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Abstract 

 The carbon monoxide dehydrogenase in Oligotropha carboxidovorans is a 

molybdenum containing metalloenzyme that catalyzes the formation of carbon dioxide, 

two protons, and two electrons from carbon monoxide and water. This enzyme in soil 

bacteria remediates about 10-25 % of atmospheric carbon monoxide annually. However, 

our understanding of the CO oxidation of this enzyme is still incomplete. Previous efforts 

have been made to synthesize biomimetic models based on the active site of this enzyme. 

These efforts have yielded models that mimic portions of the catalytic site but lack both a 

mimicry of the entire site and catalytic activity. The reaction catalyzed by this enzyme is 

particularly interesting as the same reaction is used in the industrial production of 

hydrogen gas through the water-gas shift reaction.  

 Here we report on our attempt to synthesize a functional model complex based on 

the active site of carbon monoxide dehydrogenase from O. carboxidovorans, closely 

following a published procedure by Gourlay et al (Gourlay et al. 2018). Prior 

computational modeling by our group was used to select a ligand with appropriate steric 

bulk and electron density donation for the complex that could be easily modified, tris-(2-

pyridylmethyl)amine (TPA or a 4 N-coordinated ligand, N4). A prior synthesis attempt 

with this ligand yielded a different di-metal complex than the desired one, thus we have 

modified the design of the ligand in our current trials. 

 Two modifications of the TPA ligand were N,N-

bis(mercaptoethyl)(aminomethyl)-2-pyridine (referred to as N2S2) and N,N-bis(2-

pyridylmethyl)aminoethanethiol (referred to as N3S). We will report our progress of the 
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synthesis of these ligands and their complexation with molybdenum centers as well as 

our attempts, and thoughts on the final complexation reaction.  
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Introduction 
 

Carbon monoxide (CO) is a colorless, odorless, and tasteless gas found in trace 

quantities of around 0.2 ppm in Earth’s atmosphere. It is a multifaceted molecule, having 

a role in a variety of systems such as the decomposition of greenhouse gases, toxicity in 

vertebrates, and in the energy industry. By focusing our studies on expanding knowledge 

of the function of a CO-oxidizing enzyme, we hope to expand our understanding of its 

role in these diverse systems. A detailed understanding of these enzymes and the 

mechanism of CO oxidation is particularly important for the energy industry as it 

currently uses the water-gas shift reaction (CO+H2O→ CO2+H2) to create H2 gas from 

CO oxidation. While the reaction rate increases at higher temperatures, the equilibrium 

constant decreases as the temperature is increased. This results in a faster, but less 

complete, reaction at higher temperatures. Industrially, the water-gas shift reaction is 

generally performed at temperatures ranging from 180-450 °C (Jain and Maric, 2014). 

The studies of CO-oxidizing enzymes may provide insights into more efficient 

production of H2 from CO at lower temperatures without compromising the rate and 

efficiency. 

 

A. Carbon Monoxide 

CO is typically produced by the partial oxidation of organic matters, such as 

hydrocarbons. Sources of CO are diverse, including bacterial enzymatic processes, the 

degradation of biomaterials, and human sources (Wray and Abeles 1993, Tenhunen et al. 

1969). Levels of CO in the atmosphere are balanced out by both biological and physical 

means of CO removal. This removal of CO from the atmosphere is important because 
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elevated levels of CO, approximately 35 ppm or higher, are toxic to many organisms, 

including humans (Goldstein, Mark 2008).  

CO binds to hemoglobin about 200-250 times more strongly than dioxygen due to 

its unique bonding characteristic, hence reducing the oxygen carrying capacity of 

hemoglobin. This leads to shortness of breath at a relatively low concentration of CO, and 

suffocation at elevated levels (Spiro et al. 2013). CO poisoning has been connected to 

both acute and delayed onset brain injury at a greater extent than what would be expected 

from solely dioxygen displacement in hemoglobin. Mitochondrial disruption has been 

implicated as a contributing factor to neuronal apoptosis (Bi et al. 2017).  CO serves as 

an inhibitor of cytochrome oxidase, the final electron acceptor in the electron transport 

chain of aerobic respiration (Alonso et al. 2013). This disrupts the mitochondrial 

membrane potential, which is essential to mitochondrial ATP generation. CO also 

disrupts the mitochondrial ultrastructure, and the cumulative effects of CO poisoning on 

vertebrate cells leads to mitochondrial impairment and cellular death (Bi et al. 2017). 

Unintentional, non-fire related CO poisoning deaths are the second most common 

non-medicinal poisoning death in the United States, causing an average of 438 deaths 

annually (Sircar et al. 2015). This indicates reducing or removing CO emissions from 

common sources, such as car exhaust, as a potential means to improve public health. 

 The large majority of atmospheric CO removal occurs through radical oxidation 

by hydroxyl radicals in the atmosphere. This process is suggested to occur via the 

following reaction: CO + ·OH → CO2 + ·H. The presence of CO in the atmosphere is 

reported to reduce the levels of hydroxyl radicals and ozone in the troposphere, as the 

degradation of atmospheric CO consumes these species (Khalil et al. 1999). Thus, the 
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hydroxyl radical mediated removal of CO from the atmosphere may result in chemical 

feedbacks, such as elevated levels of other gases that are normally removed by these 

hydroxyl radicals. For example, the greenhouse gas methane is naturally removed from 

the atmosphere by hydroxyl radicals (Weinstock and Niki, 1972). 

Due to their short lifetime, high toxicity, and highly reactive nature, hydroxyl 

radicals are not an appealing means of curbing CO levels. The next largest sink for 

atmospheric CO is soil. Removal of atmospheric CO by soil is estimated to account for 

anywhere from 190 to 598 teragrams per year. This accounts for approximately 10-25 % 

of the global annual consumption of CO, though it is suspected that the actual sink 

strength of soil lies in the lower end of these ranges (King, Gary M., 1998). This ability 

of soil to consume CO stems from microorganisms that live in the soil and CO oxidizing 

enzymes they employ (Conrad and Seiler, 1985). 

 

B. Enzyme Responsible for CO Decomposition 

These CO consuming microorganisms are carboxydotrophic, able to use CO as a 

source of both energy and carbon (Oelgeschlager and Rother, 2008). They use carbon 

monoxide dehydrogenase enzymes (CODH) to catalyze the following reaction under 

biological conditions: CO + H2O → CO2 + 2H+ + 2e-. While this method of harnessing 

CO for both energy and carbon is a commonality shared among these carboxydotrophic 

bacteria, there is large inherent metabolic and phylogenetic diversity in the category of 

carboxydotrophic bacteria. This category includes methanogens, acetogens, 

hydrogenogens, and desulfuricants. These various carboxydotrophs can be categorized 

further based on the two main CODH variants they use, the Ni containing variant (Ni-
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CODH) and the Mo containing variant (Mo-CODH) (Ferry, J. G. 1995). Anaerobic 

bacteria utilize the Ni-CODH containing an asymmetrical heteronuclear [Ni-4Fe-5S] 

cluster whereas aerobic carboxydotrophic bacteria utilize the Mo-CODH containing a 

dimetallic [Mo-μS-Cu] cluster at the catalytic sites (Dobbek et al. 2001) (Figure 1). The 

stark differences in the metallic catalytic sites of these two types of CODH supports a 

view that anaerobic and aerobic carboxydotrophs have independently developed these 

distinct carbon monoxide-oxidizing enzymes (Meyer and Schlegel, 1983). Among the 

aerobic, [Mo-μS-Cu] CODH containing organisms, the Gram-negative soil bacteria 

Oligotropha carboxidovorans (previously known as Pseudomonas carboxidovorans) is of 

particular interest. Various experiments related to O. carboxidovorans have provided a 

wealth of information summarized here. 

 

Figure 1. (A) Catalytic site of Mo-CODH from O. carboxidovorans containing a cluster 

with a square pyramidal Mo center and a bent Cu center (PDB ID: 1N63, Dobbek et al. 

2002). (B) Catalytic site of Ni-CODH from C. hydrogenoformans containing a [Ni-4Fe-

5S] cluster (PDB ID: 1SU6, Dobbek et al. 2004). 
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 The [Mo-μS-Cu] CODH of O. carboxidovorans is a flavoprotein that has a 

symmetrical quaternary structure and is encoded on the 128 kb megaplasmid pHCG3 

(Schübel et al. 1995). The enzyme is composed of three subunits, called the large (L), 

medium (M), and small (S) subunits. Transcription of the corresponding genes is 

activated under chemolithoautotrophic conditions in the presence of CO (Santiago et al. 

1999). The L, M, and S subunits come together to form a heterotrimer, and the full 

CODH enzyme is a dimer of two of these heterotrimers (Figure 2) (Dobbek et al. 1999). 

The fully assembled Mo-CODH enzyme has been shown to have a specific interaction 

with the cytoplasmic membrane of O. carboxidovorans, indicating that the protein is 

naturally found associated with the cytoplasmic membrane (Spreitler et al. 2010). In this 

location on the membrane, the electrons can be donated to O. carboxidovorans’ electron 

transport chain to ultimately augment the proton motive force, while the protons 

generated directly contribute to the proton motive force. 
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C. Structure of CODH from O. carboxidovorans 

 

Figure 2.  (A) Crystal structure of a dimer of heterotrimers of Mo-CODH from O. 

carboxidovorans.  MCD-[Mo-μS-Cu] centers, [2Fe-2S] cofactors, and FAD cofactors 

depicted by space filling models (PDB ID: 1N63, Dobbek et al. 2002). (B) Crystal 

structure of a homodimer of Ni-CODH from Carboxydothermus hydrogenoformans. [Ni-

4Fe-5S] centers and [2Fe-2S] cofactors depicted by space filling model (PDB ID: 1SU6, 

Dobbek et al. 2004). 

 

X-ray crystallography (XTAL) of Mo-CODH isolated from O. carboxidovorans 

has elucidated the structure and composition of the protein, which was further refined 

using results from X-ray absorption spectroscopy (XAS) and electron paramagnetic 

resonance (EPR) (Dobbek et al. 1999 and 2002, Gnida et al. 2003) (Figure 2). The three 

subunits (L, M and S) are separate polypeptide chains named based on their relative size 
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(L: 88.7 kDa, M: 30.2 

kDa, and S: 17.8 kDa) 

(Figure 3). Each 

heterotrimer contains 

two [2Fe-2S] clusters, a 

non-covalently bound 

flavin adenine 

dinucleotide (FAD), a 

molybdopterin cytosine 

dinucleotide (MCD), 

and a [Mo-μS-Cu] 

cluster as cofactors. The MCD group and [Mo-μS-Cu] cluster are located on the L 

subunit, forming the catalytic site. The FAD group is located on the M subunit and serves 

as an electron and proton acceptor. The two [2Fe-2S] clusters are located on the S 

subunit, and these clusters are believed to provide a pathway from the catalytic site to the 

FAD group for shuttling electrons. This coincides with the position of the S subunit 

between the M and L subunits (Dobbek et 

al. 1999 and 2002). 

 The structure of the MCD and 

[Mo-μS-Cu] catalytic site has been 

characterized in its oxidized form 

[Mo(VI)-Cu(I)] (Figure 1 and Figure 4). 

The Mo(VI) center has a distorted square-

 

Figure 3. Crystal structure of a trimer of Mo-CODH from 
O. carboxidovorans with the subunits and cofactors labeled 
(PDB ID: 1N63, Dobbek et al. 2002). 

 

Figure 4. Structural formula of the MCD 
[Mo-μS-Cu] catalytic site. 
 



 

8 
 

pyramidal coordination geometry. There is an axial Mo=O at the top of the pyramid, with 

the equatorial plane comprised of another oxygen group, two adjacent Mo-S groups from 

the MCD cofactor, and a third Mo-S group linking the Mo(VI) center to the Cu(I) center. 

There is some debate as to the protonation state of the equatorial oxygen group, as some 

experiments have characterized it as an oxo-group, while others have characterized it as a 

hydroxo-group (Dobbek et al. 2002 and Gnida et al. 2003). These differences may arise 

from the different conditions of x-ray diffraction (XRD) versus XAS. The growing 

consensus is that the oxidized form of the cluster contains an oxo-group. The Cu(I) center 

has a distorted linear geometry. On one end, it is connected to the μS bridge with the 

Mo(VI) center, and on the other side it is connected to a second thiolate ligand provided 

by the Cys 388 residue of the L subunit. The Mo-μS-Cu and the μS-Cu-γS bond angles 

are ~110°, and ~160°, respectively (Dobbek et al. 2002). 

 The [Mo-μS-Cu] catalytic site also is coordinated noncovalently with surrounding 

residues and water molecules. The second coordination sphere of the Mo(VI) center 

includes the Gln-240 and Glu-763 residues, with the Glu-763 weakly coordinating 

directly with the Mo(VI) center in the axial position, opposite of the axial Mo=O. This 

gives the Mo(VI) center a slight octahedral character. The Nɛ2 group of Gln-240 is 2.90 

Å from the oxygen in the axial Mo=O, putting it within hydrogen bonding distance.  The 

second coordination sphere of the Cu(I) ion includes a hydrogen bonding network with 

the nearby Val384-Ala385-Tyr386- Arg387-Cys388-Ser389-Phe390 sequence. This network is 

influenced by the binding of the FAD cofactor in the M subunit, and it has been 
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suggested that it stabilizes the Cu(I) center through weak, non-covalent interactions 

(O’Connor, Jacob 2016). 

During the catalytic cycle, the oxidation 

state of the Mo center changes from +6 to +4. Both 

the Mo(VI) and Mo(IV) forms of CODH have been 

crystallized and analyzed with XRD and XAS 

(Figure 5). Additionally, titration with sodium 

dithionite has generated a Mo(V) species, though 

this oxidation state has yet to be isolated and 

crystallized for further study. The Cu center does 

not appear to change oxidation states, remaining in 

a +1 oxidation state throughout the catalytic cycle. 

This has been confirmed by EPR studies (Gnida et 

al. 2003). 

 Going from Mo(VI) to Mo(IV), the changes 

in oxidation states seem to affect the Mo-Cu 

distance significantly (increased by ~ 0.53 Å in XAS study) and cause the opening of the 

Mo-μS-Cu angle from 112° to 139°, leading to a more open binding pocket at the 

catalytic site (Gnida et al. 2003). In the reduced state, the Mo-Oeq distance is elongated to 

2.16 Å from 1.74 Å, indicating a change in protonation state of the equatorial oxo-ligand 

(e.g., O2- or OH-). Additionally, the reduction also alters the distance between the Mo 

center and the Glu 763 residue, decreasing it by about 0.19 Å from 3.45 Å to 3.26 Å 

(Gnida et al. 2003). 

 

  

Figure 5. Geometric parameters 
of the CODH catalytic site as 
determined by XAS. Taken 
from Gnida et al. 2003. 
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 The aforementioned structure is the one as elucidated by XAS, however XRD 

yields slightly different geometric parameters for the catalytic site. Significant differences 

between these parameters include an oxidized Mo=Oeq distance of 1.74 Å according to 

XAS and a longer 1.87 Å according to XRD. Furthermore, the distance between the Mo 

center and the Glu-763 residue in the oxidized form is reported by XAS as 3.45 Å and 

3.14 Å by XRD. However, the distance reported for the reduced state is similar between 

XAS and XRD. Despite these differences, the overall consensus between XAS and XRD 

is that reduction of the CODH catalytic site leads to a more open state. 

 

D. Mechanism of CO oxidation by Mo-CODH 

 Dobbek et al. published their first crystal structure of Mo-CODH in 1999 and 

proposed a catalytic mechanism of CO oxidation. Like their original model, their 

mechanism included a Se atom in place of the Cu atom and an additional equatorial Mo-

OH in place of the μ-sulfido ligand (Dobbek et al. 1999). Despite these discrepancies, 

their original mechanistic model remained pertinent with their updated crystal structure 

published in 2002 and 

has served as the 

starting point for further 

investigations into the 

mechanism (Figure 6). 

In their mechanism, the 

CO molecule binds 

between the Cu(I) 
 

Figure 6. Mechanism of the Mo-CODH enzyme as 
proposed by Dobbek et al. Taken from Dobbek et al. 2002. 
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center and the μ-sulfido ligand. In the transition state the Mo(VI)-Oeq group performs a 

nucleophilic attack on the carbon from CO, forming a cyclic thiocarbonate intermediate 

and reducing the Mo center by two electrons. This step is concomitant with the release of 

a proton (H+). The thiocarbonate then breaks down into CO2, which is released from the 

catalytic site. A water molecule regenerates the Mo-OHeq group, and the second proton is 

released. This yields the reduced state of the cluster. The Mo(IV) state is then reoxidized 

back into a Mo(IV) state through the transfer of electrons through the MCD group to the 

proximal [2Fe-2S] group, then to the distal [2Fe-2S], and finally to the FAD cofactor to 

generate a FADH2. 

 While Dobbek et al. did not directly observe the intermediate state with CO 

integrated into the catalytic cluster, this mechanism was supported based on the 

interaction of Mo-CODH with n-butylisocyanide, which acts as an irreversible inhibitor 

of Mo-CODH. A thiocarbonate derivative observed in n-butylisocyanide inhibited Mo-

CODH crystals was used as support for the formation of a similar intermediate structure 

during CO catalysis. Additionally, this mechanism supports the changes in distance 

between the Mo center and the Glu-763 residue. The deprotonated Glu-763 residue is 

believed to serve as a proton acceptor to activate the equatorial oxygen ligand for 

nucleophilic attack on the CO substrate and helps to stabilize the +6 oxidation state of 

molybdenum, which correlates to the stronger interaction observed in the XRD of the 

oxidized enzyme. Finally, this mechanism gives a justification for the large Mo-μS-Cu 

angle, portraying it as necessary to open up the active site enough for CO binding. 

Kinetic assays of the Mo-CODH from O. carboxidovorans have been performed 

by observing and recording the CO-dependent reduction of methylene blue. These results 
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of these assays indicate that at 25 °C this Mo-CODH has a pH optimum of 7.2, a kcat of 

93.3 s-1, and a Km of 10.7 μM. Furthermore, the assays indicate that the reductive half-

reaction, the reaction of oxidized Mo-CODH with CO, is the rate-limiting step in the 

enzyme-catalyzed reaction (Zhang, B 2010). 

 In 2005, a computational study utilizing density functional theory (DFT) was 

undertaken in order to investigate and refine the previously proposed mechanism 

(Siegbahn and Shestakov, 2005). This investigation explored energy barriers between the 

proposed S-CO2 thiocarbonate intermediate, and other potential intermediates. The 

computational modeling reported high energy barriers in both the formation and 

dissociation of the S-CO2 intermediate. This indicated the existence of an energetically 

stable deep minimum, from which the release of CO2 would be unfavorable, unless a 

water molecule was modeled in the active site. From their computational study, Siegbahn 

and Shestakov proposed a revised mechanism that provided an energetically plausible 

pathway to dissociate the S-CO2 intermediate (Figure 7). In this mechanism, the CO 

binds at the Cu center and then is subject to a nucleophilic attack by the equatorial 

hydroxo ligand. This forms a cyclic intermediate without a S-C bond, which then 

becomes a cyclic intermediate with a S-C bond as the cycle progresses. This stable S-C 

bond is broken by the insertion of a water molecule between the Mo center and the S-CO2 

group, concomitant with the C exchanging its bond with S for a bond with the Cu center. 

This mechanism was corroborated by another computational study that was published 

around the same time (Hofmann et al. 2005). 

 This second mechanism was further supported in a study by Shanmugam et al. in 

2013 that used pulsed electron nuclear double resonance (ENDOR) spectroscopy 
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alongside DFT calculations of potential intermediate structures (Shanmugam et al. 2013). 

The reported 13C hyperfine coupling was best explained by the cyclic intermediate 

proposed by Siegbahn and Shestakov. Cu hyperfine splitting reported in this study 

indicated electron delocalization across the [Mo-µS-Cu] cluster, the Cys-388 residue, and 

the C of CO. This broad delocalization provides more evidence to support the existence 

of a cyclic intermediate, and suggests the proximity of the µ-sulfido ligand and the 

Mo(VI) center may be significant in the reduction of the Mo center. The µ-sulfido ligand 

may facilitate an internal electron transfer upon the binding of CO to the catalytic site. 

 Their basis in only one experimental report and computational data to supplement 

this experimental data limits the proposed mechanisms. Various investigations have been 

performed to refine these mechanisms, but they are still incomplete. The proposed 

thiocarbonate intermediate is based on XRD data of the thiocyanate formed with n-

butylisocyanide. The viability of this intermediate as representative of the true solution 

 
Figure 7. Overall mechanism of the Mo-CODH enzyme with a cyclic intermediate 
(left) and the mechanism for the formation of the S-C intermediate (right), as proposed 
by Siegbahn and Shestakov. Taken from Siegbahn and Shestakov, 2005. 
 



 

14 
 

state enzyme found in O. carboxidovorans remains ambiguous considering the 

discrepancies between the bond distances reported by XRD and XAS. These 

discrepancies indicate a sensitivity of the enzyme to differences in the conditions of the 

crystalline and solution states. The second proposed mechanism was originally based 

solely on computational data, though subsequent ENDOR studies have supported it. The 

reported computational studies were performed using a B3LYP method, which often 

underestimates energy barriers and may not be accurate for predicting geometries in 

chemical systems that involve transition metals (Zhao and Truhlar, 2008). These 

computational models have also truncated the MCD cofactor and residues down to only 

the coordinating sulfur atoms and relevant side chains or backbones, respectively. This 

prevents the models from being able to accurately model second-sphere protein 

interactions around the catalytic site, and their influence on energetics and catalytic 

activity. 

 In order to address the uncertainty surrounding these mechanisms and the 

truncation of previous computational models, our research group developed a 

comprehensive computational model by incorporating important second-sphere residues 

of the Mo-CODH, prior to my joining (Rokhsana et al. 2016). To create a more 

representative model of the active site, they first created a minimal model only including 

the first coordination sphere residues. Additional residues were added systematically, and 

geometry optimizations were run using DFT after the addition of each residue to assess 

the effects of each amino acid on the geometry of the catalytic site. Additional 

investigations from these computational studies include modeling the effects of point 

mutations and the development of a quantum mechanics/molecular mechanics model to 
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reach a better 

understanding of the 

enzyme. These 

computational 

investigations indicated the 

catalytic site model that 

best reflects the observed 

crystal structure and redox 

potentials contains a 

Mo(VI)-μS-Cu(I) core with an elongated Mo-O equatorial oxo ligand, a protonated Glu-

763 residue, and a water molecule at the catalytic site. From these computational 

investigations, our group has proposed a third mechanism, which is similar to Siegbahn 

and Shestakov’s mechanism (Figure 8). The computational investigation by our group is 

ongoing, working to further our understanding of substrate binding transition states of the 

Mo-CODH enzyme. 

E. Biomimetic Complexes of the Mo-CODH Active Site 

 Despite the ambiguity surrounding the exact catalytic mechanism of Mo-CODH, 

the growing body of research on this enzyme has shed light on the structural features of 

Mo-CODH. The importance of some of these features has also been highlighted, such as 

the role of the equatorial oxo ligand in performing a backside attack on the carbon in 

bound CO and the role of the µ-sulfido ligand in delocalizing electron density when the 

Mo center becomes reduced. From this information, several groups have worked on 

creating synthetic models based on the catalytic site. Synthesis of biomimetic models has 

 

Figure 8. Mechanism of the Mo-CODH enzyme as 
proposed by Rokhsana et al. Taken from Rokhsana et 
al. 2016. 
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previously been used on other systems as a means to further the understanding of 

catalytic mechanisms and substrate binding (Fontecave et al. 1998, Costas et al. 2000, 

Mahadevan et al. 2000, Kalyanasundaram and Graetzel 2010.) Synthesis of a biomimetic 

model can also remove hurdles in studying a system, such as difficulty with isolating an 

enzyme. In some cases, biomimetic models have been shown to have catalytic 

efficiencies close enough to the original enzyme for use in designing industrial use 

catalysts. 

 Initial attempts to create a biomimetic model of the Mo-CODH enzyme focused 

on recreating the primary coordination sphere with smaller organic/inorganic ligands. 

(Takuma et al. 2005). The simple nature of this primary coordination sphere model 

allowed for the 

synthesis of multiple 

variations, to assess 

how changes in 

ligands affects the 

molecular geometry 

of the model (Figure 

9). A [MoO2S2]2- 

complex was reacted with a CuCN or CuSPh3 complex, and the two sulfides were 

involved in creating a bridged binuclear complex. One of the Mo=O groups could then be 

supplanted by a dithiol ligand to create a square pyramidal geometry similar to that of the 

Mo-CODH catalytic cluster. The second sulfide bridge supplants the equatorial oxygen 

group, and this could prevent both CO binding to the metal center and formation of a 

 

Figure 9. Mo-CODH catalytic site models synthesized by 
Takuma et al. 
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cyclic intermediate by nucleophilic attack from the missing oxo group. These closed 

structures were catalytically inactive when treated with both CO and isocyanides. The 

lack of steric bulk on the Mo and Cu allowed the structure to form these bridged 

complexes, resulting in a shorter Mo-Cu distance (~ 2.6 Å).   

 Along with 

XTAL, cyclic 

voltammetry was 

performed to 

assess the redox 

potentials of the 

dithiolate 

complexes (Table 

1). The varied results indicate that the second coordination sphere likely affects the redox 

potential, and thus the catalytic activity. Thus, even though this small first model lacked 

catalytic activity, it shed some light upon the role of sterics in maintaining the Mo-Cu 

distance and the role of the second coordination sphere in adjusting the redox potentials. 

 The second major Mo-CODH catalytic site model focused on recreating the single 

sulfido bridge, which had not been successfully synthesized prior to this model. In a 2006 

communications paper, Gourlay et al. revealed the synthesis of a pair of synthetic models 

using hydrotris(3-isopropylpyrazol-1-yl)borate (TpiPr) to coordinate the Mo center and 

1,4,7-trimethyl-1,4,7-triazacyclononane (Me3TACN) to coordinate the Cu center 

(Gourlay et al. 2006). Sterically bulky ligands were selected to aid in the formation of 

only a single sulfido bridge and create a larger Mo-Cu distance than the previous model. 

Table 1. Redox properties of dithiolate models synthesized by 
Takuma et al. Adapted from Takuma et al. 2005. 

Complex E1/2 or Epc (Va) 

[(1,2-S2C6H4)Mo(O)S2Cu(CN)]2- (8) -2.02 -1.23 

[(1,2-S2C6H2-3,6-Cl2)Mo(O)S2Cu(CN)]2- (11) -1.95 -1.18 

[(1,2-S2C6H4)Mo(O)S2Cu(SPh)]2- (9) -2.10b -1.29b 

[(1,2-S2C6H4)Mo(O)S2CuS(p-Tol)]2- (10) -2.13b -1.32b 

[(1,2-S2C2H4)Mo(O)S2Cu(SPh)]2- (15) -2.33b  
a E1/2 = (Epa + Epc)/2, 100 mV, vs Ag/Ag+. b Irreversible, Epc. 
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Gourlay et al. published more details on these models and their derivatives in 2018 

(Gourlay et al. 2018). The synthesis of these complexes involved the mixing 

[CoCp2][TpiPrMoOS(OAr)] with one equivalent of [CuL(Me3TACN)]BF4 in acetonitrile 

at -30 °C to form 

TpiPrMoO(OAr)(μ-

S)Cu(Me3TACN), 

where OAr = 

phenolate or phenolate 

derivative (Figure 

10), and L=NCMe or 

CO. The created 

complexes are 

reported as being a 

paramagnetic, red-brown/black substances that are highly air- and water-sensitive in both 

solution and solid state, and thermally unstable at temperatures above -30 °C. 

 Characterization of these complexes provided a concrete evidence for the 

successful formation of model complexes with a single sulfido bridge. Cyclic 

voltammetry of the models has revealed two electrochemical processes, a reversible one 

electron oxidation at negative potentials (process 1) and an irreversible one electron 

oxidation at positive potentials (process 2) (Table 2). Process 1 is assigned to the 

Mo(VI)-Cu(I)/Mo(V)-Cu(I) redox coupling, as indicated by correlations between it and 

the Mo(VI)/Mo(V) redox coupling of related complexes. Process 2 is assigned to the 

Mo(VI)-Cu(I)/Mo(VI)-Cu(II) redox coupling based on similarities between process 2 and 

 

Figure 10. The monoionic OAr ligand variations used by 
Gourlay et al. Taken from Gourlay et al. 2018. 
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the observed cyclic voltammogram of [Cu(NCMe)(Me3TACN)]. The crystal structure 

shows a six-

coordinated Mo-

center bridged to a 

four-coordinated 

Cu-center by a 

single, bent μ-

sulfido bridge 

(Figure 11). The 

complexes have a 

variable Mo-μS-

Cu angle ranging from 116-134° and a 

Mo-Cu distance ranging from 3.75 - 

4.04 Å, which are comparable to the 

values observed by extended x-ray 

absorption fine structure of Mo-CODH 

crystals. The complexes demonstrate X-

band EPR properties similar to that of 

semi-reduced Mo-CODH, indicating 

that the synthesized models have a Mo(V)Cu(I) cluster. A large coupling of the one 

unpaired d-electron of Mo(V) with the Cu(I) center is indicative of electron 

delocalization across the sulfur bridge, which is believed to be important for the catalytic 

function of Mo-CODH. 

 

Figure 11. Mo-CODH catalytic site model 
synthesized by Gourlay et al. For R, see 
Figure 10. Taken from Gourlay et al. 2018. 

Table 2. Redox properties of phenolate models synthesized by 
Gourlay et al. Adapted from Gourlay et al. 2018 

 Process 1 Process 2 

Compound E1/2 (V) Ipa/Ipc ΔEpp (mV) Epc (irrev.) (V) 

2 -0.514 0.97 109 0.413 

7 -0.504 0.96 88 0.283 

6 -0.488 0.90 74 0.367 

4 -0.458 0.96 107 0.430 

5 -0.414 0.96 93 0.419 

1 -0.407 1.01 138 0.345 

3 -0.366 0.97 78 0.387 
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However, while these models bear significant geometric and electronic 

similarities to Mo-CODH, they are catalytically inactive. The use of bulky phenolate 

groups in the place of the equatorial oxo group on Mo means there is no nucleophile 

available to attack a bound substrate, similar to the model with two sulfur bridges. 

Investigations on these model complexes are ongoing by our group and others, such as 

Gourlay et al. These continued investigations will hopefully yield new insights about Mo-

CODH models. However, a catalytically active model is necessary to further our 

understanding of the mechanism CO oxidation by Mo-CODH. 

 

F. Present Aims and Approach 

 The current aim of our research is to synthesize a functional model complex for 

CO oxidation based on the Mo-CODH active site. Creating a functional model will 

further our understanding of the enzyme’s mechanism. Furthermore, it has potential use 

both in industrial H2 synthesis related to the water-gas shift reaction and in removing 

toxic CO from the atmosphere. While this would contribute to the amount of the 

greenhouse gas CO2 in the atmosphere, early removal of CO would prevent its 

consumption of hydroxyl radicals used in the chemical decomposition of the more potent 

greenhouse gas methane. 

 By consolidating information from various investigations and computational work 

that was performed by our research group, we have identified five essential features for 

developing a functional model of the Mo-CODH catalytic site. It must contain: a) two 

redox centers connected by a bridging ligand, ideally Mo and Cu connected by a sulfido 

bridge, although other redox active metals could potentially be used; b) Bulky N-, O-, or 
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S-containing ligands holding these redox centers at an appropriate distance for CO 

binding; c) A transferable oxygen atom at the Mo center (or any center substituted in for 

the Mo); d) A proton acceptor for activating H2O during catalysis; and e) an appropriate 

redox potential to catalyze the CO oxidation. To achieve this goal, we are taking 

inspiration from Gourlay et al.’s procedures, as to date they are the only group to 

synthesize a structural model with the single bridging sulfur important for catalytic 

activity. Our goal is to maintain the Mo-center at a +6 oxidation state with an equatorial 

oxo group, devoid of a bulky group like those used by Gourlay et al. However, removing 

the bulky constituent on the equatorial position has the potential to create a closed system 

by reducing the Mo-Cu distance to a point that hinders catalytic activity. The selection of 

a new ligand for coordinating at the Mo-center that will surmount these risks is critical. 

Additionally, a ligand that can function as a proton acceptor to activate water during the 

catalytic cycle would be desirable. Our group conducted a computational screening to 

narrow down the list of potential ligands, eventually settling on tris-(2-

pyridylmethyl)amine (TPA) (Figure 12). Our initial computational work indicated that it 

would produce the desired bond angles and distances. On the Cu side, our group used the 

 

Figure 12. TPA ligand (left) and the proposed synthetic model with TPA as the Mo 
ligand and TpMe2 as the Cu ligand (right). 
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tris(3,5-dimethylpyrazol-1-yl)borate (TpMe2) ligand due to the steric bulk it provides. As 

the Cu center is redox inactive, the steric bulk was the primary factor considered for the 

Cu-ligand. A former student in our group attempted to synthesize a model complex using 

a modified version of Gourlay et al.’s procedures (O’Connor 2016). However, initial 

attempts with these ligands resulted in a novel di-Cu complex instead of the desired Mo-

S-Cu complex (Figure 13) 

(O’Connor 2016). This result 

revealed that the TPA (N4) was 

not coordinating strongly to the 

Mo-center, dissociating during 

the sulfur insertion step. Our 

group has proposed several 

modifications to the procedures 

based on the initial attempts, 

such as incorporating a different 

sulfur source (Lawesson’s reagent in place of triphenylphosphine sulfide). Additionally, 

we went back to the same Me3TACN used by Gourlay et al. for the Cu-ligand as this 

formed a stable complex. The TPA ligand on the Mo-side was modified by replacing one 

or two of the pyridyl groups with thiol groups (i. e., N,N-

bis(mercaptoethyl)(aminomethyl)-2-pyridine (N2S2) and N,N-bis(2-

pyridylmethyl)aminoethanethiol (N3S)) (Figure 14). This replacement was made because 

sulfur atoms are more polarizable than nitrogen atoms. This increased polarizability was 

predicted to help increase the strength of coordination with the Mo center and combat the 

 

Figure 13. Crystal structure of the novel di-Cu 
complex synthesized during the attempt to form the 
final product with TPA shown in Figure 12. 
Hydrogens were omitted for clarity. Taken from 
O’Connor 2016. (O’Connor 2016) 
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dissociation difficulty faced by Jacob O’Connor’s attempted synthesis using the TPA 

ligand. Using these new ligands with a modified procedure, we aim to synthesize a 

functional model with a single bridging sulfide. My research was focused on synthesis 

using the N2S2 ligand, while other students in our group focused on synthesis using the 

N3O ligand.  

 

Figure 14. Structure of Me3TACN (left), N2S2 (middle) and N3S (right). 
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Experimental Section 

 The following synthetic scheme was used as depicted in Figure 15. This includes 

the preparation of the metal redox centers with labile leaving groups, the synthesis of the 

Mo ligand, the complexation of the metal redox centers with the respective ligands, the 

insertion of a sulfur into the Mo-N2S2 complex, and the bridging of the two metal 

complexes. This procedure can be modified for the synthesis and complexation for a 

different Mo ligand, such as N3S.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15. Proposed synthetic scheme for the synthesis of the 
model complex of the Mo-CODH catalytic site. Depicted with 
N2S2 as the Mo ligand.  
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A. Materials and Methods 

The synthesis of the initial metal precursors (Cu[(NCMe)4]BF4 and 

MoO2Cl2(DMSO)2) were performed aerobically, while all other reactions were carried 

out anaerobically. For anaerobic reactions, either a Schlenk line under argon or a glove 

box under N2 was used. The glassware used for anaerobic reactions was dried in an oven 

at 104 °C overnight or at least for one hour prior to use. Additionally, all solvents used 

were dried and degassed prior to their use and stored in the glove box for subsequent use. 

The synthesized metal precursors were stored in a vacuum desiccator to aid in both 

slowing the deterioration of the metal precursors and removing any remaining solvents. 

Intermediates of the ligands and metal complexes were stored in a glove box to slow the 

deterioration of these air-sensitive compounds. Room temperature for all reactions 

performed was 21 °C. NMR data was recorded with a Bruker Avance III 400 MHz 

Spectrometer and is reported in ppm relative to tetramethylsilane. Mass spectra were 

recorded with a 5977E MSD connected to a 7820A GC System. 

 

B. Synthetic Procedures and Characterization 

Cu[(CH3CN)4]BF4. This synthetic procedure was adapted from Chouhan and Keith 

(Chouhan and Keith, 2013). A mixture of Cu2O (7.3 mmol), 48% HBF4 (5 mL, 38.6 

mmol), and 25 mL of CH3CN (solvent) was added to a flask hooked up to a reflux 

condenser. The solution was heated to 50-60 °C until all of the solids dissolved. This hot 

solution was gravity filtered and the filtrate was cooled in a refrigerator overnight to 4 °C. 

The white crystalline product was filtered out using vacuum filtration and washed with 

dried diethyl ether. The remaining filtrate was recovered, condensed using a rotovap, and 
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cooled to 4°C again to isolate additional product using a similar procedure. The product 

was stored in a vacuum desiccator to slow its decomposition, which can be observed by a 

change in color from clear to blue. B-NMR was used to confirm the identity of the 

product. Yield: 3.853 g (12.25 mmol), 83.9%. B-NMR (δ in ppm, CD3CN): -1.19 (s). 

 

[Cu(Me3TACN)(CH3CN)]BF4. Cu[(CH3CN)4]BF4 (1.46 mmol), Me3TACN (0.30 mL, 

1.46 mmol) and 10 mL of CH3CN (solvent) were mixed in a flask under anaerobic 

conditions. The reaction was stirred overnight. At this point TLC, using a 80:20 

hexane:CH3CN solvent, was used to confirm complexation of the reactants. The reaction 

mixture was then dried under vacuum to form pale green flakes as the final product. 

NMR was used as a final confirmation of complexation. Yield: 0.45g (1.64 mmol), 

113%. 1H-NMR (δ in ppm, CD3CN): 2.69 (27H, s), 1.99 (3H, s). 13C-NMR (δ in ppm, 

CD3CN): 117.3, 54.5, 47.8. B-NMR (δ in ppm, CD3CN): -1.19 (s). 

 

N,N-Bis(mercaptoethyl)(aminomethyl)-2-pyridine (N2S2). This synthetic procedure 

was adapted from Wei et al. (Wei et al. 2012). Ethylene sulfide (6.7 mL, 112.6 mmol), 2-

(aminomethyl)pyridine (5.15 mL, 50 mmol), and 20 mL of toluene (solvent) were mixed 

in a Schlenk flask. The reaction was then heated in an oil bath at 115 °C for 72 hours, 

then let cool to room temperature. Solvent was evaporated under vacuum to yield a 

yellow oil. This oil was purified using silica gel adsorption chromatography (eluent: ethyl 

acetate) to yield a thick, yellow, foul-smelling oil. NMR and GC-MS were used to 

confirm the identity of the product. Yield: 8.44g (37 mmol), 74%. 1H-NMR (δ in ppm, 

CD3CN):  8.51 (.9H, d), 7.73 (1H, t), 7.54 (1H, d), 7.23 (1H, t) 3.76 (2H, s), 2.73 (4.3H, 



 

27 
 

m), 2.62 (3.4H, t), 1.92 (.8H, broad s). 13C-NMR (δ in ppm, CD3CN): 159.8, 148.8, 

136.4, 123.2, 122.0, 117.3, 59.7, 57.0 (2C), 22.3 (2C). GC-MS: (CH2Cl2): 9.690 (100%): 

226, 193, 119, 93; 6.927 (27.6%): 135, 121, 93, 65. 

 

MoO2Cl2(DMSO)2. This synthetic procedure was adapted from Vrubel et al. (Vrubel et 

al. 2008). MoO3 (20.8 mmol), 18.75 mL of 12 M HCl (225 mmol), and 15 mL of DI 

water (solvent) were mixed in a flask. The reaction was stirred and heated in an oil bath 

at 100 °C for 2 hours, then hot gravity filtration was performed to remove any 

undissolved solids. The solution was cooled to room temperature, then stirred while 

DMSO (7.5 mL, 105 mmol) was slowly added to form a white precipitate. This mixture 

was stirred for 3.5 hours, then the precipitate was collected by vacuum filtration and 

washed with acetone. The precipitate was recrystallized in CH3CN and cooled in a 

refrigerator at 4 °C overnight. Vacuum filtration was performed to yield pastel lime green 

crystals, which were washed with fresh CH3CN. The product was stored in a vacuum 

desiccator to slow its decomposition, which can be observed by a change to a blue color. 

The identity of the crystals yielded by this procedure has been confirmed by previous 

XRD analysis performed by our group. Yield: 4.30 g (12.1 mmol), 57.8 %. 

 

N2S2MoO2. This synthetic procedure was adapted from Roberts et al. (Roberts et al. 

1990). MoO2Cl2(DMSO)2 (4.37 mmol), N2S2 (4.37 mmol), and 25 mL of CH3CN 

(solvent) were mixed in a flask. The reaction was stirred for 24 hours, then vacuum 

filtered to collect the solid precipitate formed during the reaction. The final product is a 
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black powder. TLC with 20:80 ratio of ethyl acetate and n-hexane was used to confirm 

complexation. UV/Vis: λmax = 474 nm. Yield: 1.638 g (4.62 mmol), 106 % yield. 

 

N2S2MoOS. N2S2MoO2 (0.28 mmol), Lawesson’s reagent (0.15 mmol), and 10 mL of 

DMF (solvent) were mixed in a flask. The reaction was stirred and heated in an oil bath at 

125 °C for 24 hours, then cooled and stirred at room temperature over a weekend. The 

mixture was washed with hexane (3 times) to remove the Lawesson’s reagent. Solvent 

(DMF) was evaporated under vacuum to reduce the volume. However, not all of the 

DMF could be removed using our Schlenk setup, and the final product was a thick, dark 

amber liquid. Due to the remaining DMF, an accurate yield could not be determined. 

 

MoO(N2S2)-S-Cu(Me3TACN). N2S2MoO2 (0.35 mmol), Lawesson’s reagent (0.20 

mmol), and 6 mL of DMF (solvent) were mixed in a flask. The reaction was stirred and 

heated in an oil bath at 110 °C for 3 hours, then let cool to room temperature overnight. 

Cobaltocene (0.37 mmol) was dissolved in 3 mL of DMF and then added to the reaction 

mixture. The reaction was stirred for 1 hour. [Cu(Me3TACN)(CH3CN)]BF4 (0.36 mmol) 

was dissolved in 5 mL of DMF then added to the reaction mixture. The reaction was 

immediately cooled to -40 °C in a 2:5 methanol and water mixture cooled using dry ice in 

an attempt to form crystals, which was not successful. 

 

Results and Discussion 

The synthesis of both of the metal precursors, MoO2Cl2(DMSO)2 and 

Cu[(CH3CN)4]BF4, were reliable and resulted in good yields, along with the 
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complexation of the Cu precursor with Me3TACN to form 

[Cu(Me3TACN)(CH3CN)]BF4. While [Cu(Me3TACN)(CH3CN)]BF4 had a percent yield 

of over 100%, it is possible that the crystals weren’t completely dried proper to weighing, 

and so there may have been excess CH3CN associated with the product. However, 

difficulties arose in the synthesis of the N2S2 ligand from literature procedures, and its 

eventual complexation with the MoO2Cl2(DMSO)2. 

 Synthesis attempts for the N2S2 ligand began with the use of a literature procedure 

from Lazarova et al. (Lazarova et al. 2005). This procedure didn’t involve heating of the 

reaction, used benzene as the solvent, and used a 5:95 mixture of methanol:chloroform in 

the adsorption chromatography for purification. One dimensional 1H-NMR of the first 

attempt showed one set of identifiable peaks in the aromatic region, however the 

backbone had overlapping signals that indicated an incomplete reaction, potentially with 

the addition of only one molecule of ethylene 

sulfide to the 2-(aminomethyl)pyridine (Figure 

16). A subsequent synthesis attempt showed 

two sets of peaks in the aromatic region, which 

could indicate a mixture of the partial product 

and N2S2 that hadn’t been separated out by the adsorption chromatography. GC-MS 

confirmed the presence of N2S2 but couldn’t parse out if the partial product was also 

present. An alternate synthetic procedure for N2S2 was used involving toluene as the 

solvent, heating the reaction to 115 °C for 72 hours, and using ethyl acetate as the eluent 

in a flash adsorption chromatography for purification (Wei et al. 2012). This procedure 

yielded better results as indicated by the 1H-NMR, allowing us to move on to attempting 

 

Figure 16. The theorized product of 
the incomplete reaction between 2-
(aminomethyl)pyridine and ethylene 
sulfide. 
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complexation of N2S2 with the Mo center precursor. However, the flash adsorption 

chromatography appeared incompletely separate the product from unreacted reagents, 

leading us to eventually settle on the method listed in the Synthetic Procedures and 

Characterization section using adsorption chromatography with ethyl acetate as the 

eluent. 

Our initial goal was to verify the N2S2 ligand complexation to the Mo-center 

using 1H-NMR. Based on previous experiments by our group, upon complexation of the 

N3S ligand with the Mo, we expected to see a downfield shift of approximately 0.20-0.40 

ppm for each 1H peak. However, the N2S2-Mo complex only showed the solvent DMSO 

peak both in 1H- and 13C-NMR. No washes or other procedures that could have removed 

the N2S2 had been performed; the ligand was present but was not showing up on 1H- and 

13C-NMR. The disappearance of ligand peaks in 1H-NMR are the result of paramagnetic 

effects from an unpaired electron on the Mo center. This unpaired electron is believed to 

arise from additional electron density donated by the two coordinating sulfur atoms, and 

it also indicates that the Mo center could be in a +5 oxidation state instead of the desired 

+6 oxidation state. TLC was indicative of complex formation with N2S2 ligand as no 

visible amounts of free N2S2 in the reaction mixture was found. 

After the N2S2 ligand complexation to the Mo metal center, our next step was the 

replacement of an Mo=O group with an Mo=S group, to eventually serve as the sulfur 

bridge between the two metal centers. We used Lawesson’s reagent as a sulfur source 

instead of the previously used triphenylphosphine sulfide, due to the formation of the di-

copper complex in previous attempts. Lawesson’s reagent was not tried as a sulfur source 

with TPA as the ligand because the TPA ligand was retrospectively determined to not 
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coordinate strongly enough with the Mo center. Due to the absence of 1H-NMR signals 

for the N2S2-MoO2 complex, we faced continued difficulties in characterizing the N2S2-

MoOS product to confirm a successful sulfur insertion. Early attempts at the sulfur 

insertion yielded a 1H-NMR that only showed solvents and Lawesson’s reagent, 

comparative TLC was inconclusive for determining if the reaction had occurred, and 

there was no color change as we had anticipated. UV/vis spectroscopy only showed one 

peak in the mixture, which was assigned to Lawesson’s reagent. Hexane was used to 

remove the Lawesson’s reagent after the reaction had occurred, however this was not 

effective as Lawesson’s reagent continued to appear in the 1H-NMR spectrum. 

In order to purify the product and more thoroughly remove the excess Lawesson’s 

reagent, we performed an affinity chromatography, first using n-hexane to elute the 

Lawesson’s reagent, then CH3CN to elute the product, and then DMF to elute any 

remaining product. 1H-NMR of the CH3CN fraction yielded an aromatic region that 

showed the presence of the N2S2 ligand, however the peaks were at the same ppm as the 

free ligand. Prior disappearance of the N2S2 ligand from 1H- and 13C-NMR, while vague, 

had indicated that something had occurred between the Mo center and N2S2 ligand. This 

reappearance potentially indicated that sometime during this attempted sulfur insertion 

and purification, the N2S2 ligand had dissociated from the Mo center. In the end, our 

attempts to confirm successful sulfur insertion were inconclusive. Despite the 

inconclusive results of characterization, we elected to stay the course by attempting a one 

pot coupling, hoping that successful isolation and characterization of a crystal could shed 

light on what had transpired. 
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After carefully following our procedures for the one pot coupling, we attempted 

to isolate crystals by cooling the mixture down to -40 °C. However, isolation of crystals 

has proved difficult and potentially beyond the scope of our setup. The product is 

potentially air-sensitive, and so taking precautions to protect against oxidation while also 

cooling it with the use of dry ice is difficult. With our setup we must attempt 

recrystallization in an environment where opening up the reaction flask to remove a 

crystal runs the risk of oxidizing the product. Thus far in our attempts to crystallize the 

product, crystals have only formed on the first attempt; cooling the reaction a second time 

after it returns to room temperature has not yielded any crystals. Due to these difficulties, 

we have been unable to isolate a crystal, and have not been able to obtain further data to 

elucidate what reaction(s) have occurred. 

However, there is a silver lining to these obstacles; the previous synthesis attempt 

using TPA did not encounter most of these difficulties, thus their presence is an 

indication that our product is not a repeat of the di-Cu complex previously synthesized. 

Additionally, Gourlay et al. cooled their solutions of products to -30 °C to isolate crystals 

(Gourlay et al. 2018). The presentation of a similar temperature for the formation of 

crystals by our product is a hopeful sign that we have synthesized a similar product to 

that of Gourlay et al., namely a Mo-μS-Cu containing complex. 

 

Conclusions and Future Work 

This study is a continuation of ongoing efforts by our lab to create a functional 

biomimetic model based on the catalytic site of Mo-CODH. Our efforts are inspired by 

previous syntheses of model complexes containing the unique Mo-μS-Cu moiety, and 
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guided by computational work performed by our lab in previous years. We hope to 

expand upon previous model complexes by creating a functionally active model via the 

inclusion of key characteristics such as a single sulfido bridge and a proton acceptor to 

activate H2O during catalysis. We aim to achieve this through the use of novel ligands to 

complex the Mo center, ones that can be modified to form alternate derivatives for further 

study. TPA was indicated as an optimal choice by computer simulation, however 

previous attempts by our group to create a model complex with it yielded a novel di-Cu 

complex rather than a Mo-μS-Cu complex. In a continuation of our efforts, we have 

selected the N2S2 and N3S ligands for complexation with the Mo center. These ligands 

are variations of the previously used TPA ligand. 

We were successful in both the synthesis of these ligands and their complexation 

with the Mo precursor to create novel N2S2MoO2 and N3SMoO2 complexes. Likewise, 

we complexed the Cu precursor with the Me3TACN ligand. However, we ran into 

difficulties and uncertainties while trying to complex them to form the bridged complex, 

which as of yet are unresolved. We are unsure if our attempts at a sulfur insertion were 

successful, and we have not been able to isolate our final product for characterization. 

However, the increased difficulty in isolating crystals compared to the attempted 

synthesis using the TPA ligand is a hopeful indication that we likely have a different 

product than the di-Cu complex previously synthesized by our group. 

Future efforts in this investigation will focus on refining the later steps of the 

synthesis. Successful isolation of a crystal of the product would shed a substantial amount 

of light on the identity of the product. Knowing the identity of our product would allow 

us to know if our synthesis was successful. If our synthesis was not successful, the 
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identity of our product could give us an indication of which parts of the synthesis to look 

back at and revisit. On the other hand, if the crystal indicates that our desired end product 

was synthesized this opens the way for future investigations of the model on the 

geometry, electronic features, and reactivity with CO, CN, and other potential substrates. 

Beyond the N2S2 and N3S ligands, future work in the broader investigation will involve 

going back to computational modeling and a literature search for the identification and 

selection of potential alternate ligands. These new ligands will then be used in future 

synthesis attempts to create a novel, catalytically active model complex containing the 

unique Mo-μS-Cu moiety. 

The work performed in this investigation has added to the body of synthesis 

attempts for a catalytically active Mo-μS-Cu containing model complex. Successful 

synthesis in the future will supply valuable information to understanding and mimicking 

the catalytic activity of the Mo-CODH enzyme. The smaller size and potentially simpler 

synthesis, relative to the biological process, will allow for the variation of the ligands for 

these model complexes to further our understanding of their function and properties. 

Although this current work is in and of itself inconclusive, it provides a point from which 

to continue future investigations.  
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