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Abstract 
An initiative to further reduce sulfur content in fuel bas been pushed by the United Nations 
because of the rapid progression of climate change. Sulfur has been extracted from crude 
oil for many decades through hydrodesulfurization (HDS) catalysis by industrial processes. 
The field has been researched extensively because of the industrial importance of HDS. 
However despite numerous attempts, HDS catalysis has not taken a major step forward and 
the same principle methodology, as 50 years ago, is still in use. A catalytic system, of 
molybdenum disulfide slabs impregnated by a Ni or Co co-catalyst mounted to a metal 
oxide support system, in a heterogeneous reaction at extreme conditions emerged. The 
reaction proceeds through metal catalyzed sulfur adsorption and hydrogenation. In this 
research three dinuclear molybdenum sulfur complexes were synthezised and studied in 
reactions with thiophene and propylene sulfide. The results confirm that the compounds 
are able to abstract sulfur and hold promise for further HDS catalysis studies.     

Útdráttur 
Til að sporna við loftslagsbreytingum hafa Sameinuðu Þjóðirnar ýtt af stað átaki til að 
minnka magn brennisteins í eldsneyti meira en nú þegar er gert.Við framleiðslu á eldsneyti 
er brennisteinn fjarlægður úr hráolíu með HDS hvötuðu hvarfi. Vegna þess hve mikilvæg 
fjarlæging brennisteins er við hreinsun á hráolíu og umfangs framleiðslunnar hefur HDS 
hvötun verið mikið rannsökuð. Þrátt fyrir það hefur ekki enn tekist að umbylta ferlinu og er 
enn verið að nota hvata kerfi sem svipar mjög til þess sem var notað fyrir fimmtíu árum. 
Kerfi sem samanstendur af molybdenum dísúlfíði og Ni eða Co fest á málmoxíð 
stuðningskerfi í misleitu hvarfi við öfgakenndar aðstæður. Hvarfið fer í gegnum málm-
hvatað brennisteins-frásog og vetnun. Í þessu verkefni voru þrír tvíkjarna molybdenum 
brennisteins komplexar smíðaðir og hvatavirkni þeirra gagnvart thiophene og propylene 
sulfide kannaðir. Niðurstöður mælinga sýna fram á að efnin sem voru smíðuð séu fær um 
að fjarlægja brennistein og opna þar með möguleikann á frekari rannsóknir til að gera 
hvata færan um HDS hvötun.           
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1 Introduction 
In the ever expanding world economy, humanity is faced with a change in climate, as a 
repercussion of burning fossil fuels and other pollutants, leading to the emission of 
greenhouse gases pushing a change in climate.  To fight one of the many aspects of climate 
change, the United Nations are pushing for further reduction of sulfur compounds found in 
fuels. In the industrial refining process of crude oil to petroleum, heterogeneous hydrogen 
desulfurization (HDS) catalysis reactions are performed at extreme conditions and have 
been for decades.   

1.1 Hydrodesulfurization catalysis 
Molybdenum sulfur compounds with “MoS2” functional groups are widely used in HDS 
catalysis in refineries. Because of its large-scale production1, a great deal of research has 
been invested in enhancing the catalyst capabilities2. As side products, a wide variety of 
Mo catalytic systems have been discovered and furthermore, employed depending on the 
feedstock and the respective target product3. However, some issues regarding the Mo 
catalytic process remain unsolved, e.g., non-uniformity, where different positions of active 
sites can lead to different catalytic pathways or even deactivation of the sites.  In practice it 
is difficult to determine the optimal pathway because of the sheer number of different 
catalytic pathways available.  A typical refining process employs reaction conditions with 
temperature ranging from 200 to 400°C, H2 pressure from 50-150 atm and “MoS2” slabs 
impregnated by a co-catalyst (e.g., Nickel) which is mounted to a support system2.  The 
support increases the potency of the catalyst, by increasing surface area and therefore the 
number of outward facing catalytic sites, which further results in the reduction of the 
negative effects of non-uniformity.    

1.2 Model reaction for HDS catalysis 
In the process of searching for new complexes capable of HDS catalysis, thiophene is used 
as a feedstock to evaluate the performance of the respective complex. Thiophene is a 
relatively simple molecule but also one of the most challenging compounds to activate 
through HDS. This is caused by the aromaticity of the compound, which partially hinders 
the required C-S bond cleavage. In these terms, it has been observed that bimetallic 
complexes show enhanced activity towards HDS likely due to the activation of thiophene 
by a co-catalyst and the subsequent hydrogenation and hydrogenolysis by an MoS2 species. 
It is important to note that there has been significant controversy regarding the optimal 
catalytic pathway for HDS of thiophene, despite considerable efforts4-6 This holds mainly 
for HDS at mild reaction conditions (T < 100 °C), while the majority of the scientific 
community agree upon the proposed reaction pathway at high temperature and  pressure7. 
The HDS reaction of thiophene starts with hydrogenation to tetrahydrothiophene, followed 
by successive β-H eliminations yielding butadiene. The hydrogenation and hydrogenlysis 
is induced by a hetero-atom cleavege of the C-S and H-H bonds and furthermore the 
formation of C-H and S-H bonds, see a reaction scheme for HDS of thiophene3 in Eq. 1. 
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Equation 1 

Many researchers argue that HDS of thiophene at mild conditions follows the same 
reaction path of Eq. 1, while other support the idea of direct hydrogenlysis of thiophene to 
butadiene. In light of this, we attempted synthesis of a catalytic complex capable of 
performing HDS. The conceptual idea is to use a dimer system with an easy access to the 
“MoS2“ species. Coucovanis et al.8-9 reported HDS catalytic activity for the complex 
[Mo2O2S2(S2)(DMF3)](1) and other structurally related complexes, containing a terminal 
MoS2 moiety. We use (1) as a template (see Fig. 1.1), where the DMF ligands are 
exchanged for three different σ donating ligands. To test the synthesized complexes for 
catalytic activity towards HDS at ambient conditions of thiophene and propylene sulfide, 
we performed heterogeneous NMR reaction studies. 

 

Figure 1.1 Crystal structure of the starting complex [Mo2O2S2(S2)(DMF3)] (1). 

The thesis is organized as follows: In section two, we present and discuss the results, 
where the main emphasis is on characterization of the synthesized complexes, through 
experimental and theoretical techniques. In section three, we report results on the  catalytic 
activity of the synthesized complexes towards HDS. In section four, conclusions are drawn 
and in section five, the experimental details are reported.  
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2 Results and Discussion 
Three complexes were synthesized from the starting compound (1). The DMF is 
substituted with 2.2 bipyridyl (BIPY), ethylenediamine (EN) and diethylenetriamine 
(DIEN) yielding the three products, [Mo2O2S2(S2)(BIPY)(DMF)] (2), 
[Mo2O2S2(S2)(EN)(DMF)] (3) and [Mo2O2S2(S2)(DIEN)] (4).  The complexes (2), (3) and 
(4) were analysed by IR, NMR and UV/Vis. Furthermore, the X-Ray crystal structure was 
determined for a single crystal of (2). It was grown by vapor diffusion of ether into a DMF 
solution. Quantum chemical structural optimization and spectroscopic calculations were 
performed on all of the synthesized complexes using Orca 3.0.3 suite10 of programs and 
NWChem11. The DFT calculated data is compared with the experimental results.  

2.1 Syntheses 
All complexes were synthezised from (1) in an exchange reaction with the respective 
ligands, BIPY, EN and DIEN in stoichometric amounts. The reaction conditions are open 
air at ambient temperature  Complexes (2), and (3) were synthesized by adding the 
respective ligand to a DMF solution of (1). A general reaction scheme is shown in Fig. 2.1. 
The compounds were isolated from the solution by layering with ether and further 
precipitated at 4 °C, producing red-violet and red crystalline products for (2) and (3) 
respectively. Complex (4) was synthesized by adding DIEN to a solution of (1) in MeCN 
and water, immediately producing a yellow suspension leading to isolation of a yellow 
powder. All complexes; (2), (3) and (4) are air stable and show limited solubility in other 
solvents than DMF and DMSO. 

 

Figure 2.1 Reaction scheme showing all of the synthesized complexes, each complex is denoted by the 
corresponding number (2) to (4). 
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2.2 Description of structures 
In the structural analysis of molecules, X-ray diffraction is one of the most prominent tools 
employed to obtain the structure of a single crystal. However, obtaining a single crystal for 
the complexes presented here proved to be a slow and a tedious process. Therefore, DFT 
calculations were employed to calculate the equilibrium geometry of the ground-state 
molecules, for all three complexes. As previously stated, a single crystal was acquired for 
(2) and the structural data compared to the results of DFT calculations. The crystal 
structure obtained of (2) was used as a template to solve for the structure of (3) and (4) in 
unison with spectroscopic analysis. The X-ray pattern obtained for (2) revealed a complex 
structure similar to that of (1), where the molybdenum atoms are surrounded by atoms in 
two different coordination geometries; a distorted square pyramidal and a distorted 
octahedral. The bidentate ligand BIPY coordinates with molybdenum atom in an axial 
fashion relative to the plane marked by the molybdenum and sulfur atoms. To determine 
the structure of (3) and (4), DFT calculations were performed, with the prerequisite that the 
symmetry of (2) is analogous for complexes (3) and (4). The two possible isomers of (3) 
and (4) were investigated and compared to the experimental data. Complex (3) was 
expected to show EN coordinating in a bidentate fashion in the equatorial plane, or at an 
axial and equatorial position with DMF ligand completing the octahedral geometry around 
the Mo atom. Complex (4) was expected to coordinate in a tridentate fashion either, with 
the secondary amine at an equatorial position and the primary amines at an axial and 
equatorial position of the octahedral, or with both primary amines coordinated at equatorial 
position and with the primary amine occupying the axial position see Fig. 2.7 and 2.8.  

2.2.1 Crystal structure of [Mo2O2S2(S2)(BIPY)(DMF)](2) 

 

Figure 2.2 Structure and labelling of (2) with 50% thermal ellipsoids.  

Analysis of the X-ray diffraction data of (2) reveals a chiral molybdenum-oxo dimer, with 
two bridging sulfur atoms outlining a rhombus between the molybdenum and sulfur atoms. 
Both metals have oxo groups coordinated in axial positions. The two molybdenum atoms 
have different terminal groups, where one has a bidentate disulfide group and the other one 
has a DMF ligand and a bidentate BIPY ligand in an equatorial and axial position. The two 
molybdenum atoms in the core have different coordination geometries; on one hand a 
distorted square pyramidal coordination geometry with four sulfur atoms forming the 
plane, the molybdenum atom positioned slightly above the plane, while the second 
molybdenum atom has a distorted octahedral coordination geometry as seen in Fig. 2.2. 
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Table 2.1 Crystallographic data and structural refinement parameters for (2)  

Parameter (2) 

Empirical formula C13H15Mo2N3O3S4 
Colour Dull reddish 

Formula weight 581.40 
Crystal size (mm) 0.21 x 0.15 x 0.04 

Crystal system triclinic 
Space group Pī 

a (Å) 9.6507(3) 
b (Å) 9.6875(4) 
c (Å) 12.4793(5) 
α (0) 69.4630(10) 
β (0) 84.0190(10) 
γ (0) 60.9330(10) 

Volume  (Å3) 951.82(6) 
Z 2 

Dcalc.(g/cm3) 2.029 
F(000) 572 

µ MoKα (mm-1) 1.774 
Temperature (K) 150.0(2) 

Reflections collected/ 
unique/observed [I>2σ(I)] 27669/3496/3187 

Data/restraints/parameters 3496/0/228 
Goodness of fit on F2 1.052 

 

 

  

a) b) 
Figure 2.3 Packing diagram of (2) at different angles. Purple, yellow, red, brown, blue, and white spheres 
denote the elements Mo, S, O, C, N and H. 

The molybdenum atoms coordinate with the terminal disulfide group with an average Mo-
S bond length of 2.383(5) Å with an angle (S-Mo-S) of 51°. The Mo=O bond lengths are at 
average 1.683(2) Å with an angle (O-Mo-Mo) of 108(3)° and the bridging sulfur Mo-S 
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bond lengths are between 2.31-2.32 Å with an angle (S-Mo-S) of 103°. DMF coordinates 
with Mo-O bond length of 2.176 Å, BIPY coordinates with Mo-N bond lengths of 2.243 Å 
and 2.367 Å with a bite angle (N-Mo-N) of 70°. The Mo-Mo bond length is 2.832 Å. The 
crystal structure obtained of (2), exhibits comparable structural parameters as previously 
reported structures of (1)9 and [Mo2O2S2(BIPY)2][I2] (5) 12. 

Table 2.2 Comparison of selected angles and bond lengths of  (1), (2)  and (5), where available.  

Angles (2)   
(°) 

(1)   
(°) 

(5)   
(°) 

Bonds (2)   
(Å) 

(1)  
(Å) 

(5) 
(Å) 

S3-Mo2-S4 51.54 51.15  S3-S4 2.072 2.053  
Mo2-S4-S3 64.49 65.23  S3-Mo2 2.388 2.395  
Mo2-S3-S4 63.96 63.62  S4-Mo2 2.378 2.363  
S3-Mo2-O6 111.05 105.3  Mo1-O19 2.176 2.211  
S4-Mo2-O6 111.27 111.29  Mo2-O6 1.685 1.689 1.683 
S3-Mo2-S1 89.97 92.33  Mo2-S1 2.309 2.309 2.311 
S4-Mo2-S2 88.84 90.34  Mo2-S2 2.324 2.320 2.347 

O5-Mo1-O19 89.03 88.03  S1-Mo1 2.318 2.316 2.341 
S2-Mo1-O19 89.46 87.39  S2-Mo1 2.320 2.323 2.313 
S2-Mo1-S1 103.44 102.25 101.16 Mo1-Mo2 2.832 2.813 2.831 

Mo1-S1-Mo2 75.47 74.91 75.00 Mo1-O5 1.682 1.682 1.683 
S1-Mo2-S2 103.58 102.63 101.01 Mo1-N7 2.367  2.349 

Mo2-S2-Mo1 75.15 74.62 74.83 N18-Mo1 2.243  2.250 
S2-Mo1-O5 106.21 104.24 106.11     
S1-Mo1-O5 103.86 104.05 103.02     

Mo2-Mo1-O5 105.48 98.73 96.42     
O6-Mo2-S2 108.61 106.85 102.83     
O6-Mo2-S1 107.28 109.93 105.74     

O6-Mo2-Mo1 110.59 106.03 96.42     
O5-Mo1-N7 159.44  155.03     
O5-Mo1-N18 91.61  86.78     
N7-Mo1-N18 70.43  69.67     
S1-Mo1-N18 84.63  83.99     

N18-Mo1-Mo2 135.89  135.58     
N7-Mo1-Mo2 94.60  106.11     
C17-N18-C13 118.7  118.46     
N18-C13-C12 116.1  115.97     
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a) 

 
b) 

Figure 2.4 a) Structural comparison overlay of (2) to complex (1) marked by a black cross. b) Structural 
comparison overlay of (2) to complex (5)  marked by a black cross. Teal, yellow, red, blue and gray spheres 
denote Mo, S, O, N and C. The H atoms are omitted for clarity. 

The reported complexes have the [Mo2O2S2]2+ unit in common, the Mo-Mo bond lengths 
are 2.813 Å for (1) and 2.831 Å for (5). The average bond lengths of Mo=O are 1.686(4) Å 
with a 102(4)° angle (O5,6-Mo-Mo) for (1) and 1.683(0) Å with an angle (O5,6-Mo-Mo) of 
96(0)° for (5). The bridging sulfur Mo-S bond lengths are between 2.31-2.32 Å with a 102° 
angle (S-Mo-S) for (1) and 2.31-2.34 Å with a 101° angle (S-Mo-S) for (5). Complexes (1) 
and (2) have a terminal disulfide group and DMF as common ligands. The terminal Mo-S  
bond lengths are 2.379(17) Å with an angle (S-Mo-S) of  51°.  DMF coordinates with Mo-
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O bond length of 2.211 Å for (1). Complexes (1) and (5) have BIPY as a common ligand in 
an axial position with Mo-N bond lengths 2.250 and 2.349 Å with a 69° bite angle (N-Mo-
N) for (5). Structural parameters between the obtained crystal structure and published 
structures of similar complexes are in good agreement, see Table 2.2 and Fig 2.4. The 
biggest difference between the three complexes is the size of the O5,6-Mo-Mo angle. In part 
due to different terminal geometry straining the [Mo2O2S2]2+ unit of all complexes. The 
disulfide group has the strongest effect on the O-Mo-Mo angle pushing the oxygen away 
from a perpendicular position due tho the distorted square pyramidal geometry of Mo2. The 
free movement of the three terminal DMF ligands in (1) results in a less distorted 
octahedral geometry for Mo1 (see Fig. 2.2) compared to (2) with BIPY also distorting the 
geometry. Complex (5) does not have the disulfide group but identical terminal groups 
(iodine and BIPY) and as a result the octahedral coordination geometry for both 
molybdenum atoms exhibits less distortion. 

2.2.2 Packing diagram of [Mo2O2S2(S2)(BIPY)(DMF)] (2) 

When taking a closer look at the packing diagram of (2) seen in Fig. 2.5 possible π 
stacking is observed and the sulfur atoms form a core with the BIPY and DMF ligands 
surrounding the core. The sulfur atoms align in a straight manner essentially forming a 
sulfur tunnel through the crystal. When looking at the distance between the  π-systems the 
distances are within a range of 3.8 - 4.0 Å potentially leading to π-stacking. The distance of 
3.5 Å is observed between sulfur atoms of the two different moleluces, possibly leading to 
interatomic interactions as the Van der Waals spheres of the sulfur atoms (of radius 1.6 Å) 
intersect. 

 

Figure 2.5 Packing diagram of (2) showing the interatomic distances between the S atoms and BIPY ligands 

Both of these factors could contribute to the solubility issues experienced with (2) as the π-
stacking and interatomic interactions between the sulfur atoms would increase the overal 
stability of the complex. Therefore, decreasing the solubility. 
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2.2.3 DFT structural calculations 

Structural optimization of all synthesized complexes was performed with DFT at the 
PBE0-D3BJ/def2-TZVP and BP86-D3BJ/def2-TZVP level. The crystal structure of (2) 
was compared with optimized structures and for complexes (3) and (4), the two possible 
structural isomers were optimized, with the intent of determining the most probable isomer 
for the respective ligand. 

The optimized structure of (2) denoted as (2a) is in good agreement with the crystal 
structure. The PBE0 functional gave marginally better results for structural parameters and 
therefore all structural calculations reported henceforth are performed with the PBE0 
functional, see Fig. 2.6. 

 

 

 
Figure 2.6 Structural comparison overlay of (2) to the optimized structure (2a) marked by a black cross. 
Teal, yellow, red, blue and gray spheres denote Mo, S, O, N and C. The H atoms are omitted for clarity. 

Bond lengths and angles, of the optimized structure for (2) are as follows; the Mo-S bond 
length average is 2.380(7) Å with a 51°angle (S-Mo-S). The Mo=O bond lengths average 
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1.669(5) Å with a 112(2)° angle (O-Mo-Mo). The bridging sulfur Mo-S bond lengths are 
between 2.30-2.32 Å with a 103(1)° angle (S-Mo-S), the M-O19 bond length is 2.263 Å, 
Mo-N bond lengths are 2.271 and 2.409 with a 70° bite angle (N-Mo-N), and the Mo-Mo 
bond length is 2.837 Å as seen in Table 2.3. 

Table 2.3 Comparison of selected angles and bond lengths of  (2)  and (2a). 

Angles (2)      
(°) 

(2a) 
(°) 

Bonds (2) 
(Å) 

(2a) 
(Å) 

S3-Mo2-S4 51.54 51.17 S3-S4 2.072 2.056 
Mo2-S4-S3 64.49 64.1 S3-Mo2 2.388 2.374 
Mo2-S3-S4 63.96 64.73 S4-Mo2 2.378 2.387 
S3-Mo2-O6 111.05 113.01 Mo1-O19 2.176 2.263 
S4-Mo2-O6 111.27 112.36 Mo2-O6 1.685 1.663 
S3-Mo2-S1 89.97 87.76 Mo2-S1 2.309 2.32 
S4-Mo2-S2 88.84 88.51 Mo2-S2 2.324 2.326 

O5-Mo1-O19 89.03 90.735 S1-Mo1 2.318 2.3 
S2-Mo1-O19 89.46 86.29 S2-Mo1 2.320 2.31 
S2-Mo1-S1 103.44 104.3 Mo1-Mo2 2.832 2.837 

Mo1-S1-Mo2 75.47 75.75 Mo1-O5 1.682 1.674 
S1-Mo2-S2 103.58 102.87 Mo1-N7 2.367 2.409 

Mo2-S2-Mo1 75.15 75.45 N18-Mo1 2.243 2.271 
S2-Mo1-O5 106.21 107.07    

Mo2-Mo1-O5 105.48 104.3    
O6-Mo2-S2 108.61 109.6    

O6-Mo2-Mo1 110.59 113.59    
O5-Mo1-N7 159.44 156.54    
O5-Mo1-N18 91.61 89.92    
N7-Mo1-N18 70.43 68.73    
S1-Mo1-N18 84.63 84.71    

N18-Mo1-Mo2 135.89 135.8    
N7-Mo1-Mo2 94.60 91.88    
C17-N18-C13 118.7 119.66    
N18-C13-C12 116.1 116.11    

The two isomers of (3) either position the EN ligand at the two equatorial positions (3a), or 
at an axial and an equatorial position (3b), with DMF completing the octahedral geometry, 
see Fig. 2.7. The optimized isomers of (3) show good agreement with the crystal structure 
of (2) for the [Mo2O2S2(S2)] unit see Table A.0.1. Surprisingly, the bond length between 
DMF and molybdenum is considerably longer for both of the optimized isomers compared 
to the crystal structure of (1) and (2). The Mo-O bond length of 2.556 and 2.418 Å 
compared to an average of 2.21 Å for (1). An optimized structure of (1) does show an 
increased Mo-O bond length of 2.52 Å, though only for the axially positioned DMF. This 
discrepancy could be due to a greater freedom of movement for the DMF due to 
unaccounted packing effects in the calculations. The Mo-N bond lengths are 2.294 and 
2.273 Å with a 75° (N-Mo-N) angle in good agreement with a published [Mo(CO)2(ꞃ3-
C3H5)(en)][Br] 13 complex with Mo-N bond lengths of 2.29 and 2.25 Å with an angle (N-
Mo-N)  of 75°. The isomer with EN in an equatorial position (3a) was determined to have 
the lower ground-state energy with a relative energy difference of 0.385 eV, indicating that 
it is considerably more favorable. 
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(3a) (3b) 
Figure 2.7 Optimized structures of isomers (3a) and (3b). The two images in each panel visualize the 
geometry from different angles. 

The two isomers of (4) will either position the DIEN ligand with the primary amines 
occupying one equatorial and the axial position with the secondary amine taking the 
equatorial position between them (4a), or both primary amines in the equatorial plane and 
the secondary amine in the axial position (4b) see Fig. 2.8. The optimized isomers of (4) 
show good agreement with the crystal structure of (2) for the [Mo2O2S2(S2)] unit see Table 
A.0.2. With Mo-N bond lengths of 2.34(0) Å and 2.40 Å for (4b) compared the published 
complex [MoO3(DIEN)]14 with bond lengths of 2.32(0) Å and 2.33 Å. The isomer 
coordinating with both primary amines in the equatorial plane is most likely more 
favorable i.e. it has the lower ground-state energy with a relative energy difference of 
0.136 eV. 
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(4a) (4b) 

Figure 2.8 Optimized structures of isomers (4a) and (4b). The two images in each panel visualize the 
geometry from different angles. 

All DFT optimized structures showed good agreement with the known crystal structures of 
(1), (2) and (5). For the new compounds, the gap in energy between the two DFT 
calculated isomers of EN indicated a stronger affinity towards the structure where both 
amines are coordinated in the equatorial plane (3a). However, it was not possible to 
determine which isomer (4) will favor based on the results from DFT calculations. The 
packing for the crystal structure of (2) shows two repeating layers of the molecule facing 
the opposite direction. However the sulfur atoms of the molecule line up beside each other 
enclosing the disulfide group. This results in a close knit system of S atoms enclosed by 
the Mo=O group and BIPY ligand, see Fig 2.3. This tight knit system of S atoms as well as 
the π stacking of the BIPY ligand observed could account for the poor solubility of the 
compound. As the same layering is observed for (5) it would be reasonable to expect the 
close packing of S atoms to account for their poor solubility of (3) and (4) as well.      

2.3 Experimental spectra 
2.3.1 IR spectroscopy 

All complexes were expected to show three characteristic peaks of the molybdenum oxo 
sulfur dimer, the Mo=O stretches at 950 cm-1, the terminal disulfide at 520 cm-1 and the 
bridging sulfur atoms9 at 470 cm-1. Furthermore, stretches characteristic of specific ligands 
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were expected. Characteristic vibrations from DMF are due to the aliphatic C-H stretches 
2900 cm-1, and the C=O stretches at 1650 cm-1. Characteristic vibrations from BIPY are 
due to the aromatic C-H stretches above 3000 cm-1, the C-N stretches at 1600 cm-1. 
Characteristic peaks of EN and DIEN are due to N-H stretches at 3200 cm-1, aliphatic C-H 
at 2900 cm-1, and aliphatic stretches C-H at 1450 cm-1. All characteristic peaks of reagent 
and complexes synthesized are listed in Table 2.4. 

Table 2.4 Characteristic IR stretches and peak position for all reagents (BIPY, EN, DIEN) and complexes 
(1), (2), (3) and (4). 

Stretches BIPY 
(cm-1) 

EN 
(cm-1) 

DIEN 
(cm-1) 

(1) 
(cm-1) 

(2) 
(cm-1) 

(3) 
(cm-1) 

(4) 
(cm-1) 

C-Harom 3054    3072   
C-Haliph  2929 2929 2934 2917 2937 2930 
C=Osym    1652 1644 1636  
C=Oasym    1634 1644 1636  
C-Carom 1584    1597   
C-Haliph  1461 1456   1446 1447 

Mo=Osym    945 933 947 942 
Mo=Oasym    945 933 923 917 

S2    527 524 525 514 
Sb    467 473 461 467 

The IR spectrum of a compound is unique and therefore can be identified by IR 
spectroscopy alone, if the spectrum is already known and the compound is pure, almost 
like a fingerprint. With a successful ligand to metal coordination, a shift in peak 
positioning is expected for characteristic peaks of the ligand and metal complex, as a new 
compound is synthesized. The instrument used for the IR analysis has an error of 4 cm-1, a 
larger shift is then certainly due to coordination effects. Absolute values of peak position 
shift is listed in Table 2.5. 

Table 2.5 Absolute values for characteristic peak shift for complexes (2), (3) and (4) compared to reagents 
and (1) 

Stretches ∆(2) 
(cm-1) 

∆(3) 
(cm-1) 

∆(4) 
(cm-1) 

C-Harom 18   
C-Haliph 17 3 4 
C=Osym 8 16  
C=Oasym 10 2  
C-Carom 13   
C-Haliph  15 9 

Mo=Osym 12 2 3 
Mo=Oasym 12 22 28 

S2 3 2 13 
Sb 6 6 0 

The IR spectrum of (2) showed a shift in peak position for the three characteristic peaks of 
the molybdenum oxo sulfur dimer and  the carbonyl stretch of DMF in (1). The carbonyl 
peak is positioned at 1644 cm-1 shifting 8 or 10 cm-1 from the split peak in (1), no longer 
showing distinguishable peaks for symmetric and asymmetric stretches of the carbonyl 
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peak as there is only one DMF ligand attached. The peak for the Mo=O stretches is 
positioned at 933 cm-1 shifting 2 or 22 cm-1 compared to its position in (1). The symmetric 
and asymmetric Mo=O stretches should be distinguishable but may be obscured due to 
interfering C-H stretches of BIPY and DMF in the same region. The peak for bridging 
sulfurs was found at 473 cm-1 shifting 6 cm-1 and the terminal disulfide at 524 cm-1 with a 
shift of 3 cm-1, or within the instrument error range, likely due its distance from the 
coordination site and the electronic structure of the Mo-S bonds rendering the coordination 
effect neglible. Aromatic C-H stretches of coordinated BIPY in (2) are positioned at 3072 
cm-1 shifting 18 cm-1, the peak for aromatic C-C stretches is at 1597 cm-1, shifting 13 cm-1.     

The IR spectrum of (3) has the carbonyl stretch of DMF positioned at 1636 cm-1 shifting 16 
or 2 cm-1 again no distinguishable symmetric and asymmetric peaks due to only one 
coordinating DMF ligand. The Mo=O stretches of (3) show a peak for symmetric 
stretching at 947 cm-1 with a 2 cm2 shift from (1) and at 923 cm-1 shifting 22 cm-1 to lower 
energy for the asymmetric stretch. The terminal disulfide group is positioned at 525 cm-1 
shifting 2 cm-1, (again within instrument error likely due to reasons listed above) and the 
bridging sulfurs at 461 cm-1 shifting 6 cm-1. Peak shift for the ethylenediamine ligand is 
hard to establish as the peaks of EN are very broad. However, the observed peaks of (3) in 
the expected region of N-H and C-N stretches for EN are considerably sharper than for the 
free EN ligand. 

The IR spectrum of (4) shows two peaks for Mo=O, symmetric stretching at 942 cm-1 
shifting 2 cm-1, and 917 cm-1 shifting 28 cm-1 to lower energy for the asymmetric stretch. 
The terminal disulfide group is positioned at 514 cm-1 shifting 13 cm-1 and the bridging 
sulfurs at 467 cm-1 with no shift. The peaks in the IR spectrum of DIEN are very broad, so 
the shift is hard to estimate. The peaks located in the expected region for DIEN are all 
sharper in the IR spectrum of (4) analogous to what was observed for (3). 

To summarize, all of the synthesis succeeded in forming new coordination compounds, the 
characteristic  peaks of the starting complex and ligands showed the expected shifts in their 
IR spectra. The IR spectra of (3) and (4) show sharp peaks in the characteristic regions for 
EN and DIEN, while as free ligands they have higher degree of freedom resulting in broad 
peaks in the IR spectrum. The sharper peaks are a result of imposed symmetry by the 
complex, and lower degree of freedom upon coordination to the metal.  

2.3.2 NMR spectroscopy 

As all complexes synthesised showed poor solubility in all solvents except for DMF and 
DMSO, all the NMR spectra of the complexes were obtained in DMSO-d6. Both 1H and 
13C NMR spectra were obtained with saturated samples where the sample was partially 
solid during measurement. This lead to an overestimation of DMF signal size, because it 
likely dissociates in solution and dissolved faster than the compound.  

The orientation of the BIPY ligand should influence both the proton and carbon NMR of 
(2). If the BIPY nitrogens are both equatorial to the molybdenum-oxo group, the BIPY 
resonances have associated mirror plane symmetry. The 1H NMR spectrum of (2) is 
expected to show seven peaks in total. Three singlet peaks for the DMF ligand and four 
peaks were expected in the aromatic region from the BIPY ligand. Two doublets, one for 
the ortho proton, the other for the meta proton opposite it, two triplets one for the para 
proton and one for the meta proton opposite the ipso carbon. The 13C NMR of (2) should 
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show eight peaks, three peaks associated with the DMF ligand and five peaks in the 
aromatic region for the carbons present in BIPY. However, if the BIPY nitrogens are in an 
equatorial and an axial positions respectively, all NMR signals associated with BIPY are 
expected to double as all the protons and carbons are no longer related by symmetry. 

The 1H NMR of (2) shows the expected peak positions of the DMF ligand, however the 
peaks in the expected region of the BIPY ligand are very broad and not easily 
distinguishable. Integration of the spectrum is overvalued for the DMF ligand by 30% 
compared to the BIPY ligand which was unexpected. The 13C NMR spectrum of (2) has 
seven peaks; three at the expected positions for the DMF ligand and four broad peaks close 
to the positions of free BIPY. The broadness of the peaks in both the proton and carbon 
NMR spectra is likely due to the coordination properties of DMSO enabling the BIPY 
ligand to switch between an equatorial and axial positon. Therefore the NMR spectra 
cannot be used to determine the geometrical position of BIPY in (2).  

The 1H NMR spectrum of (3) is expected to show four peaks: three peaks for the DMF 
ligand and a single peak for the EN ligand, as the 1H NMR spectrum of uncoordinated EN 
shows a single resonance as a singlet at 2.6 ppm for the two identical methylene groups. 
The 13C NMR is expected to show three resonances for the carbons present in DMF, and 
free ethylenediamine shows one resonance at 45 ppm for the two carbons identical 
positions of the methylene groups. 

The 1H NMR spectrum of (3) shows the expected peak positiong of DMF and four 
additional multiplet signals at 6.7, 5.1, 3.30 and 3.04  ppm, all showing a considerable shift 
downfield of amine and methylene peak positioning in the free ligand. To determine the 
origin of the four peaks, D2O was added to induce deutero exchange removing the amine 
peaks from the spectrum resulting in the two peaks furthest downfield were removed by 
D2O addition. Integration of the spectrum showed the four peaks of EN to be equal and the 
amine groups slightly undervalued as expected due to deutoro exchange, and a double 
overvaluation of the DMR ligand integration. According to the integration two DMF 
ligands are present. The 13C NMR spectrum of (3) shows the expected peak positioning of 
DMF and a singlet peak at 45 ppm. Despite the 1H NMR spectrum showing two peaks for 
the methylene and amine groups respectively, the singlet peak observed in the carbon 
NMR excludes axial positioning for EN. The two different signals of the proton NMR for 
the amine and methylene groups are due to geometrical restrictions enforced on 
ethylenediamine, imposing the protons of the methylene into different axial and equatorial 
positions resulting in magnetically inequivalent AB coupling pattern for the methylene and 
equatorial/axial coupling  of the methylene protons with the amine protons.    

The 1H NMR spectrum of (4) is expected to only show peaks for the DIEN ligand. Free 
DIEN has three peaks; two triplets at 2.5 ppm for the two unique methylene positions and a 
broad peak at 1.4 ppm from the amines. 13C NMR of free DIEN shows two peaks at 40 and 
50 ppm for the two unique carbon atoms. 

The 1H NMR spectrum of (4) shows seven peaks, three of them with a similar position and 
appearance as the peaks associated with the amine protons in (3), D2O was added to 
confirm that the peaks were in fact from the amine protons; addition of D2O removed the 
peaks at 8.3, 6.8 and 5.8 ppm, confirming their origin as amine protons. The four 
remaining signals higher upfield are then from the protons of the methylene groups. The 
integration of the spectrum does account for all expected protons, although 
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underestimating protons for the amines especially for the secondary amine as before due to 
deutoro exchange. The 13C NMR spectrum of (4) shows five peaks which is unexpected, 
with one right next to the DMSO-d6 signal. However that means at least four unique 
carbon positions are observed, the DIEN ligand then coordinates with its primary amines in 
axial and equatorial postions, and the secondary amine in an equatorial position. The 
observation of five peaks could indicate that both isomers are visible in the NMR spectrum 
with the sixth peak obscured by the DMSO-d6 signal. 

2.3.3 UV/Vis spectroscopy 

The electronic spectrum of a complex is unique to a given complex, a change in the metal 
coordination results in a change in the electronic spectrum. By measuring the electronic 
spectrum with a known concentration the molar extinction coefficient (ε) can be calculated 
using Beer’s Lambert law and the excitation associated with the peaks seen in the spectrum 
determined. The electronic spectra of complexes, (1) (2), (3) and (4), were measured in a 
solution of DMF and (ε) determined for each peak of the spectrum. The electronic 
spectrum of (1) has two peaks and a shoulder, a broad peak at 477 nm associated with the 
disulfide group 8-9, a shoulder at 390 nm and a sharp LMCT peak at 268 nm. 

 

Figure 2.9 Electronic spectra for all synthesized complexes (2),(3),(4) and the starting complex (1). The 
molar extinction coefficient (ε) is plotted as a function of the wavelength (nm).  

The electronic spectrum of (2) (green in Fig. 2.9) shows two peaks and two shoulders, a 
broad peak at 472 nm and a sharp peak at 281 nm. The electronic spectrum has changed 
with a bathochromic shift and an increase in intensity for the peak at 270 nm and only a 
slight shift of the peak 470 nm as the coordination of the disulfide group has not changed 
drastically. Determination of ε associates the peak at 472 nm with n to π* excitation and 
the peak at 281 nm with LMCT and MLCT excitation. 
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The electronic spectrum of (3) (pink in Fig. 2.8) shows two peaks and two shoulders, a 
broad peak at 472 nm and a sharp peak at 281 nm. The electronic spectrum has changed 
with a bathochromic shift of the peak at 270 nm and only a slight shift of the peak 470 nm 
as the coordination of the disulfide group has not changed drastically. Determination of ε 
associates the peak at 472 nm with n to π* excitation and the peak at 281 nm with LMCT 
excitation. 

The electronic spectrum of (4) (red in Fig. 2.8) shows three peaks and two shoulders, a 
broad peak at 472 nm and sharp peaks at 281 and 311 nm. The electronic spectrum has 
changed with a considerable shift of the peak at 270 nm and only a slight shift of the peak 
470 nm as the coordination of the disulfide group has not changed significantly. Analysis 
of ε associates the peak at 472 nm with n to π* excitation and the peak at 281 nm with 
LMCT excitation. 

Table 2.6 The peak positions (in nm) for all synthesized complexes (2), (3) and (4) and the calculated molar 
extinction coefficient, ε. 

(2) (3) (4) 
λ 

(nm) 
ε                     

(M-1cm-1) 
λ     

(nm) 
ε         

(M-1cm-1) 
λ 

(nm) 
ε           

(M-1cm-1) 

472 1084 479 1079 483 1015 
281 21473 273 9871 311 6779 

    274 8843 

2.4 Theoretical spectra 
Spectroscopic properties of the synthesized complexes were investigated using first 
principle calculations i.e. with DFT, where the PBE015 and BP8616-17 exchange-correlation 
functionals are employed with an added D3BJ18-19 dispersion correction. Computations of 
vibrational frequencies yield the IR spectra and to obtain the UV/VIS spectrum, time-
dependent DFT (TDDFT) is employed. Furthermore, in regards to NMR, chemical shifts 
were computed by an algorithm provided by NWChem11. The calculations were utilized to 
aid in the interpretation of experimental results and hence assist with peak assignment. 

2.4.1 Calculated vibrational frequencies 

To get the best comparison between the experimental and calculated spectra, all peaks of 
the spectra cannot be used, as pinpointing a peak for similar stretches in the fingerprint 
region is too inaccurate. Therefore the strongest peaks of the experimental spectra were 
chosen, as well as some weaker peaks to include stretches of all the ligands. The peaks 
chosen were the three characteristic peaks of the [Mo2O2S2(S2)] unit, the carbonyl stretch 
of DMF, the aromatic C-C stretches of BIPY, aliphatic C-N of EN, N-H stretches for the 
primary amine of DIEN and aliphatic C-H stretches for both amines. In comparison to the 
experimental spectra, the BP86 functional was found to give better results for the majority 
of the selected peaks. Therefore, when comparing the experimental spectra with the 
calculated spectra, calculations utilizing the BP86 functional are reported. 

Determination of peak position by the calculated spectra is in agreement with the 
experimental spectra. However, some deviations were observed, as expected. The 
calculated spectra determine peak positions for specific stretches in vacuo. While the 
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experimental spectra are measured at room temperature and can be affected by similar 
stretches nearby, broadening the signal and distorting the position. Surprisingly, the M=O 
peaks are not very well represented, overestimating the wavenumber. This can be due to 
the fact that a single molecule is optimized allowing greater Mo=O stretching while the 
complex would probably experience some steric hindrance due to packing. Furthermore, 
DMF and amine stretches are visible in the same area, which potentially distorts the peak 
position for the measured spectrum. 

Table 2.7 Comparison of calculated ((2a), (3a), (3b), (4a), (4b)) and experimentally measured ((2), (3), (4)) 
vibrational frequencies.  

Stretches (2) 
(cm-1) 

(2a) 
(cm-1) 

(3) 
(cm-1) 

(3a) 
(cm-1) 

(3b) 
(cm-1) 

(4) 
(cm-1) 

(4a) 
(cm-1) 

(4b) 
(cm-1) 

C=Osym 1647  1644      
C=O 1647 1642 1636 1630     

C-Carom 1598 1592       
N-H2sym      1595 1600 1599 
N-H2asym      1579 1588 1590 
C-Haliph   1446 1453 1446 1447 1438 14334 

Mo=Osym 933 953 947 970 966 943 966 967 
Mo=Oasy

m 

  923 947 923 917 906 924 

S2 524 526 526 521 527 514 525 526 
Sb 475 461 460 459 450 467 456 437 

It was impossible to effectively distinguish which isomer of (3) and (4) is favored using the 
calculated IR spectra. The calculated spectra for both isomers are too similar. However 
identifying the stretches associated with all peaks was possible.    

2.4.2 Calculated chemical shifts 

To simulate peak positioning of the 13C NMR spectra chemical shifts for carbon were 
obtained. The isotropic shielding was calculated for optimized structures using the PBE0 
functional. The chemical shifts were then determined by isotropic shielding difference 
using TMS as an internal standard. The measured and simulated 13C NMR spectra are in 
agreement for (2) and (4a), however the calculated spectra for (3a) is surprising.     

The calculated spectra for (2) showed different positioning for all the carbons present in 
BIPY as expected. The difference between positions was minimal, which could contribute 
to distortion of peak positions as observed for these peaks in the measured spectra. The 
calculated spectrum for (3) surprisingly showed two unique carbon positions. However this 
could be due to the positional difference of the calculated molecule as the calculation 
performed calculates only for the input position, while the NMR measurement collects the 
spectrum of the molecule in solution allowing more freedom. The calculated and observed 
spectra for (4) are in agreement and seem to support that both isomers are observed in the 
spectrum as the carbon sequence would place the chemical shift of the sixth carbon under 
the DMSO-d6 signal see Table 2.8 and Fig. 2.10. 
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Table 2.8 Comparison of calculated ((2a), (3a), (3b), (4a), (4b)) and experimentally measured ((2), (3), (4)) 
chemical shifts for the 13C NMR spectra   

 (2a) (2)  (3a) (3)  (4a) (4) 
# CS CS # CS CS # CS CS 

19 181.40 162.39 22 179.30 162.33 14 58.61 54.73 
21 39.45 35.82 24 40.28 35.87    
25 32.37 30.81 28 32.19 30.85 13 54.22 50.55 
1 166.60 152.69 9 49.15 44.61 12 47.17 43.45 
17 162.54 11 46.99 44.61 15 45.52  
10 164.50 161.93  (3b)   (4b)  
9 159.52  45.87  14 56.62 53.36 13 147.99 141.74  45.32  19 56.62 
5 145.94    20 46.50 40.28 15 133.25 127.15    12 46.48 
3 133.14       
11 128.86 

123.91 
      

7 128.19       

 

Figure 2.10 Markings depicted for the calculated 13C NMR for all the calculated isomers.   

 
(2a) 

  
(3a) (4a) 

  
(3b) (4b) 
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2.4.3 Electronic spectra 

The electronic spectra were calculated using time dependent density functional theory, 
where calculation of excitations in the UV/Vis region are made and compared to 
experimental spectra. The spectra do compare well although the calculated spectra do 
exhibit a small shift, the calculations also do not account for the peak observed at 311 nm 
(3.98 eV) in the spectrum of (4) as seen in Figure 2.11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11 Comparison of the a) measured and b) DFT calculated electronic spectra for the respective 
complexes using eV for a better comparison between data. 

 
a) 

 
b) 
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Visualization of the orbitals involved in the electron excitation associated with the peaks 
observed in the electronic spectra was performed by different density calculations. With 
the knowledge of contributing orbitals, the intensity of peaks and electron migration, the 
excitation involved can be determined.  

For complex (2) two electron migrations are observed for the peak at 470 nm (2.64 eV). 
Migration from a non-bonding p-orbital of S to an anti-bonding d-orbital of Mo (n to π*) 
and a migration from an anti-bonding d-orbital of Mo to a p-orbital of BIPY (π*- π). Three 
electron migrations are observed for the contributing orbitals for the peak at 280 nm (4.43 
eV). From a p-orbital of S to an anti-bonding d-orbital of Mo (π-π*, LMCT), from the anti-
bonding d-orbital of Mo to a p-orbital of BIPY (π*-π, MLCT) and a d-d orbital transition 
between the two Mo atoms (σ-σ*), see Fig. 2.11. The observation of LMCT and MLCT 
excitations for (2) at 280 nm (4.43 eV) would explain the intensity difference observed for 
this peak compared to similar peaks of (3) and (4). 

  
a) b) 

Figure 2.12 Orbitals associated with the peaks observed in the electronic spectra of (2) where blue denotes a 
full orbital and red an unfilled orbital. a) Depicts orbitals associated with the peak observed at 470 nm. 
Excitations observed n to π* (p-S to d-Mo) b) Depicts orbitals associated with the peak observed at 280 nm. 
Excitations observed LMCT (p-S to d-Mo), π backbonding  MLCT(d-Mo to p-S) and σ-σ*(d-Mo to d-Mo). 

Electron migration observed for the peak at 470 nm (2.64 eV) in the electronic spectra of 
(3) is from a p-orbital of S to an anti-bonding d-orbital of Mo (n to π*). Migration observed 
for the peak at 270 nm (4.59 eV) is from a p-orbital of S to an anti-bonding d-orbital of Mo 
(LMCT), see Fig. 2.12. 
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a) b) 

Figure 2.13 Orbitals associated with the peaks observed in the electronic spectra of (3) where blue denotes a 
full orbital and red an unfilled orbital. a) Depicts orbitals associated with the peak observed at 470 nm. 
Excitations observed are n to π* (p-S to d-Mo). b) Depicts orbitals associated with the peak observed at 270 
nm. Excitations observed are  LMCT (p-S to d-Mo). 

Electron migrations observed for the peak at 470 nm (2.64 eV) in the electronic spectra of 
(4) are from a p-orbital of S to an anti-bonding d-orbital of Mo (n to π*). Migration 
observed for the peak at 270 nm (4.59 eV) is from a p-orbital of S to an anti-bonding d-
orbital of Mo (LMCT), see Fig. 2.13.     

  
a) b) 

 

Figure 2.14 Orbitals associated with the peaks observed in the electronic spectra of (4) where blue denotes a 
full orbital and red an unfilled orbital. a) Depicts orbitals associated with the peak observed at 470 nm. 
Excitations observed are n to π* (p-S to d-Mo). b) Depicts orbitals associated with the peak observed at 270 
nm. Excitations observed are  LMCT (p-S to d-Mo). 

The key observation here is that the BIPY  ligand can participate in π backbonding leading 
to MLCT while the amines do not. Resulting in an intense charge transfer band that is a 
combination of LMCT and MLCT while the amine ligands only contribute LMCT. 
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3 NMR Catalysis Experiments 
3.1 Heterogeneous catalysis 
Hydrodesulfurization of thiophene and of ethylene sulfide were studied on NMR scale. 
Removal of sulfur from thiophene is expected to form a number of products depending on 
the conditions employed. A direct removal of sulfur under conditions where water is 
present as proton source, an alcohol may form. With a hydrogen atom source, C4 
hydrocarbons may form, as well as a dimer of C4, or a C8 hydrocarbon. Similarly, partially 
hydrogenated products may form. If a proton source is supplied, thiophene may open and 
self-polymerize to form polythiophene. The multitude of possible products make 
identification of the products and characterization of reactivity more challenging and 
require high conversion of a specific product to get a clear idea of the catalyst reactivity at 
low concentrations. Therefore the sulfur abstraction reaction of propylene sulfide was also 
studied where this reaction leads to an easily identifiable single product; propylene. 

Exploratory catalytic activity studies of the synthesized compounds were performed at 
ambient temperature and pressure employing 1H NMR spectroscopy. The reaction 
conditions simulate heterogeneous catalysis where the catalyst is insoluble in the solvent 
chosen.  Catalytic activity towards hydrodesulfurization (HDS) of thiophene and propylene 
sulfide was explored. The reagent, CDCl3-d1 and catalyst were placed in an NMR tube and 
formation of the product resonances observed over a time period of 96 hours.  

3.2 Thiophene 
First catalytic activity of (2) towards thiophene was tested. The following reactions were 
explored: 

 

Equation 2 

 

Equation 3 

 

Equation 4 
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Catalytic activity towards thiophene was first tested with (2) as the catalyst. Direct reaction 
of the catalyst and thiophene did not show any new peak formation in the 1H NMR 
spectrum. Second attempt employed saturation with H2 gas and catalyst to evaluate the 
effect of the addition of H atom source, and final experiment used HCl gas and catalyst to 
see if a proton source was needed, but addition had no observable effect. 

3.3 Propylene sulfide 
Second set of experiments employed propylene sulfide as a reagent. The reaction progress 
was monitored over 96 hours as before. The reaction of propylene sulfide and catalyst is as 
follows: 

 

Equation 5 

Peak formation associated with propylene was observed for all complexes. All the 
complexes synthesized showed activity with varying conversion. Mole conversion was 
estimated by integration of spectra peaks, over the same area for all time intervals, with a 
peak integration value set to 1 for the CDCl3-d1 peak. The proportional value of substrate 
and reagent was calculated, to determine propylene moles produced. Turnover frequency 
was calculated with the stoichiometric conversion, achieved by the catalysts over time, 
using the integration values obtained from the 1H NMR spectra.  

Complexes (2) and (4) achieved stoichiometric conversion after (2 days), reaching 2:1 
stoichiometric conversion after four days. Complex (3) reached stoichiometric conversion 
after about 20 hours, achieving a nine-fold stoichiometric conversion after four days. All 
the complexes exhibit an increase in conversion after 24 hours, as is especially visible for 
complexes (3) and (4) as shown in Figure 3.1. Before the catalyst achieves optimal 
conversion, a possible barrier appears to be overcome. Determining the nature of the 
barrier could greatly reduce the induction period, and increase reaction rate. Possibly, the 
dissociation of DMF is a factor, as it appeared in the 1H NMR spectra during the 
experiment and opening up a coordination site for the octahedral molybdenum atom. 
Further investigation of the catalytic mechanism is needed to elucidate the barrier source. 
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Figure 3.1 Catalytic conversion for all complexes against time, a spike in the conversion rate is observed for 
(3) and (4) around the 20 hour mark. 

All complexes show a turnover frequency (TOF) in the range of 0.02-0.1 h-1, with (3) 
showing a TOF four to five times greater than the others see Table 3.1. The ligand system 
does seem to play a role in the catalytic perfomance of the complexes. Structure of the 
complexes may be used to speculate on possible coordination of the sulfur atom with the 
molybdenum as terminal sulfido ligand or inserted into the disulfide terminal ligand 
followed by elimination of elemental sulfur as is known for the MoS2 HDS catalysts2. 
Activity of the complexes is in the order of (3), (4), (2). It is reasonable to assume that the 
reactivity is based on structural properties as this is a heterogeneous reaction. If structure 
alone is considered, the activity should be in the order of (3), (2), (4) because (2) and (3) 
have accessible coordination sites on both molybdenum atoms. However, the packing 
diagram of (2) in Figure 2.3. shows that the accessible coordination site is buried. 
Therefore the results obtained are in good agreement with expectation.  

Table 3.1 TON and TOF for all complexes derived from proportional integration of the 1H NMR spectra 

 (2) (3) (4) 

TON 1.76 8.96 2.41 
TOF (h-1) 1.8•10-2 9.3•10-2 2.5•10-2 

TON: molecules of product converted by 
molecules of cat, molproduct/molcat  
TOF: TON/h 
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Figure 3.2 Conversion rate of the complexes compared with their TON number. 

All complexes achieved a conversion greater than stoichiometric, although after a long 
period of time, with (3) showing the greatest TOF 9.3•10-2 h-1. In comparison Ledoux et al. 
performed numerous HDS reaction studies on CoMo sulfided catalyst systems, loaded on 
to various alumina supports at 227 °C20. Reported TOF numbers ranging from 1-5 h-1. A 
considerable difference however, the reaction conditions of the performed studies were alot 
milder. The big difference in TOFs for the catalysts explored herein indicates that finding 
the right modification of the catalyst template and reaction conditions an optimal catalysis 
perfomance may be achieved. 

3.4 Proposed catalytic cycles for propylene 
sulfide 

In accordance with the experimental observations, the dissociation of DMF and the 
induction period observed for the catalytic activity as well as the work of Adam and 
Bargon et al.21-23, a catalytic cycle is proposed for both Mo atoms where the expected 
catalytic site of the “MoS2“ species starts with an adsorption of propylene sulfide see Fig. 
3.3 returning propylene and incorporporation of the S atom forming an “MoS3“ species. 
The “MoS3“ species then either expels two S atoms leaving an “Mo=S“ species finishing 
the catalytic cycle, or adsorption of propylene sulfide until an “MoS5“ species has been 
formed. The “MoS5“ species then expels four S atoms returning to the “Mo=S“ species 
restarting, the cycle. For the octahedral Mo atom see Fig. 3.4, DMF has dissociated, 
leaving an open coordination site allowing adsorption of propylene sulfide, returning 
propylene and an “Mo=S“ species. Another adsorption of propylene sulfide occurs leading 
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to an “MoS2“ species, capable of propylene sulfide adsorption. The “MoS3“ species formed 
then expels two sulfur atoms restarting the catalytic cycle see. 

The proposed catalytic cycles explain the observed induction period as well as the upturn 
in rate observed as the octahedral Mo atom after the dissociation of DMF, allows for a 
faster cycle as the incorporation of S atoms leading to an “MoS5“ species would slow 
down the activity as adsorption would become increasingly harder with each sulfur atom 
added atom reducing activity. The octahedral Mo atom however sterically hinders this 
build up and thus expels the S atom faster resulting in faster catalytic cycles.     

 

Figure 3.3 Proposed catalytic cycle for the square pyramidal MoS2 species 
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Figure 3.4 Proposed catalytic cycle for the octahedral Mo-Lx species 
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4 Conclusion 
Three new complexes were synthesized and characterized.  Observed spectroscopic data 
were in general agreement to quantum chemical calculations. In most cases, the 
discrepancies could be attributed to the different media employed for the measurements 
and calculated spectra.  

Exploratory heterogeneous reaction studies for the HDS of thiophene employing (2) as 
catalyst were explored and observed by 1H NMR spectroscopy. No product formation was 
observed in these reaction studies. Therefore sulfur transfer reactions for propylene sulfide 
were explored for all synthesized complexes. Catalytic activity was observed for all three 
complexes extracting the sulfur and returning propylene. Complex (3) performed the best 
reaching a nine-fold stoichiometric conversion after four days at ambient temperature and 
pressure. 

For future considerations changes to reaction conditions and modifications to the catalyst 
design can be explored. Altering the reaction conditions could overcome the reactivity 
barrier observed, either increasing the reaction rate for the propylene sulfide or possibly 
lead to HDS of thiophene. The introduction of a co-catalyst to the reaction procedure could 
be attempted. Reproduction of the studies performed at elevated temperature and pressure 
to make hydrogenation easier may lead to HDS catalysis of thiophene and propylene 
sulfide. Modification to the catalyst design can be explored by introducing a ligand system 
allowing easy access to an octahedral Mo atom as the NMR studies observed dissociation 
of DMF in parallel with increased reaction rate that may indicate catalytic activity on both 
Mo atoms. Such experiments could determine possible correlation between the dissociation 
of DMF and increased catalytic activity.  
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5 Experimental Section 
General Considerations. NMR spectra were recorded on a Bruker Avance 400 MHz 
spectrometer at 400 and 101 MHz for 1H and 13C. The spectra were all measured at 
ambient temperature. Solvents used DMSO-d6, CDCl3 and D2O. The deuterated solvents 
served as the lock in the 1H and 13C with chemical shifts referenced to TMS. Infrared 
spectra were obtained with a Nicolet Avatar 360 FT-IR (E.S.P) spectrophotometer in the 
range of 400-4000 cm-1 using KBr pellets. UV-visible spectra were recorded on Perkin 
Elmer, Lambda 25, UV/Vis spectrometer.  

All solvents and reagents used were purchased from Sigma-Aldrich and used without 
further purification. The starting complex [Mo2O2S2(S2)(DMF3)](1) was prepared by 
published methods9. 

Computational Details. Geometry optimizations and spectroscopic calculations of all 
compounds were performed with DFT using the quantum chemistry code ORCA version 
3.0.310. All calculations were performed with either PBE015 or BP8616-17 density 
functionals with D3BJ18-19 dispersion correction and def2-TZVP24 basis set. Computed 
structures shown were visualized in Chemcraft25.   

5.1 Syntheses 
[(Mo2O2S4)(C10H8N2)(C3H7NO)] (2): To a red solution of (1) (320.0 mg, 0.56 mmol) in 
DMF (80 ml) BIPY (87.5 mg, 0.56 mmol) was added . The solution became dark red. 
After stirring for 3 hours ether (400 mL) was added carefully to not disrupt the surface and 
left for 7 days at 4 °C. Red-violet crystals  formed on the sides of the flask a yellow 
flocculent precipitate was decanted off and red-violet crystals collected via filtration and 
washed with ether. Yield 220 mg,  68 %. FTIR (KBr, cm-1) υ(C-H) =3073 υC-H = 2926 
υC=O = 1648 υC-N = 1599 υC-H = 1441 υC-H = 1362 υMo=O = 942 υC-H = 768 υƞ

2
S = 524 υMo-Sb 

= 475. 1H NMR (400 MHz DMSO-d6): δ7-9 (broad, 7H) δ 2.88 (s, 6 H,C-H3) δ 2.72 (s, 6 
H,C-H3). 13C NMR (400 MHz DMSO-d6) δ 162.3 (s, H-C=O), δ 152.2 (s, o-C), δ 141.4 (s, 
p-C), δ 127.0 (s, m-C)4, δ 123.8 (s, m-C)5, δ 35.8 (s, H3-C) , δ 30.8 (s, H3-C). UV/Vis 
(DMF solution 4•10-5 M) 472, 375 (sh), 317 (sh), 281. Anal. Calcd for C13H15Mo2N3O3S4 
(Fw = 581.44) C: 26.85, H: 2.60, N:7.23. Found C: 27.06, H: 2.64, N: 7.27. 

[(Mo2O2S4)(C2N2H8)(C3H7NO)] (3): To a red solution of (1) (969.8 mg, 1.70 mmol) in 
DMF (150 mL) ethylenediamine (102 mg, 1.7 mmol) was added dropwise. The solution 
became a darker red. After stirring for 7 hours ether (450 mL) was added carefully to not 
disrupt the surface and left overnight at 4 °C. Red crystals  formed on the sides of the flask 
crystals were collected via filtration and washed with ether. Yield 345 mg,  55 %. FTIR 
(KBr, cm-1) υ=N-H =3200 υC-H = 2938 υC=O = 1644 υC-H = 1430 υC-H = 1365 υC-N = 1047 
υMo=O = 954 υMo=O = 927 υƞ

2
S = 524 υMo-Sb = 474. 1H NMR (400 MHz DMSO-d6): δ 7.93 

(s, 2H, O=C-H ), δ 6.67 (m, 2 H, N-H2), δ 5.11 (m, 2 H, N-H2), δ 3.30 (m, 2 H, C-H2), δ 
3.04 (m, 2 H, C-H2), δ 2.88 (s, 6 H,C-H3) δ 2.72 (s, 6 H,C-H3). 13C NMR (400 MHz 
DMSO-d6) δ 162.3 (s, H-C=O), δ 44.7 (s, H2-C), δ 36.0 (s, H3-C) , δ 31.0 (s, H3-C). 
UV/Vis (DMF solution 4•10-5 M) 479, 360(sh), 310(sh), 273. Anal. Calcd for 



46 

C5H15Mo2N3O3S4 (Fw = 485.35) C: 12.37, H: 3.12, N:8.66. Found C: 15.34, H: 3.34, N: 
8.38. 

[(C4N3H13)(Mo2O2S4)] (4): To a red solution of (1) (316.0 mg, 0.55 mmol) in MeCN (100 
mL) and water (2 mL) diethylenetriamine (57 mg, 0.55 mmol) was added dropwise. The 
red solution turned orange and after stirring overnight the it had become a yellow 
suspension. The yellow product was collected via filtration and washed with MeCN and 
ether. Yield 192 mg,  77 %. FTIR (KBr, cm-1) υ=N-H =3217 υC-H = 2932 υN-H = 1594 υC-H = 
1447 υC-N = 1080   υMo=O = 946 υMo=O = 921 υƞ

2
S = 515 υMo-Sb = 467. 1H NMR (400 MHz 

DMSO-d6): δ 8.33 (m, 1 H, N-H) δ 6.76 (m, 2 H, N-H2) δ 5.78 (m, 2 H, N-H2), δ 3.13 (m, 
2 H, C-H2), δ 3.06 (m, 2 H, C-H2), δ 2.40 (m, 2 H, C-H2), δ 2.10 (m, 2 H, C-H2). 13C NMR 
(400 MHz DMSO-d6) δ 54.7 (s, H2-C), δ 54.7 (s, H2-C), δ 53.4 (s, H2-C), δ 50.6 (s, H2-C), 
δ 43.5 (s, H2-C), δ 40.3 (s, H2-C), δ 43.5 (s, H2-C). UV/Vis (DMF solution 4•10-5 M, nm) 
483, 360(sh), 311, 274. Anal. Calcd for C4H13Mo2N3O2S4 (Fw = 455.33) C: 10.55, H: 2.88, 
N:9.23. Found C: 10.61, H: 2.99, N: 9.15. 

5.2 X-ray Diffraction measurements 
5.2.1 Collection of data 

X-ray quality single crystals were obtained by the vapour phase diffusion of diethyl ether 
into a DMF solution of the metal complex. The crystals were isolated from mother liquor, 
immediately immersed in cryogenic oil and then mounted. The X-ray single crystal data 
was collected using MoKα radiation (λ =0.71073Å) on a Bruker D8Venture (Photon100 
CMOS detector) diffractometer equipped with a Cryostream (Oxford Cryosystems) open-
flow nitrogen cryostats at the temperature 150.0(2)K. The unit cell determination, data 
collection, data  reduction,  structure  solution/refinement  and  empirical  absorption  
correction  (SADABS)  were  carried  out  using  Apex-III (Bruker AXS: Madison, WI, 
2015). The structure was solved by direct method and refined by full-matrix least squares 
on F2 for all data using SHELXTL26 and Olex227 software. All non-disordered non-
hydrogen atoms were refined anisotropically and the hydrogen atoms were placed in the 
calculated positions and refined in riding model. 

5.2.2 Structural details 

Single crystal X-ray analysis revealed that (2) is a chiral molybdenum-oxo dimer and the 
asymmetric unit comprises of two distinct Mo(II) metal centres. One of the metal centre is 
penta-coordinated (distorted square pyramidal) and the other one hexa-coordinated 
(distorted octahedral). The penta-coordinated metal centre is bonded to four sulfur atoms 
and one oxygen atom (axial position). The coordination sphere around the hexa-
coordinated metal center is different; it is coordinated to two nitrogen atoms of the BIPY, 
oxygen atom of the DMF (axial position) and one oxygen atom although it shares two 
sulfur atom with the other metal center.   
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5.3 NMR Experimental 
5.3.1 Thiophene reaction studies 

[(Mo2O2S4)(C10H8N2)(C3H7NO)](s) (2) + C4H4S(l): Deuterated chloroform and thiophene 
(24.8 mg, 0.295 mmol) were added to a NMR tube and the spectrum recorded at ambient 
temperature and pressure. The catalyst (2) (34.27 mg, 0.06 mmol) was then added in 5:1 
molar ratio. The NMR spectra was recorded immediately after mixing and at time intervals 
of 1, 2, 24, and 96 hours. 

[(Mo2O2S4)(C10H8N2)(C3H7NO)](s) (2) + C4H4S(l) + H2(g): Deuturated chloroform and 
thiophene (11.9 mg, 0.14 mmol) were added to a NMR tube and the spectrum recorded at 
ambient temperature and pressure. The catalyst (2) (2.5 mg, 0.004 mmol) was then added 
in a 5:1 weight ratio. The tube was charged with hydrogen. The NMR spectra was recorded 
immediately after mixing and at time intervals of 1, 2, 24, and 96 hours. 

[(Mo2O2S4)(C10H8N2)(C3H7NO)](s) (2) + C4H4S(l) + HCl(g): Deuterated chloroform and 
thiophene (8.5 mg, 0.10 mmol were added to a NMR tube and  the spectrum recorded at 
ambient temperature and pressure. The catalyst (2) (1.8 mg, 0.004 mmol) was then added 
in a 5:1 weight ratio. The tube was charged with HCl gas. The NMR spectra was recorded 
immediately after mixing and at time intervals of 1, 2, 24, and 96 hours. 

5.3.2 Propylene sulfide reaction studies 

[(Mo2O2S4)(C10H8N2)(C3H7NO)](s) (2) + C3H6S(l): Deuterated chloroform and propylene 
sulfide (8.6 mg, 0.10 mmol) were added to a NMR tube and  the spectrum recorded at 
ambient temperature and pressure. The catalyst (2) (1.8 mg, 0.003 mmol) was then added 
in a 5:1 weight ratio. The NMR spectra was recorded immediately after mixing and at time 
intervals of 1, 2, 24, and 96 hours Resonances of propylene were monitored at δ 5.83 (m),  
5.00 (dxq), 4.92 (dxq), 1.71 (dxt). 

[(Mo2O2S4)(C2N2H8)(C3H7NO)](s) (3) + C3H6S(l): Deuterated chloroform and propylene 
sulfide (11.2 mg, 0.15 mmol) were added to a NMR tube and the spectrum recorded at 
ambient temperature and pressure. The catalyst (3) (2.3 mg,  0.005 mmol) was then added 
in a 5:1 weight ratio. The NMR spectra was recorded immediately after mixing and at time 
intervals of 1, 2, 24, and 96 hours. 

[(C4N3H13)(Mo2O2S4)](s) (4) + C3H6S(l): Deuterated chloroform and propylene sulfide (7.1 
mg, 0.10 mmol) were added to a NMR tube and the spectrum recorded at ambient 
temperature and pressure.The catalyst (4) (1.4 mg, 0.003 mmol) was added in a 5:1 weight 
ratio. The NMR spectra was recorded immediately after mixing and at time intervals of 1, 
2, 24, and 96 hours. 
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Appendix A 

 

Figure A.0.1 IR Spectrum of (2) 
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Figure A.0.2 IR Spectrum of (3) 
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Figure A.0.3 IR Spectrum of (4) 



54 

 

Figure A.0.4 1H NMR spectrum of (2) 
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Figure A.0.5 13C NMR spectrum of (2) 
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Figure A.0.6 1H NMR spectrum of (3) 
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Figure A.0.7 13C NMR spectrum of (3) 
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Figure A.0.8 1H NMR spectrum of (4) 
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Figure A.0.9 13C NMR spectrum of (4) 
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Figure A.0.10 Stacked 1H NMR spectra of the measured NMR studies perfomed for (2) 
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Figure A.0.11 Superimposed 1H NMR spectra of the measured NMR studies perfomed for (2) 
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Table A.0.1 Comparison of selected angles and bond lengths of  (2a), (3a) and (3b). 

Angles (2a) 
(°) 

(3a) 
(°) 

(3b) 
(°) Bonds (2a) 

(Å) 
(3a) 
(Å) 

(3b) 
(Å) 

S3-Mo2-S4 51.17 51.21 51.25 S3-S4 2.056 2.058 2.054 
Mo2-S4-S3 64.10 64.19 64.24 S3-Mo2 2.374 2.377 2.372 
Mo2-S3-S4 64.73 64.60 64.52 S4-Mo2 2.387 2.385 2.377 
S3-Mo2-O6 113.01 110.45 113.53 Mo2-O6 1.663 1.660 1.664 
S4-Mo2-O6 112.36 109.76 111.21 Mo2-S1 2.32 2.336 2.336 
S3-Mo2-S1 87.76 89.84 87.71 Mo2-S2 2.326 2.329 2.329 
S4-Mo2-S2 88.51 89.82 89.41 S1-Mo1 2.3 2.309 2.280 
S2-Mo1-S1 104.3 103.84 104.48 S2-Mo1 2.31 2.305 2.297 

Mo1-S1-Mo2 75.75 75.01 75.62 Mo1-Mo2 2.837 2.828 2.830 
S1-Mo2-S2 102.87 102.24 101.73 Mo1-O5 1.674 1.666 1.681 

Mo2-S2-Mo1 75.45 75.23 75.42 Mo1-N34  2.294 2.351 
S2-Mo1-O5 107.07 107.67 108.03 N34-C35  1.470 1.465 

Mo2-Mo1-O5 104.3 108.10 111.75 C35-C36  1.513 1.513 
O6-Mo2-S2 109.6 109.34 110.76 C36-C37  1.466 1.460 

O6-Mo2-Mo1 113.59 110.10 112.35 C37- Mo1  2.273 2.395 
O5-Mo1-O19 90.735  84.88 Mo1-O19 2.263  2.418 
S2-Mo1-O19 86.29  85.84 O19-C20 1.235  1.238 

    C20-N21 1.325  1.326 
    N21-C22 1.444  1.443 
    N21-C23 1.443  1.443 
    Mo1-O24  2.556  
    O24-C25  1.246  
    C25-N26  1.317  
    N26-C27  1.444  
    N26-C28  1.446  
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Table A.0.2 Comparison of selected angles and bond lengths of  (2a), (4a) and (4b). 

Angles (2a) 
(°) 

(4a) 
(°) 

(4b) 
(°) Bonds (2a) 

(Å) 
(4a) 
(Å) 

(4b) 
(Å) 

S3-Mo2-S4 51.17 51.26 51.26 S3-S4 2.056 2.054 2.054 
Mo2-S4-S3 64.1 64.22 64.28 S3-Mo2 2.374 2.371 2.372 
Mo2-S3-S4 64.73 64.52 64.45 S4-Mo2 2.387 2.377 2.375 
S3-Mo2-O6 113.01 113.17 111.70 Mo2-O6 1.663 1.661 1.662 
S4-Mo2-O6 112.36 111.84 111.15 Mo2-S1 2.320 2.337 2.329 
S3-Mo2-S1 87.76 88.30 88.88 Mo2-S2 2.326 2.333 2.327 
S4-Mo2-S2 88.51 88.70 88.95 S1-Mo1 2.300 2.289 2.314 
S2-Mo1-S1 104.3 105.13 102.69 S2-Mo1 2.310 2.301 2.315 

Mo1-S1-Mo2 75.75 75.13 75.56 Mo1-Mo2 2.837 2.821 2.845 
S1-Mo2-S2 102.87 102.64 101.85 Mo1-O5 1.674 1.683 1.676 

Mo2-S2-Mo1 75.45 74.99 75.59 Mo1-N38  2.326 2.344 
S2-Mo1-O5 107.07 106.43 109.93 N38-C39  1.466 1.463 

Mo2-Mo1-O5 104.3 111.71 110.70 C39-C40  1.517 1.517 
O6-Mo2-S2 109.6 109.50 109.88 C40-N41  1.471 1.463 

O6-Mo2-Mo1 113.59 112.73 109.86 Mo1-N41  2.345 2.402 
    N41-C42  1.475 1.463 
    C42-C43  1.516 1.518 
    C43-N44  1.461 1.463 
    N44- Mo1  2.422 2.344 
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General input for the DFT calculations performed  

!PBE0 def2-TZVP def2-TZVP/J RIJCOSX GridX6 pal8 D3BJ opt freq Grid4 FinalGrid5 KeepDens 
tightscf slowconv tightopt Normalprint 
%output 
Print[ P_Basis ] 2 
Print[ P_MOs ] 1 
end 
%loc 
LocMet PM  # Requests the Pipek-Mezey (PM) localization method. Alternatively the Foster-
Boys (FB) method can be chosen. 
end 
*xyz 0 1 

 

PBE0 def2-TZVP def2-TZVP/J RIJCOSX GridX6 pal8 D3BJ Grid4 FinalGrid5 tightscf slowconv 
%maxcore 1000 
%tddft 
maxdim 2400 
nroots 400 
end 
*xyz 0 1 

 

!BP86 def2-TZVP def2-TZVP/J pal8 D3BJ opt freq Grid4 FinalGrid5 KeepDens tightscf slowconv 
tightopt Normalprint 
%output 
Print[ P_Basis ] 2 
Print[ P_MOs ] 1 
end 
%loc 
LocMet PM  # Requests the Pipek-Mezey (PM) localization method. Alternatively the Foster-
Boys (FB) method can be chosen. 
end 
*xyz 0 1 
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