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Figure 6.2.7 �&is isomer 
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Figure 6.2.12 Unknown compound 2 at 22.6 minutes 
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1H NMR Results 

Sample preparation consisted of a few drops of crude or purified product in a NMR 

sample tube containing 1.0 ml of deuterochloroform supplied from Sigma Aldrich.   Product was 

verified with coupling constants (J values) which where calculated from the difference in 

chemical shift(ppm) multiplied by the resolution of the JEOL 400mhz instrument and are 

reported in Hertz(hz).  Recorded J values are consistent with stated literature results.  

The key splitting pattern that indicates lactone formation is a dd around 3.0 ppm.  Both 

cis and trans isomers where present in solution, this is evident by cis coupling constants of 6.96 

hz and trans values of 9.16 hz, for their respective doublets. 

Although H1NMR shows cis and trans isomers, it is not able to resolve all four possible 

products.  When looking at the H1NMR for 4,5-diphenyl dihydrofuran-2-one, the trans splitting 

pattern, shows a multiplex as opposed to a doublet, this could be unresolved enantiomer(s).  

When comparing the GC chromatogram of 4,5-diphenyl dihydrofuran-2-one to its crude 

H1NMR, there tend to be five products that are resolved, both starting materials, benzaldehyde 

and trans-cinnamaldehyde, both cis and trans isomers, and sometimes a benzoin side product that 

would appear at 6.0 ppm.  It is possible that this explains the last two peaks in the chromatogram, 

with respective cis and trans isomers.   It should be noted that the benzoin side product was not 

always present in the crude solution.  Also, during this time the NMR was experiencing sever 

issues, such as the frequency tuning needed to be manually adjusted to a best fit, without the use 

of a precise scale or measurement, the instrument would cycle through operational phases where 

it was working then it would be down for a few days.  Symptoms, included artifacts that would 

appear below the baseline and the tuning could misrepresent chemical shifts which may explain 
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the difference in the experimental trans coupling constants of 9.16 hz and the literature values of 

8.1 hz.  

The H1NMRs of three products, 4,5-diphenyl dihydrofuran-2-one, 5-(4-bromophenyl)-4-

(4-methoxyphenyl) dihydrofuran-2-one and 5-(4-chlorophenyl)-4-(4-methoxyphenyl) 

dihydrofuran-2-one are listed below in figures 6.3.1 to 6.3.3.  
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Figure 6.3.1 Crude H1NMR of 4,5-diphenyl dihydrofuran-2-one 
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Figure 6.3.2 Post-column H1NMR of 4,5-diphenyl dihydrofuran-2-one 
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Figure 6.3.3 H1NMR of 5-(4-bromophenyl)-4-(4-methoxyphenyl) dihydrofuran-2-one 
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Figure 6.3.4 H1 NMR of 5-(4-chlorophenyl)-4-(4-methoxyphenyl) dihydrofuran-2-one 



103 

Computational Results 

DFT values generated from computational experiments where converted to relative 

energies by setting the isomer with the lowest energy to zero, then subtracting the difference 

from the next isomer with the lowest energy then multiplying by the Harttrees-Kcal/mol 

conversion of 627.51.  Relative energies are in Kcal/mol, after conversion the energies can be 

organized in a descending order to help explain the resulting cis/trans product ratio either due to 

kinetic stability or thermal dynamic favorability of the products.  

Within the Stetter reaction intermediates form under kinetic control.1,2,4 The stereo-

controlling step where the nucleophilic Breslow intermediate joins to the electrophilic partner is 

partially under the influence of sterics as well as inter-molecular forces.4 These computational 

results, combined with the GC yields and product ratios support the kinetic influence on the 

product ratios, indicating why the cis conformation is favored over the trans isomer. 
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Figure 6.4.1 Relative energies of 4,5-diphenyldihydrofuran-2-one 
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Figure 6.4.2 Relative energies of 5(4-bromophenyl)-4-phenyl dihydrofuran-2-one 
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Figure 6.4.3 Relative energies of 5(4-chlorophenyl)-4-phenyl dihydrofuran-2-one 
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Figure 6.4.4 Relative energies of 4(4-methoxyphenyl)-5-phenyl dihydrofuran-2-one 
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Figure 6.4.5 Relative energies of 5(4-bromophenyl)-4-(4-methoxyphenyl)-dihydrofuran-2-one 
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Figure 6.4.6 5(4-chlorophenyl)-4-(4-methoxyphenyl)-dihydrofuran-2-one 
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Toxicology Results 

Six total compounds where synthesized for characterization, 24 total possible 

conformations due to two chiral centers in the molecules. 24 Structure files(SMILES) were sent 

out to Viridis Chem, Inc for modeling.  Seven structures returned, as their software database was 

limited to the number of compounds available.  Data on the returned compounds was also 

limited. 

Table 6.5.1 contains data returned from Viridis Chem, Inc.  Useful toxicology data 

includes partition coefficient (LogP), which is a ratio of concentrations of a compound 

distributed between two immiscible phases, in this case, 1-octanol and water.  A log p greater 

than one implies that the compound is more soluble in the organic phase.  LC50, is the lethal 

concentration of the compound required to kill 50% of the population of a given species.  

Common water fleas were the tested animal model.  Bioaccumulation factor (BAF) is the amount 

of a chemical substance that amass faster than can be metabolized or excreted.  Bioconcentration 

factor(BCF) generally applies to uptake in aquatic organisms to uptake directly from water 

across the gills.  Biotransfer factor(BTF), is listed in terms of days and is a measure of 

accumulation from food and water by land animals.  KP, is calculated in cm/hr and is a measure 

of how long the chemical compound takes to traverse the skin.  Water solubility is listed in mg 

per liter.  

Although the software has interesting features, such as the ability to perform a side by 

side comparison of selected compounds in tabulated form for direct comparisons.  The software 

can be an excellent source of physical data that may be challenging to find.  The program also 

has built in structure drawing capability.  And can take a variety of structural input files, such as 

SMILES, CAS number and name for search parameters.  However, the software is a work in 
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progress, as the chemical database needs to be more comprehensive in order to encompass a 

larger understanding of toxicological data.  

Table 6.5.1 Toxicology data 

Compound Rule of 5 Log P

LC50 

Air 

(mg/L)

LC50 Water 

(mg/L)

LC50 Soil 

(mg/L) LD50 

BAF 

(L/kg)

BCF 

(L/kg)

BTF 

(days)

KP 

(cm/hr)

WS 

(mg/L)

4,5-diphenyldihydrofuran-2-one TRUE 2.71 0 23.531 0 NA 4.0184 29 NA

7.34E-

05 132.3

4-(4-bromophenyl)-5-phenyldihydrofuran-2-

one TRUE 3.6 NA 8.604 0 NA 19.9556 NA 0.006 0.00645 8.156

5-(4-bromophenyl)-4-(4-

methoxyphenyl)dihydrofuran-2-one TRUE 3.68 NA NA NA NA NA 125.2 0.01 0 4.6

4-(4-methoxyphenyl)-5-phenyldihydrofuran-2-

one TRUE 3.58 NA 5.51 NA NA NA 107.1 0.01 0.01 16.33

5-(4-chlorophenyl)-4-phenyldihydrofuran-2-

one TRUE 3.89 NA 3.01 NA NA NA 172.5 0.01 0.02 8.32

(4S,5S)-5-(4-chlorophenyl)-4-

phenyldihydrofuran-2-one TRUE 3.36 NA 8.71 NA NA NA 76.22 0 0.01 23.94

5-(4-chlorophenyl)-4-(4-

methoxyphenyl)dihydrofuran-2-one TRUE 3.44 NA 8.24 NA NA NA 86.19 0 0.01 13.7

Log P, which is a ratio of concentrations of a compound distributed between two immiscible phases.  LC50, is the lethal concentration of the 

compound required to kill 50% of the population of a given species.  BAF, is the amount of a chemical substance that amass faster than can be 

metabolized or excreted.  BCF generally applies to uptake in aquatic organisms to uptake directly from water across the gills.  BTF is listed in 

terms of days and is a measure of accumulation from food and water by land animals.  KP, is a measure of how long the chemical compound 

takes to traverse the skin     
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Potential Pathways to Increase Yield(s) 

Yields produced in this work are lower than what is reported in the literature.  Leong et al 

list isolated yields as high as 81% with dr ratios up to 5:1. Under reaction conditions of, 5 molar 

percent for the NHC catalyst loading, 2.0 equivalence of potassium carbonate (K2CO3) as a base 

and 2:1 ratio of starting aldehydes.  The reaction is reported as have been run on the millimolar 

scale.6 As opposed to, 20 molar percent for both catalyst and base loadings.   

Leong et al reports non-organic bases work the best in this reaction.6 Using Cs2CO3 in a 

20% solution with iPR resulted in yields close to literature values, however distereomeric ratios 

where routinely 1:1.  Since the scale of the reaction is constant, more closely matching the 

catalyst and base ratios may result in higher isolated yields, in part because there would be less 

unreacted material remaining at the end of the reaction.  DBU is the base of choice in traditional 

solvents,7 and is the one that was used primarily during the synthesis work.  Inorganic bases may 

have help improve the synthetic work. 

It is also prudent to note that some literature sources suggest that the more electron poor 

the α, β unsaturated reaction partner is the more efficient the turnover rate.3  Yields of up to 99% 

and 93% “ee” have been reported, and 20:1 dr ratio when utilizing cooperative Bronsted acids 

catalysts and inactivated imines.5 However, these reactions were carried out in THF and 

alcohols.3,5      

It would have been interesting to fine tune the reaction conditions by run competing 

experiments between organic bases and DBU.  Once the reaction was optimized, further 

investigation into the substrate scope would expand the understanding of the reaction.  
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A few of these ideas where considered during the synthesis, however working on a 

limited budget with minimal resources presents unique challenges to overcome.   
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CHAPTER 7 

SUMMARY 

Conclusion 

Indeed N-heterocyclic carbenes have shown to be very versatile as organic catalysts.  

They cover the reaction range from biological systems to synthetic research.  They can act alone 

to catalyze chemical transformations or they can chelate with metal ions to form complex NHC-

metal systems,1 where they catalyze carbon-carbon coupling or oxidation and reduction 

reactions.   NHCs play intricate roles in a variety of reactions spanning nucleophilic acylation 

reactions, such as the role thiamine plays in living systems, to forming aliphatic carbonyl 

compounds, or participate in ring annulations, all this was done by a relatively simple 

mechanism based mostly on Benzoin or Stetter reaction conditions.1-12  

NHC-metal complexes are perhaps one of the most widely understood and utilized, 

spanning the range of transition metals.  NHC-Pd systems are present in Suzuki–Miyaura cross-

coupling reactions forming sophisticated aromatic compounds.  Ruthenium based structures are 

employed in olefin metathesis reactions acting as Grubs-type catalyst.2 Given the scarcity and 

rising cost of platinum group metals, Ni-based chelated centers offer a particular choice where 

cost and resource management are a concern.  Recent work with NHC-Ni catalysts has led to 

numerous transformations including dehydrogenative cross-coupling of aldehydes and amines or 

alcohols.3 A strong σ-donating character with π-accepting traits benefits NHCs as attractive 

binders for late transition metals such as gold.1,4 NHCs show promise with Au-nanoparticles 

where they form self-assembled aggregate structures along with dimeric and trimeric NHC-

structures, while maintaining mobility.4     
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NHCs have replaced more traditional phosphine catalyst, mainly because they tend to be more 

electron-donating than their phosphine counterparts.  This has led to thermodynamically stronger 

metal–ligand bonds which is reflected in higher bond dissociation energies and shorter metal–

ligand bond lengths compared to phosphine based ligands.1

Carbene catalysts functionalize reactions with various solvents, more traditional solvents 

used in the joining of a homoenolate ion to Michael acceptor include THF, DCM and alcohols.  

More contemporary research focuses on the potential for reducing the use of organic based 

solvents, this work has led to modifying reactions to work with biphasic systems, water only and 

in some cases no solvents at all.5-8 

NHCs have exploded in their flexibility over the past fifteen to twenty years.  Given the 

usefulness and adaptability of NHCs, there utilization seems only likely to grow.  As the library 

of NHCs grow, their role should increase for various types of research.  Chemical manufacturing 

and pharmaceutical production stand to benefit greatly if reactions can be scaled up to industrial 

levels.1-8

The research presented here has the potential to lead to new discoveries.  Further 

investigation would encompass the use of NHCs with nanoparticles.  Besides gold what other 

nano-material would NHCs bind with?  Do they maintain their mobility and thermal stability?  

This has great benefit to the fields of sensing, surface protection and microelectronics.  

The Stetter reaction has been utilized in various steps of pharmaceutical and natural 

product synthesis.  Such as in the production of Lipitor and (+/-)-trans-sabinene hydrate.9,10 With 

the ability to catalyzed various functional groups what other structural motifs maybe 
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synthesized?  More work is needed by academia and industry to further explorer the use of 

carbene catalyst in drug and natural product synthesis.    

Computational work has largely been limited, more work is need to fully understand the 

formation of the Breslow intermediate.  Modeling can be conducted during the reaction to 

improve the understanding of intermediate formation, the kinetic aspects of both the reaction and 

product formation together with stereo-controlling steps.  The use of cooperative catalysis such 

as Lewis acids have shown to lower energy barriers, what is the range of cooperation with Lewis 

acids?  Which NHCs stand to benefit from the use of Lewis acids?11,12   

After combining the approaches outlined in this work, clearly a multidiscipline 

methodology is required to fully investigate the complete potential of N-heterocyclic carbenes.  
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