasco NR-

1800 laser Raman spectrometer with liq. N2 cooled or thermoelectrically cooled CCD detector. 

Exciting radiation was provided by Ar+ ion laser (514.5 nm). 

 Structural determination. Each single crystal of 1·5CH3CN·2H2O and 

3·7/2CH3CN·5/2H2O was selected carefully and mounted on MicroMount™ 200 µm with 

Nujol, which was frozen immediately in a stream of cold nitrogen at 200 K. Data collection 

was made on a Rigaku RAPID II Imaging Plate area detector with Mo-Kα radiation 

(0.71075 Å) using MicroMax-007HF microfocus rotating anode X-ray generator and VariMax-

Mo optics. The structures were solved by direct methods (SIR9221) for 1·5CH3CN·2H2O and 

heavy-atom Patterson methods (PATTY22) for 3·7/2CH3CN·5/2H2O and expanded Fourier 

techniques using SHELXL-97 or SHELXL-2014/7.23 

 Density functional theory (DFT) calculations. Geometry optimization and vibrational 

calculations were performed using Becke’s three-parameter hybrid functionals (B3LYP) in the 

Gaussian 03 program package.24 The basis set used for Mo and W was LanL2DZ. For other 

atoms (H, C, N, O, Si, S), a 6-31G** basis set was employed. The coordinates of the crystal 

structures, (Et4N)[MoIV(OSitBuPh2)(bdt)2]7 and (Et4N)[WVIO(OSitBuPh2)(bdt)2],15 were used 

for the initial structures with some modifications. 

 Kinetic measurements. A reaction system containing 1 and Me3NO was monitored 

spectrophotometrically in the region 280–1000 nm. The measurements were carried out in a 1-

cm UV cell containing a toluene solution of 1 (0.1 mM, 3.0 mL) at 27 °C. After thermal 

equilibrium, a Me3NO solution (60 mM, 10 µL) in DMF was injected through a silicone rubber 

cap, and the cell contents were quickly mixed by shaking. The time course of the reaction was 

monitored by using the absorption maximum of 2 at 583 nm. In the case in toluene/acetonitrile 

solution, a 1 mM solution of 1 in toluene/acetonitrile (v/v = 1/1) was treated with an acetonitrile 

solution of Me3NO (60 mM, 10 µL). 
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 The reaction between 1 and DMSO was monitored by 1H NMR spectroscopy. A sealed-

NMR tube containing 1 (1.2 mM) and DMSO (5.7 mM) in toluene-d8 (0.6 mL) was heated at 

50 °C. The measurement was carried out at 30 °C. In the case in toluene/acetonitrile solution, a 

mixed solution of 1 (0.99 mM) and DMSO (5.4 mM) in toluene-d8/CD3CN (v/v = 1/1) was 

used. 
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Chapter IV 

 

Modeling of Hydrophobic Microenvironment of Water-Soluble 

Molybdoenzymes in Aqueous Micellar Solution 

Introduction 

 Trimethylamine N-oxide reductase (TMAOR), a molybdoenzyme with two dithiolene 

ligands called pterin cofactor, catalyzes oxygen-atom-transfer (OAT) reactions via Mo(IV) and 

Mo(VI) oxidation states (Figure 1).1-4 The molybdenum(IV) center reductively eliminates an 

oxygen atom from amine N-oxides to form a MoVI=O bond and is regenerated via protonation 

and reduction accompanied with the production of water. Nicotinamide adenine dinucleotide 

(phosphate), NAD(P)H, can be used as an electron source in the catalytic cycle.5 In the case of 

biotin sulfoxide reductase (BSOR), the direct hydride transfer from NADPH to the active site 

has been proposed by using kinetic analyses.6-8 The active site is located at the bottom of a large 

depression, and the ligands are not exposed to the surface.1,9 The hydrophobic pocket formed 

by aromatic residues at the base of the depression is conserved in both TMAOR and BSOR,1,7 

which suggests the importance of the hydrophobicity in the enzyme activity. A hydrophobic 

environment around the active site should support weak interactions such as binding of 

substrates and hydrogen bonds, and is probably important for controlling the electrochemical 

properties. Studies on encapsulated model compounds with dendritic architecture have 

demonstrated the importance of the hydrophobic pocket.10-15 
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Figure 1. (a) The structure of the active site and (b) catalytic cycle of trimethylamine N-oxide 

reductase. 

 A number of molybdoenzyme models have been synthesized,16-21 some of which have 

simulated the catalytic reduction of amine N-oxides by phosphines by double OAT 

reactions.22-26 Monooxomolybdenum(IV) complexes with benzene-1,2-dithiolate (bdt) ligands 

can eliminate the oxygen atom of trimethylamine N-oxide to afford a MoVI=O bond; the 
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resulting dioxomolybdenum(VI) complexes can be reduced by benzoin to regenerate the 

original monooxomolybdenum(IV) complexes with the production of water.27,28 

 Introduction of four bulky triphenylacetylamino groups into the model complex, i.e. 

(Et4N)2[MoIVO{1,2-S2-3,6-(Ph3CCONH)2C6H2}2], dramatically accelerated the OAT reaction 

via the stabilization of a distorted intermediate by the bulky substituents.29,30 In the proposed 

mechanism, the substrate approaches the polar molybdenum center from the upper side, i.e. cis 

to the oxo ligand, and spontaneously a Mo=O bond is formed, similar to the enzyme. As 

described in Chapter II, a toluene-soluble monooxomolybdenum complex, (Et4N)2[MoIVO{1,2-

S2-3-(4-tBuC6H4)3CCONHC6H3}2] (1) has been designed and synthesized. Introduction of tert-

butyl groups covered the polar molybdenum center completely with a hydrophobic barrier, and 

amine N-oxide was found to approach the active center more efficiently in hydrophobic media. 

 The author presents here the biomimetic catalytic reduction of amine N-oxide by an NADH 

analog in an aqueous micellar solution. There are a few reports on models promoting the OAT 

reaction in aqueous media; however, the reports are limited to the use of a mixture of polar 

solvents and water or wet organic solvents.31,32 

Results 

 Catalysis in nonpolar solvent. Since the importance of hydrophobicity around the reactive 

center has been revealed in Chapters II and III, the author expanded the model system to a 

catalytic reaction using toluene-soluble dodecyldimethylamine N-oxide (DDAO) and the 

NADH analog, 1-benzyl-1,4-dihydronicotinamide (BNAH). At first, a stoichiometric reaction 

in toluene/THF was examined using UV-vis spectroscopy (Scheme 1, Figure 2). When 2 eq. of 

DDAO was added to a toluene solution of complex 1 (0.1 mM), a rapid OAT reaction occurred 

in a manner similar to the reaction of Me3NO. Subsequently, 2 eq. of BNAH was added, but no 
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reaction occurred. The characteristic absorption of BNAH at 355 nm remained unchanged for 

20 min. The absorption obviously decreased upon the addition of a small amount of water, 

showing the consumption of BNAH. These results indicate that water is essential for the 

reduction of 2 in the catalytic cycle. Then, the catalytic reduction of DDAO by BNAH in water-

containing toluene-d8 was monitored using 1H NMR spectroscopy (Scheme 2, Figure 3). The 

consumption of DDAO and BNAH followed by the production of DDA was observed. The 

pseudo-first-order reaction rate constant kobs (1.9 × 10–6 s–1) was approximately 20 times faster 

than that of the reaction without the catalyst (9.0 × 10–8 s–1), and the turnover number (TON) 

of the catalysis achieved to 46 with the complete consumption of DDAO. 

 

 

Scheme 1. The OAT Reaction of DDAO and Regeneration of 1 from 2 by BNAH 
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Figure 2. (a) UV-vis spectral change and (b) time-course of the reaction between 1, DDAO, 

and BNAH in toluene/THF. 

 

 

Scheme 2. Catalytic Reduction of DDAO by BNAH in Water-Containing Toluene-d8 
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Figure 3. 1H NMR spectral change in water-containing toluene-d8 during the catalytic reduction 

of DDAO by BNAH with 2 mol% of 2 at 27 °C. 

 Synthetic approach toward a unimer-micellar type model complex. In order to construct 

the hydrophobic microenvironment in aqueous media, the author first attempted to introduce 

hydrophilic chains into the hydrophobic complex 1 as illustrated in Figure 4. Two types of the 

precursor of the amphiphilic dithiolate ligands were synthesized as shown in Scheme 3; 

however, the products could not be isolated ascribed to by-products in an O-alkylation reaction. 

The quantitative and selective O-alkylation on all phenol moieties in the reactant was very 

difficult owing to the competitive N- and S- alkylation reactions; and these by-products could 

not be removed even by the separation using preparative SEC column because of the similarity 

in solubility and molecular size. 
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Figure 4. Schematic drawing of the introduction of hydrophilic chain (blue waving lines) into 

the hydrophobic groups (orange ovals) toward a unimer-micellar type complex. 

Scheme 3. Synthetic Route of the Precursors of Amphiphilic Dithiolate Ligands (x = 1, 2) 
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 Catalysis in an aqueous micellar solution. Another way to dissolve the hydrophobic 

molecules into aqueous media is the formation of micelles. In the process of searching for a 

surfactant to solubilize the complex, Triton X-100, a liquid non-ionic surfactant,33,34 could 

successfully form a transparent micellar solution of the complex 2. Because the complex 2 was 

insoluble in water but readily soluble in toluene and Triton X-100, the complex must be located 

in the hydrophobic core of the micelles (Figure 5). The catalytic reduction of DDAO by BNAH 

in an aqueous micellar solution was monitored using UV-vis spectroscopy (Scheme 4, Figure 

6). The pseudo-first-order rate constant of the catalytic reaction (kobs = 36×10–6 s–1) was about 

10 times faster than that of the reaction without the complex (3.8×10–6 s–1). When D2O was 

used instead of H2O, the reaction slowed down (KIE = kH/kD = 6.5), which indicates that water 

molecules (or protons) are involved in the rate-determining step and are crucial for the catalysis. 

A weak and broad absorption band was observed at 770 nm during the catalytic reaction (Figure 

6), which suggests the presence of a monooxomolybdenum(V) species28,35 generated by one-

electron reduction as a side reaction. The absorption was not observed under nonaqueous 

conditions. 

 
Figure 5. Schematic drawing of the complex in an aqueous micellar solution (orange oval: 

hydrophobic group, blue stick: hydrophilic group). 
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Scheme 4. Catalytic Reduction of DDAO by BNAH in an Aqueous Micellar Solution Using 

Triton X-100 

 

 

 

Figure 6. (a) UV-vis spectral change and (b) kinetic plot of the catalytic reduction of DDAO 

by BNAH in an aqueous micellar solution.  
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Discussion 

 The dioxomolybdenum(VI) complex 2 catalyze the oxygen-atom-transfer (OAT) reaction 

of amine N-oxide into water using NADH analog, BNAH in both toluene and aqueous media. 

In hydrophobic media, the OAT reaction could be directly observed using 1H NMR 

spectroscopy, and the addition of only 2 mol% of the catalyst resulted in the dramatic 

acceleration of the reaction. Moreover, the stoichiometric reaction in nonaqueous media clearly 

showed the essential role of water molecules in the reduction step. 

 The non-ionic surfactant, Triton X-100, efficiently covered the complex containing bulky 

hydrophobic groups and made heterolytic microenvironment in water as shown in Figure 5. As 

a result of kinetic experiments, the reaction mechanism of the catalysis is considered as shown 

in Scheme 5. The large kinetic isotope effect (KIE) of the solvent indicated the protonation of 

dioxomolybdenum(VI) complex was involved in the rate-determining step. Furthermore, the 

observation of molybdenum(V) species suggested the presence of one-electron reduction 

process, which is reminiscent of the proposed catalytic cycle of TMAOR where the one-electron 

redaction associates with protonation of the terminal oxo ligand (Figure 1).1 
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Scheme 5. Proposed Mechanism of the Catalysis 

 

Conclusions 

 The author constructed a water-soluble molybdoenzyme model containing a hydrophobic 

microenvironment surrounded by an aqueous micellar solution. The model catalyzes the 

biomimetic reduction of amine N-oxide by an NADH analog in aqueous media. The 

hydrophobic microenvironment probably promotes the uptake of substrates from the outer 

aqueous media into the polar reactive site. The present catalytic system, which reduces the 

substrate followed by the production of water, is one of the most well-designed enzyme models. 
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Experimental 

 All procedures were performed under an argon atmosphere by the Schlenk technique. All 

solvents were dried and distilled under argon before use. Reagents were obtained commercially 

and used without further purification. (4-HOC6H4)3CCOOH,36 (4-CH3COOC6H4)(4-

CH3OC6H4)3CCOOH,37 (nBu4N)2[3,6-(NH2)2C6H4-1,2-(SSO3)2],38 3,4,5-{CH3O(CH2O)3}3-

C6H2CH2Cl,39 and (Et4N)2[MoVIO2(1,2-S2-3,6-{(4-tBuC6H4)3CCONH}2C6H2)2] (2)38 were 

prepared by reported methods. 

 (4-CH3COOC6H4)3CCOOH. This compound was synthesized by a modified method 

reported in the literature.40 To a mixed solution of (4-HOC6H4)3CCOOH (2.66 g, 7.9 mmol) in 

1 M NaOH aq. (75 mL) and CH2Cl2 (75 mL) was added dropwise Ac2O (5.9 g, 58 mmol). The 

aqueous layer turned from red to colorless, and yellowish white precipitates was generated. 

After stirring for 2 h, the mixture was acidified using 6 M HCl aq. (about 5 mL, pH 5) and 

extracted with AcOEt. The organic layer was washed with water and sat. NaCl aq., dried over 

MgSO4, filtered, and evaporated under reduced pressure. The resulting yellowish white residue 

was recrystallized from AcOEt/methanol to give colorless blocks. Yield: 2.90 g, 79% (1st). The 

mother liquir was concentrated to dryness, washed by methanol, and recrystallized by hot 

methanol to give colorless plates. Yield: 0.775 g, 21%. 

 (nBu4N)2[3,6-{(4-CH3COOC6H4)3CCONH}2C6H2-1,2-(SSO3)2]. To a suspension of (4-

CH3COOC6H4)3CCOOH (1.70 g, 3.69 mmol) in CH2Cl2 (18 mL) were successively added 

(COCl)2 (0.7 mL, 8.2 mmol) and a drop of DMF. The reaction mixture was stirred for 1.5 h to 

afford a colorless solution. After removal of volatile materials, CH2Cl2 (5 mL) was added to the 

resulting (4-CH3COOC6H4)3CCOCl to afford a colorless solution. To a mixed solution of 

(nBu4N)2[3,6-(NH2)2C6H4-1,2-(SSO3)2] (1.41 g, 1.72 mmol) and Et3N (0.8 mL, 5.74 mmol) in 

CH2Cl2 (10 mL) was added dropwise the solution of (4-CH3COOC6H4)3CCOCl in CH2Cl2. 
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After addition of a catalytic amount of DMAP and Et3N (0.8 mL, 5.74 mmol), the reaction 

mixture was stirred for 40 h. After removal of volatile materials, THF was added to the yellow 

residue, and the mixture was filtered and concentrated to dryness. The resulting colorless 

needles were recrystallized from acetonitrile/Et2O. Yield: 1.21 g, 41%. 

 (1,2-S3-3,6-{(4-CH3COOC6H4)3CCONH}2C6H2)3. To a mixture of (nBu4N)2[3,6-{(4-

CH3COOC6H4)3CCONH}2C6H2-1,2-(SSO3)2] (759 mg, 446 µmol) and KI (74.6 mg, 450 µmol) 

was added AcOH (1.2 mL), and the reaction mixture was stirred for 1.5 h at 100 °C to afford a 

yellow suspension. The precipitates were filtered off, washed with methanol for several times, 

and dried under reduced pressure to afford slightly yellow powder. Yield: 268 mg, 55%. 

 (1,2-S3-3,6-{(4-HOC6H4)3CCONH}2C6H2)3. To a solution of (1,2-S3-3,6-{(4-

HOC6H4)3CCONH}2C6H2)3 (250 mg, 78.7 µmol) in THF (10 mL) was added dropwise a 

solution of KOH (0.85 g, 15 mmol) in water (15 mL), and the reaction mixture was stirred for 

2 h at r.t. to afford a purple solution. After acidified by 1-M HCl aq. (15 mL), the mixture was 

extracted with AcOEt, washed with 2% HCl aq, dried over MgSO4, and evaporated under 

reduced pressure to afford yellowish-orange powder. Yield: 190 mg, quant. 

 {1,2-S2-3,6-({4-(3,4,5-{CH3O(CH2O)3}3C6H2CH2O)C6H4}3CCONH)2C6H2}x (x = 1, 2). 

To a solution of 3,4,5-{CH3O(CH2O)3}3C6H2CH2Cl (498 mg, 812 µmol) in DMF (40 mL) were 

added (1,2-S3-3,6-{(4-HOC6H4)3CCONH}2C6H2)3 (101 mg, 41.8 µmol), K2CO3 (318 mg, 2.30 

mmol), and KI (26.0 mg, 157 µmol), and the reaction mixture was stirred for 40 h at 80 °C to 

afford a yellowish-green suspension. After removing the volatile materials, and the residue was 

extracted with CH2Cl2, washed with 4% NaHCO3 aq. and sat. NaCl aq., dried over Na2SO4, and 

evaporated under reduced pressure to afford brown oil. Yield: 519 mg. 

 (nBu4N)2[3,6-{(4-CH3COOC6H4)(4-CH3OC6H4)3CCONH}2C6H2-1,2-(SSO3)2]. To a 

solution of (4-CH3COOC6H4)(4-CH3OC6H4)3CCOOH (2.05 g, 5.04 mmol) in CH2Cl2 (20 mL) 

were added (COCl)2 (0.95 mL, 11 mmol) and a catalic amount of DMF at 0 °C. After stirring 



- 98 - 

for 2 h at r.t., the volatile materials were removed under reduced pressure to afford light-yellow 

residue. A solution of the resulting acyl chloride (5.04 mmol) in DCE (10 mL) was added 

dropwise at 0 °C to a solution of (nBu4N)2[3,6-(NH2)2C6H2-1,2-(SSO3)2] (2.04 g, 2.51 mmol) 

and Et3N (1 mL, 7 mmol) in DCE (15 mL). The reaction mixture was stirred at 80 °C for 74 h 

to afford a yellowish-brown solution, and the volatile materials were removed under reduced 

pressure. The resulting residue was washed with water and water/methanol and extracted with 

AcOEt. After removal of the solvent, the resulting residue was washed with acetone/n-hexane 

for several times and dried under reduced pressure to afford pale-yellow powder. Yield: 1.78 g, 

44%. 

 (1,2-S2-3,6-{(4-CH3COOC6H4)(4-CH3OC6H4)3CCONH}2C6H2)x (x = 1, 2). To a mixture 

of (nBu4N)2[3,6-{(4-CH3COOC6H4)(4-CH3OC6H4)3CCONH}2C6H2-1,2-(SSO3)2] (1.63 g, 1.03 

mmol) and KI (177 mg, 1.02 mmol) was added AcOH (3 mL), and the reaction mixture was 

stirred for 2.5 h at 100 °C to afford a yellowish-brown suspension. After adding water and 

AcOEt, the organic layer was extracted with AcOEt, washed with water, 4% NaHCO3 aq., sat. 

NaCl aq., 2% HCl aq., and sat. NaCl aq., successively, dried over Na2SO4, evaporated, and 

reprecipitated from acetone/methanol to afford yellowish-brown powder. After dissolving the 

product in DMF, the resulting yellowish-orange solution was stirred for 24 h at 100 °C. After 

removing the solvent, the resulting orange residue was washed with methanol to afford yellow 

powder. The crude product was purified by column chromatography (AcOEt/n-hexane (v/v) = 

2/1) and reprecipitated from AcOEt/methanol to afford yellow powder. Yield: 468 mg, 48%. 

 (1,2-S2-3,6-{(4-HOC6H4)(4-CH3OC6H4)3CCONH}2C6H2)x. To a solution of (1,2-S2-3,6-

{(4-CH3COOC6H4)(4-CH3OC6H4)3CCONH}2C6H2)x (42.4 mg, 44.8 µmol) in acetonitrile (~1 

mL) was added dropwise an aqueous solution of KOH (1 M, 1 mL), and the reaction mixture 

was stirred for 1.5 h at r.t. After acidifying the mixture with 1 M HCl aq., the product was 
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extracted with AcOEt, washed with 1 M HCl aq., sat. NaCl aq., NaHCO3 aq., sat. NaCl aq., 

successively, dried over Na2SO4, and evaporated to afford a brown oil. Yield: 39.6 mg, quant. 

 {1,2-S2-3,6-({4-(3,4,5-{CH3O(CH2O)3}3C6H2CH2O)C6H4}{4-CH3OC6H4}2CCONH)2-

C6H2}x. To a solution of (1,2-S2-3,6-{(4-CH3COOC6H4)(4-CH3OC6H4)3CCONH}2C6H2)x 

(36.6 mg, 42.4 µmol) in DMF (2 mL) with heating was added K2CO3 (128 mg, 929 µmol) to 

afford a reddish-orange suspension. After adding dropwise a solution of 3,4,5-

{CH3O(CH2O)3}3C6H2CH2Cl (66.7 mg, 109 µmol) in DMF (2 mL), the reaction mixture was 

stirred for 4 h at 65 °C and evaporated. After adding water and CH2Cl2, the organic layer was 

extracted with CH2Cl2, washed with 4% NaHCO3 aq., sat. NaCl aq., successively, dried over 

Na2SO4, and evaporated to afford a brown oil. The crude product was purified by preparative 

SEC (CHCl3) and evaporated to afford a yellowish-brown oil. Yield: 52.0 mg. 

 Stoichiometric reaction between 1 and DDAO and the subsequent reduction by BNAH 

in toluene/THF. The procedure was similar to that described above for Me3NO in toluene, 

except for the use of DDAO (30 mM, 20 µL) in THF. After the complete formation of 2 was 

confirmed, a solution of BNAH (30 mM, 20 µL) in THF was added. After 20 min., H2O (10 

µL, 180 mM) was added, and the time course of the reaction was monitored by using the 

absorption maximum of BNAH. 

 Catalysis in toluene-d8. A solution of 2 (0.51 mg, 0.21 µmol) in toluene-d8 (0.1 mL) was 

added to a mixed solution of DDAO (0.80 mg, 3.5 µmol) and BNAH (0.74 mg, 3.5 µmol) in 

toluene-d8 (0.6 mL)/H2O (0.2 µL, 11 µmol) at –78 °C. The reaction at 27 °C was monitored by 

using 1H NMR spectroscopy. 

 Preparation of a micellar solution of 2. To a solution of 2 (1.55 mg, 0.63 µmol) in THF 

(0.3 mL) was added a 0.1-M THF solution of Triton X-100 (0.9 mL, 90 µmol). The resulting 

reddish-brown solution was concentrated under reduced pressure, and water (1.8 mL) was 

added to afford a 0.35-mM aqueous micellar solution of 2. 



- 100 - 

 Catalysis in a micellar solution. A reaction system containing 2, DDAO, and BNAH was 

monitored in the region 280–1000 nm. The measurements were carried out in a 1-mm UV cell 

at 27 °C. After the thermal equilibrium, a 90-mM aqueous solution of DDAO (10 µL, 0.9 µmol) 

and a 30-mM THF solution of BNAH (30 µL, 0.9 µmol) were added to a 0.35-mM aqueous 

micellar solution of 2 (0.26 mL, 0.09 µmol), and the cell contents were quickly mixed by 

shaking. The absorption at 355 nm (BNAH) was monitored at 27 °C 

 Physical measurements. 1H NMR spectra were obtained with JEOL ECA-500 

spectrometer in toluene-d8 at 30 °C. UV-visible absorption spectra were recorded using a 

SHIMADZU UV-3100PC spectrometer. 
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Chapter V 

 

Summary 

 

 The aim of this thesis is to reveal the role of hydrophobic microenvironment surrounding 

the active site of molybdoenzymes. 

 In Chapter II, the toluene-soluble anionic monomolybdenum(IV) and 

dioxomomolybdenum(VI) complexes containing very bulky and hydrophobic moieties have 

been synthesized and fully characterized. The encapsulation of counterions were observed even 

in solution state, and the approach of polar Me3NO was more efficient in hydrophobic 

environment formed by bulky hydrophobic groups and nonpolar solvents, which resulted in the 

dramatic acceleration of the oxygen-atom-transfer (OAT) reaction. 

 Chapter III has described the importance of local hydrophobicity around the active center. 

The silylation of the terminal oxo ligand enhanced the reactivity of the complex; in other words, 

the resulting desoxomolybdenum(IV) complex promoted the OAT reaction of the biological 

substrate, DMSO. X-ray structural analysis, spectroscopic measurements, and kinetics of the 

OAT reaction of Me3NO indicate that the modification of the complex was done keeping the 

coordination structure and the hydrophobic pocket surrounded by bulky hydrophobic groups of 

the monooxomolybdenum(IV) complex. The comparable reaction rates to reduce DMSO in 

polar and nonpolar solvents indicates that the hydrophobic microenvironment and transient 

distorted structure play a dominant role in the uptake and activation of the neutral small 

molecule like DMSO. 

 Finally, in Chapter IV, the author has described the model system containing the 

hydrophobic microenvironment in aqueous media. Catalytic reduction of amine N-oxide by 
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NADH analog was achieved in an aqueous micellar solution. The hydrophobic pocket of the 

fundamental complex to uptake the substrates successfully constructed the heterolytic 

environment in water. 

 The author has demonstrated the toluene-soluble molybdenum complexes having very 

bulky and hydrophobic moieties. The polar active center and counterions are successfully 

covered by bulky substituents, and the effective approach of Me3NO was achieved in 

hydrophobic environment supported by nonpolar media. The simple but very effective 

modification of the complex, i.e. the silylation of the terminal oxo ligand, resulted in the 

enhancement of reactivity for DMSO even in polar media. The result indicates the formation 

of the hydrophobic pocket for the binding and activation of the substrate. Finally, the author has 

demonstrated the micellization of the complex, which reconstructed the hydrophobic 

microenvironment in aqueous media. 

 In conclusion, the hydrophobic microenvironment formed by protein surrounding the active 

center of molybdoenzymes has been successfully modeled by the enzyme model complex 

containing bulky and hydrophobic groups. The concept of reconstructing the active site of 

metalloenzymes with the hydrophobic microenvironment will provide new insights for enzyme 

modeling. 
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