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ABSTRACT 

DOS was planned from dibenzylideneacetone to generate compound library with structural 
diversity, which can undergo further transformations. In the presented work, 
dibenzylideneacetone was cyclized under Robinson Annulation reaction. The resulting 
cyclization product was optimized using Multivariate response surface method. Response 
surface analysis helped to determine both significant variables used during the optimization 
process and to generate a model describing the variation of response according to the 
experimental variables. 

The Robinson Annulation product was studied in a range of transformations, for instance 
Hydrogenation, Krapcho decarboxylation, inverse electron demand Diels-Alder, Luche 
reduction and Alkylation reaction. All the attempted reactions were found successful, except 
reduction and cycloaddition reactions.  Further work on unsuccessful reactions could not be 
carried out due to time constraints. Various new compounds were synthesized during this 
work.    

Dibenzylideneacetone can play various functions in synthetic chemistry as precursor to other 
compounds. It is used to make ligands, for instance dibenzylideneacetonedipalladium (0) 
which is utilized as a homogeneous catalyst in organic synthesis. Dibenzylideneacetone can 
be used to synthesize heterocyclic organic compounds. There is no available research 
conducted to explore its benefits to synthesize compound libraries. 
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LIST OF ABBREVIATIONS 
1H-NMR     Proton nuclear magnetic resonance 

13C-NMR     Carbon nuclear magnetic resonance 

GC               Gas chromatography 

MS              Mass spectrometry 

HRMS         High-Resolution Mass Spectrometry 

IR                Infrared (spectroscopy) 

TLC             Thin layer chromatograph 

δ                    Delta, used in NMR data report to signify chemical shift. 

EI                   Electron ionization  

ppm                Part per million 

cm-1                        Reciprocal centimeters 

DOS               Diversity-Oriented –Synthesis 

TOS               Targeted – Oriented Synthesis 

EWG             Electron-Withdrawing Group 

EDG              Electron- Donating Group 

HOMO          Highest Occupied Molecular Orbital 

LUMO           Lowest Unoccupied   Molecular Orbital 

IEDDA           Inverse Electrons Demand Diels-Alder 

TBE                Tricyclic Bis-Enones 

EtOAc            Ethyl acetate 

DBU              1,8-Diazabicyclo[5.4.0] undec-7-ene 

DMF               N,N dimethylformamide 

DMSO            Dimethylsulfoxide 
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1. INTRODUCTION 

1.1. Diversity-oriented library synthesis (DOS) 

There has been a significant revolution in library construction and synthetic methods 
development of  new drugs in the last decades1. Target-oriented synthesis (TOS) focuses on 
transformation of one region to produce a specific molecule. The TOS method has been used 
since in many year to build compound libraries, but it was recently considered as a relatively 
weak strategy for library design. 1-2 Diversity-oriented library synthesis (DOS), which aims to 
produce chemical libraries that are representative of compounds that have large structural 
diversity, was introduced to complement TOS. Stereochemical, skeletal, appendage and 
functional groups diversity describe the structural diversity of a molecule.2- 5 . Example of 
DOS is given in scheme 1 where different reagents were used to transform one aliphatic 
compound to six distinct compounds with skeletal and stereochemical diversity.   

Scheme 1: A ring- distortion strategy to construct stereochemically complex and structurally 
diverse compounds from natural product.6   
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 1.1.1. Synthetic strategies for skeletal diversity. 

 There are two kind of strategies, a reagent-based strategy (RBS) and a substrate-based 
strategy (SBT) that are used to generate skeletal molecular diversity. 

 In RBS, different reagents are used to transform one molecule into many compounds with 
skeletal diversity.2,4,7  Example of a RBS is given in scheme 2 where some functional groups 
(alkyne, nitro and ester) of compound 17 were paired with various reagents to generate 
compounds with different skeletons.     

       

Scheme 2: Different pairing reactions of the densely functionalized compound 17 gave access 
to distinct molecular scaffolds 18-20. 8  

Whereas, SBT involves the use of the same reagents to transform different compounds 
containing pre-encoded information into distinct products.2 Example of a SBT to generate 
molecular diversity is shown in Fig 1 where three different compounds are transformed to 
various compounds with the same reagent.  
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Fig 1:  Substrate- based strategy.2 

1.2. Robinson Annulation 

The Robinson Annulation reaction is useful in synthesis of cyclic organic compounds. This 
reaction is a combination of Michael addition and intramolecular Aldol condensation 
reaction.9  

The reaction involving a base catalyzed addition of a nucleophile (Michael donor) to activated 
π-system (Michael acceptor), refers to the Michael addition reaction. The π-system is 
activated when it is attached to an electron withdrawing group or negative charge stabilizing 
group. Nucleophile can be generated with deprotonation of CH-activated compounds like β-
dicarbonyl, ketones, aldehyde and nitrile compounds.  Michael reaction which involves direct 
attack of a nucleophile to β-carbon of α, β unsaturated carbonyl compounds is called 
conjugate addition or 1, 4-addtion.10, 9  An example of Michael addition reaction and 
mechanism is shown in scheme 3 and 4.  

Nucleophile b attacks directly β -carbon of unsaturated compound a to produce compound c. 
Base can deprotonate hydrogen of nucleophile before or after nucleophile attack. Mechanism 
of this reaction is shown in scheme 4. 

 

Scheme 3: Michael reaction scheme. 
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Mechanism of 1,4 conjugate addition Michael reaction is shown in steps a and b in scheme 4 
After nucleophile attack to β-carbon of unsaturated ketone a, electrons are delocalized in 
conjugated system b followed with protonation of α—carbon of unsaturated ketone. 

 

Scheme 4: Conjugate addition mechanism. 

 Tremendous progress has been made in fields of stereoselective and catalytic  Michael 
reactions. Asymmetric organocatalytic Michael reaction has been used in targeted and 
diversity oriented synthesis to generate optical active natural products. 11-12  Oxa-Michael 
reaction that involves the addition of an oxygen of a nucleophile to activated π-system 
compounds has been used to produce stereoselective compounds. 13-14 Aza-Michael reaction ( 
conjugate addition of amines to α, β unsaturated compounds) has been used to synthesize 
stereoselecive cyclic or acyclic nitrogen chiral compounds 15 and optical active chiral amines 
compounds.16-17 Sulfa-Michael reaction has been used to synthesize compouds with highly 
enantioselective organocatalylic sulfa compounds.18  Phospha-Michael reaction has been used 
to synthesize a recylable catalysis 19 and a magnetic recylable heterogeneous organic base.20 

Aldol reaction 

The reaction allows molecular diversification by the reaction of enols or enolates with 
carbonyl compounds (ketones and aldehydes), refers as Aldol reaction. The resulting β-
hydroxy carbonyl product undergo acidic or basic hydrolysis to give α, β unsaturated 
enones.21-22 Example of Aldol condensation reaction is shown in scheme 5.  

Base deprotonates the hydrogen of α-carbon of ketone compound a to generate enolate of 
compound a. The reaction between compound a and its enolate forms β-hydroxy ketone 
which undergo dehydration to give α, β unsaturated ketone (b).   

 

Scheme 5. Aldol reaction 
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1.3 Inverse electron demand Diels-Alder reaction (IEDDA). 

IEDDA [4+2] cycloaddition reaction is a useful reaction to synthesize six membered ring 
compounds. 

The reaction involving an electron–poor diene (4π electrons) and an electron-rich dienophile 
group (2π electrons) refers to [4+2] cycloaddition IEDDA reaction. Dien is a conjugated 
double while a dienophile can be a double or a triple bond.  Substituted diene with electron-
withdrawing group and a dienophile with an electron–donating group have been seen to 
improve the reaction rate.  The local symmetry of molecular orbitals involved in reaction can 
be used to explain the stereospecificity of the reaction. Molecular orbitals involving in 
reaction are HOMO of a dienophile and LUMO of a diene. 23-28    

 Example of IEDDA reaction is shown in scheme 7 and orbital overlap (Fig 2). 

 Electrons flow from dienophile to dien in scheme 7.  Electron withdrawing group (EWG) and 
electron donating group (EDG) activates compounds containing them. 

            

 Scheme 6. Inverse electrons demand Diels-Alder. 

Molecular orbital overlap between HOMO of an electron rich dienophile and LUMO of an 
electron poor dien is shown in Fig 2 

                                     

Fig 2: Molecular orbital overlap in IEDDA 
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1.4 Krapcho reaction. 

The reaction is a useful to remove an ester group from organic compounds. 

The alkali salt promoted loss of alkoxylcarbonyl group from esters by heating in a polar 
aprotic solvent refers to Krapcho decarboxylation reaction.29- 31 

Example of Krapcho reaction and mechanism is shown in scheme 7 and 8 Chlorine ion (Cl-) 
takes away methyl of ester of compound a and promotes the cleavage of ester group to 
generate compound b, see scheme 7 The removal of ester methyl group and its cleavage 
occurs simultaneously, see mechanism in scheme 8.  

 

Scheme 7: Reaction equation 

 

Scheme 8:  Proposed salt-assisted Krapcho decarboxylation mechanism 
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1.5 Luche Reduction 

The reaction is usefully in reduction of ketones of α, β unsaturated ketones compounds. 

The reaction that involves a combination of lanthanide and sodium borohydride to reduce α, β 
unsaturated compounds to the corresponding alcohols, refers to Luche reduction. 

Lanthanide catalyzes the formation of alkoxyborohydride and its coordination to oxygen of a 
solvent makes proton of alcohol to be more acidic which makes it easy to be abstracted by 
oxygen atom of the carbonyl group.32-33. Example of Luche reduction reaction is shown in 
scheme 9. 

Cerium (Ce3+) coordinates to oxygen of methanol and facilitates the formation of 
methoxyborohydride. Coordination of Ce3+to oxygen of carbonyl compound a, which makes 
carbon of carbonyl group electron deficient, which is then attacked by methoxyborohydride to 
generate compound b, see scheme 9. 

 

Scheme 9: Reaction equation 

1.6 Uses of bis-enone compounds  

Enones play various important roles in synthetic organic chemistry, some used, as basis 
compounds to make other compounds and others are medicines used to treat diverse diseases. 

Tricyclic bis-enones (TBE-31) derivatives are types of enones, which have been used in 
medicine to treat different diseases such as cancer, inflammation, neurological disorders, and 
pathologies involving oxidative stress and to stimulate bones and cartilage growth.34 - 37 

 

TBE-31 and its derivatives 
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1.7 Response surface method and its principles  

The yield obtained after running experiment is influenced with a number of experimental 
variables (eg. Concentration of reagent, temperature, pH). The problem is to know how 
experimental variables contribute to observed results and how to adjust them in order to 
improve the yield. By means of response surface modelling, it is possible to determine the 
response surface model describing the variation of yield according to experimental variables 
and their settings. With response surface analysis it is possible to see how the yield varies 
according to variation of experimental variables, which helps to find out the optimum 
conditions.38-42    

1.7.1. Variables, experimental domain and experimental screening. 

The term variable refers to experimental factors like, rate of adding reagents, reaction 
temperature, pH of the reaction, solvents, concentration of reactants and stirring rate. 
Variable, which can be changed to any value over its range of variation, refers to a 
quantitative variable.  During a synthetic process, experimenter can decide the minimum and 
maximum value for all experimental variables that are used. Experimental domain refers to 
fixed experimental space between minimum and maximum value of the variation of the 
experimental variables.42  

Experimental variables influence the obtained yield in a different way and some may not have 
a significant influence on response, the problem is to predict which variables are more 
important. Experimental screening aims to identify significant experimental variables. In 
screening it is possible to find out both individual and interaction effect of variables on the 
yield. The experimental screening results help to know which variables should be 
controlled.42-44   

1.7.2 Experimental design 

By means of two-level factorial design, each experimental variable can take two values, one 
at low level and another at high level. A full factorial design is a type of two-level factorial 
design, which shows all possible combinations of levels of experimental variables. A full 
factorial design representing a number of variable m studied at two level a number of possible 
experiment to run is represented with 2m.42,41  
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Example of experimental design: Bromination of an enamine.  

 

Scheme 10: Bromination reaction.42  

First step is to determine variables and experimental domain before designing an experiment. 

Table1 shows variables (x1, x2 and x3) and their experimental domain where each variable has 
low level (-) and high level (+). 

 Table 1: Variables and experimental domain. 

Variables                                                         experimental domain 

                                                                        (-) low level     (+) high level 

x1: bromine concentration (mol/dm3)              0.25                  0.50 

x2: bromination time (min)                              2                        5 

x3: hydrolysis time (min)                                 5                         10 

 

Experimental design full factorial design. 

 For a full factorial design, a number of possible runs is zm where z represents levels of each 
variable and m is a number of all variables involved in reaction. In case of bromination of 
enamine possible runs is 23. All possible combination of settings of experimental variables is 
shown in table 2. 
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Table 2: Full factorial design 23 

Exp no     x1     x2   x3 

 1               -      -      - 

 2               +     -      - 

 3                -     +     - 

 4                +     +    - 

 5                -      -    + 

 6                -      -    + 

 7                -      +    + 

 8                +      +    +    

 

1.7.3 Taylor polynomial model 

The model can be used to evaluate the influence of each experimental variable on the 
response and assess the significance of each term in the model. 

The model describes the variation of response ( y) in experimental domain according to 
settings of experimental variables (x1, x2, … etc). Taylor polynomial model is written as: 

y = β0 + β1 x1+β2 x2 + … + βk xk + β12 x1x2 + … βij xi xj + …+ β11 x2
1+ …β kk xk + e 

 Polynomial model coefficients (β0,  β1, β2, …, βij …, etc) are called model parameters which can 
be estimated with multiple linear regression method. 

 Estimation of the response when all variables are set zero is represented with β0, linear 
coefficients β1, . . . βk  are  measures of  the linear dependence of the corresponding variables 
and cross- coefficients (βij) measure  interactive effect between between  concerning 
variables.42 - 47       
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1.8 Purpose of thesis 

 The present project had following purposes 

• To explore compound 8 in a range of standard transformations to achieve vertical 
diversity for future library design. 

• To use multivariate response surface method to determine optimal experimental 
conditions for compound 8 in the project scheme 12. 

Scheme 11: shows different reactions, which could checked whether, are possible for 
compound 8. Hydrogenation, krapcho, Inverse electron demand Diels-Alder (IEDDA), 
alkylation and Luche reduction reaction  are expected reaction which compound 8 could be 
undergo. 

 

 

Scheme 11: Summary of the project reactions 
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2. RESULTS AND DISCUSSION 

2.1 Synthesis of dibenzylideneacetone 

This section describes synthetic results of dibenzylideneacetone, which was the basic material 
in next step (synthesis of compound 8).  

Compound 6 was synthetized according to the general procedure described in literature. 
Compound was collected as yellow crystals in 74% yield. Spectroscopic data were recorded 
and  found similar to one reported in literature. The reaction between benzaldehyde and 
acetone was catalyzed by sodium hydroxide to form dibenzylideneacetone, see scheme 12. 

  

Scheme 12: Synthesis of dibenzylidene acetone. 

Mechanism is shown in scheme 13 in step a-d. Hydroxide deprotonates acetone to generate 
enolate (a), enolate formed attacks benzaldehyde (b) to generate ion which is protonated in 
step c to form β-hydroxy ketone. In step d, β-hydroxyketone undergoes Aldol condensation 
reaction to generate α, β unsaturated ketone.  

 

 

Scheme 13: Suggested mechanism of compound 6. 48,49 
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2.2   Synthesis of compound 8 

This section describes synthetic results of compound 8, which was the main product of this 
work. Compound 8 was studied in a range of standard transformations. 

The synthesis was done according to experimental procedures described in literature.50, 51 
Precipitate was observed at the end of the reaction. The amount of the compound isolated 
depends on the amount of water added to induce crystallization and the time given for 
crystallization process. The final compound after crystallization was collected as yellow 
crystals. Spectroscopic data was recorded, which showed the presence of the compound 8 in 
70% yield. 

The reaction between dibenzylideneacetone, compound 6 and ethyl acetoacetate under basic 
condition in ethanol formed compound 8, see scheme 14. 

 

Scheme 14:  Synthesis of compound 8. 

 Mechanism of compound 8 is shown in scheme 15 in step a – g. Base deprotonates 
compound 7 to form enolate in step a, formed enolate attacks directly β-carbon of unsaturated 
ketone 6 in step b to generate an ion which is protonated in step c to produce Robinson 
product. Robinson compound undergoes intramolecular Aldol cyclization reaction to form β-
hydroxyl ketone followed with its condensation in step d - g to generate final Robinson 
cyclization product.  
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Scheme 15: Suggested mechanism of compound 8. 52  

2.3. Multivariate response surface model of compound 8 

This section presents discussion and presentation of variable choice and experimental domain, 
experimental design, results, experimental screening and response surface analysis of 
compound 8 (scheme 14) under optimization process.  
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2.3.1. Variables and experimental domain  

Determination of variable and experimental domain is usefully in experimental design. 

Variables used in synthesis of compound 8 are concentration of dibenzylideneacetone (DA) 
and ethyl acetoacetate (EAA) (mmol), reaction temperature and amount of base (mmol). 
Variables are represented with x1, x2 and x3 following their above written order. DA and EAA 
were combined in one variable x1 which is the ratio of their millmoles. The combination of 
EAA and DA in one variable was done in order to reduce number of variables and 
experiments. The choice of three variables (x1, x2 and x3) instead of four variables helped to 
run eight experiments instead of 16 experiments. After choosing variables, the followed step 
was to decide their experimental domain. Each variable was taken at its low level (-) and high 
level (+). Variables and experimental domain are shown in table 3. 

Table 3: Experimental settings 

 

 

   

                          

 

 

 

 

 

                     

            

 

 

 

   

Variables                                                        Experimental domain   

                                                                    (-) level             (+) high  level  

X1: amount of DA/EAA (mmol/mmol)              0.83                               1 

 X2: Reaction temperature (℃)                             68                                 78 

 X3: Amount of sodium hydroxide (mmol)           1.80                           4.25 

 Amount of variable at low and high level, DA (0.3 g, 0.74 g), EAA (0.2 g, 0.41g) 
and NaOH (0.072g, 0.17g). 
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2.3.2. Experimental design  

During experiments, three variables were used and each variable has two values, one at low 
level and another at high level, a two-level full factorial design 23 was a suitable experimental 
design. A full factorial design 23 shows all 8 possible combination of settings of the 
experimental variables. Verification of each variable effect on the response was the basic 
factor to decide experimental design order. In two consecutive experiments, two variables 
were kept constant in order to check the contribution of the third variable. Experiments one 
and two, were chosen as first experiments to run in order to check whether experimental 
domain chosen could be explored or not. Experiments 3 and 4 were carried out to check the 
contribution of the variable x1, 5 and 6 were run in order to verify the effect of variable x3 on 
response and the influence of the variable x3 on the response was checked in experiments 7 
and 8. A number of possible experiment in 23 is shown in table 4. 

 Table 4: Full factorial design 23                                 

 

 

 

 

 

 

 

 

 

 

 

 

Exp no                variables 

                  x1        x2      x3 

1                 -          -       - 

2                 +         +      + 

3                 +         +      - 

4                 -          +      - 

5                  +         -       - 

6                  +        -       + 

7                  -        +       + 

8                   -          -       + 
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2.3.3 Results presentation and discussion  

This section presents data recorded with gas chromatography after injection of different 
amount of product dissolved in 1mL of internal standard (0.00295 M), calibration curve and 
results obtained after optimization. 

Different amount of compound 8 (see experimental section page 54, table 10) was dissolved 
in 1mL of internal standard (phenyl cyclohexane) in order to produce a calibration curve that 
was used to measure yield. Data recorded with G.C are represented in table 5. Ap represents 
peak area of the product and Ais peak area of internal standard. 

Table 5: Results given by gas chromatography after injection of one microliter of internal 
standard and product. 

Standard 
mmol/mL 

Internal std 
(mmol 
/mL) 

cp /cis Ais Ap Ap/Ais 

0.0042 0.00295 1.424 567.294 171.204 0.3018 

0.0314 0.00295 10.644 573.784 855.422 1.4908 

0.052 0.00295 17.627 569.732 1394.098 2.4469 

0.0729 0.00295 24.712 565.630 1798.053 3.1788 

0.0958 0.00295 32.474 558.107 2223.020 3.9831 

Chromatograms can be found in appendix 9-13 (tR: around 4.2 min for internal standard and 
9.8 min for analyte). 
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Calibration curve produced from data in table 5 is shown in Fig 4.  

 

 

 

 

 

 

 

 

Fig 4: Calibration curve. 

Since running several experiments for optimization process, results are presented in table 6 
and 7. Data recorded from gas chromatograph after injection of samples (table 6), (Cis) 
presents concentration of internal standard injected and its peak area (Ais), peak area of 
analyte (Ax). The ratio of peak analyte and internal standard peak area (Ax/Ais), ratio of 
analyte concentration and internal standard (Cx/Cis), this ratio was calculated from calibration 
curve (an example of Cx/Cis calculation can be seen in experimental section (page 55-56 and 
concentration of analyte in sample (Cx reaction). Concentration of analyte was calculated 
according to dilution of each sample during the preparation of gas chromatograph sample. An 
example for (Cx (reaction) calculation can be seen in experimental section (page 55-56). 

Results presented in table 6 are discussed in part of the table 7, which has detailed 
information about experiment settings, and yield.   
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Table 6: Data recorded with gas chromatograph.  

 

Exp 
no 

Cis 
(mmol/mL) 

Ax  Ais Ax/Ais Cx/Cis Cx(reaction) 

(mmol/mL) 

Appendix 

1 0.00295 165.46 721.65 0.229 0.210 0.0078 14 

2 0.00295 209.67 688.97 0.304 0.841 0.0896 15 

3 0.00295 214.14 734. 18 0.292 0.737 0.0789 16 

4 0.00295 190.08 705.73 0.269 0.545 0.0354 17 

5 0.00295 210.16 746.22 0.282 0.654 0.0700 18 

6 0.00295 182.79 705.76 0.259 0.461 0.0494 19 

7 0.00295 165.74 684.6 0.242 0.319 0.0212 20 

8 0.00295 118.38 617.6 0.192 0.1 <0.0015 21 

9 0.00295 217.84 724.69 0.301 0.813 0.0871 22 

  

Chromatograms can be found in appendix 14-22 (tR: around 4.2 min for internal standard and 
9.8 min for analyte).  

The yield was first measured after crystallization of compound 8, but it was decided to 
measure the yield from reaction mixture with calibration curve in order to reduce errors that 
could be made during isolation of compound.  
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Methyl benzoate was the first internal standard tried, but it was a big difference between 
retention times between product and internal standard. Phenyl cyclohexane has boiling point, 
which is higher than methyl benzoate was used as internal standard. First results, the yield 
was over 100 % for reactions run at high temperature.  

The reaction mixture started to precipitate at the end of the reaction due to evaporation of 
solvent during the reaction, this was the main cause of the first results observed. This problem 
was solved by adding more solvent at the end of the reaction and a 50 mL volumetric flask 
was used to measure exact volume, this methodology worked for samples with DA at high 
concentration, sample at low concentration gave negative results and it was decided to change 
amount of the solvent for samples with DA at low concentration during the reaction and the 
preparation of gas chromatography samples.   

DA at high concentration, reactions were run in ethanol (30.00 mL) the same amount used to 
make the calibration curve, 12.00 mL at low concentration and during the preparation of gas 
chromatograph samples, 50 mL volumetric flask was used for samples at high concentration 
and 25 mL at low concentration. The use of different amount of the solvent gave results 
presented in table 7   

 Results presented in table 7 show experiments ( Exp) with variables at their low level (-) and 
high level (+). Results of experiment number one (EXP no 1) and number two show a big 
difference between variables at their low level (15%) and high level (86%). Variables at their  
high level (Exp no 2)  gave the highest yield 86%, the combination gave the lowest yield (4%) 
is in Exp number eight with variable x3 at high level and other variables at low level. 
Combination of x1 and x2 at high level and x3 at low level (Exp no 3) gave also good result. It 
is not possible to draw any direct conclusion about individual or interactive effects of 
variables on response results in table 7. The conclusion will be taken after experimental 
screening and response surface model analysis. 
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Table 7:  Experimental settings and their yield 

Exp no X1 X2 X3 Y% 

1  - - - 15 

2 + + + 86 

3 + + - 76 

4  - + - 69 

5 + - - 67 

6 + - + 48 

7 - + + 40 

8 - - + 4 

9 1.5 1 1.5 84 

2.3.4 Screening and response surface analysis. 

This section discusses data obtained after screening and response surface analysis of results 
presented in table 7. 

After screening, response surface model describing the variation of response according to 
variables was determined. Evaluation the model coefficients helped to identify significant 
variables. Important variables are x1 and x2 with coefficients 19 and 17 and there is no big 
difference between their coefficients. Variable x3 with coefficient (-6) is less significant than 
other variables.  Model coefficients  are shown in table 8. 

y = 54 +19 x1 + 17 x2 -6 x3 (response surface model) 
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54.22 is estimated response when all variables are set to zero. 

Table 8: model parameters. 

 

 

 

 

	
  

Response surface analysis (Fig 5) showed clearly contribution of variables one response. 
Variables x1 and x2 have high influence on response, variable x3 has not big influence Fig 5 
shows how response varies in surface according to variation of x1 and x2 when x3 is constant. 
The variation of response is proportional to variation of variables (x1 and x2). 

 Response is around 20% in domain around (–) and it increases as domain varies up to around 
(+). Optimum conditions is located in domain (around +1) with yield around 80%).  

 

 

               Fig 5:  Response contour plot shows variation of yield when x3 is constant  

Variables         
coefficients 

X1                        19 

X2                         17 

X3                         -6 
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2.4 Hydrogenation of compound 8 

This part describes the synthetic result of compound 9 in scheme 17. The synthesis followed 
experimental procedure described in literature53,54., minor modifications were done. TLC 
showed two diastereoisomers and the column was run several times to separate them but 
separation was not successful. Spectroscopic data were recorded and confirmed that 
hydrogenation of compound 8 gave an enol compound 9. 1HNMR of the compound 9 showed 
a peak with chemical shift above 12 ppm, 13C-NMR did not  show a peak at ppm (185-220) 
for ketone.  

Palladium on carbon used as a catalyst that provides the reaction surface, hydrogen bond (H-
H) is cleaved and each hydrogen is attached to palladium surface by palladium hydrogen 
bond. Compound 8 is also absorbed onto palladium surface. Thus, syn addition of hydrogens 
to compound 8 occurs to generate compound 9. Synthetic reaction of compound 9 is shown in 
scheme 15. 

Scheme 15: Synthesis of compound 9 

2.5Decarboxylation of compound 8  

This section describes the obtained result of compound 10 in scheme 18. The synthesis was 
performed according to experimental procedures described in literature 55-60. Reaction was run 
in the same experimental conditions described in literature but it was not successful. Reaction 
was carried out by heating compound 8 in DMSO and water at 160 ℃, and 200 ℃ for 2 days 
and stopped without completion. Experimental conditions were changed, sodium chloride was 
added and 10:1 ratio of NaCl : compound 8 was used as reported in literature and the reaction 
mixture was heated 160 ℃ but reaction was not found successful. Although reaction  was 
successful when sodium chloride (1.2 eq), and compound 8 (1.0 eq) was used. Compound 10 
was isolated and collected as colorless crystals (yield 10 %). Spectroscopic data were 
recorded and confirmed compound 10. Synthesis of compound 9 is shown in scheme 16. 
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Scheme 16:  Synthesis of compound 10 

Mechanism of compound 10 is shown in three steps (a, b and c). The chlorine ion (Cl-), takes 
away ester methylene of compound 8 in step a and promotes cleavage of ester group to 
generate enolate formed in step b. In step c enolate is protonated to form final 
decarboxylation product, as shown in scheme 17.  

 
 

Scheme 17: Suggested mechanism for compound 10 

2.6 Inverse electrons demand Diel-Alder reaction  

This part describes results obtained during the attempt of inverse electrons demand Diels-
Alder reaction to produce compound 12, scheme 18. The synthesis followed experimental 
procedures described in literature 27, 61-64. The reaction mixture was refluxed in toluene for 3 
days and heated at 130 ℃ in dioxane. Information from crude 1HNMR was not clear to 
confirm that the reaction was successful. HRMS showed a small peak 451.2268, which is the 
exact mass of compound 12, but it was not enough proof to confirm the presence of 
compound 12 and it was decided to stop the work on this experiment. 



35 

 

 

Compound 8 and styrene was heated in toluene but reaction was not successful, scheme 18. 
Electrons were expected to flow from styrene HOMO to LUMO of compound 8, followed by 
cyclization in a single transition state to form a six membered ring. 

          

Scheme 18: Synthesis of compound 12 

2.7 Luche reduction reaction  

This section describes results obtained during the reduction of compound 8 in scheme 19. 
Reaction was run according to experimental procedure described in in literature 32. 
Information from crude 1H NMR, Fig 4 was not clear to confirm the presence of compound 
13 and it  was difficult to draw any conclusion on the success of the reaction .It was decided 
to stop work on this stage.  

Cerium (Ce 3+) coordinates to oxygen of carbonyl group and increases electophilicity of 
carbonyl carbon. Hydride (H-) attacks activated carbonyl carbon to generate alcohol. 
Synthesis of compound 13 is shown in scheme 19. 

 

Scheme 19: Synthesis of compound 13 

 

 

 



36 

 

 

Fig 4: Crude 1H-NMR spectra of compound 13 

2.8 Alkylation of compound 8 

This part presents results obtained by alkylating compound 8 with different selected R-group 
to generate compounds (15, 17, 19, 21, 23, and 25). Alkylating was performed according to 
scheme 20. Base deprotonates compound 8 to form enolate which substitutes bromine. 

 

Scheme 20: Alkylation scheme. 
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Alkylation of compound 8 follows an SN2 mechanism and it is done in step a and b (scheme 
21). Base (B-) deprotonates compound 8 in step a to form enolate. An SN2 reaction between 
enolate and alkyl bromide generates alkylated compound in step b.  

 

Scheme 21: Alkylation mechanism  

 2.8.1 Alkylation with allyl bromide  

Compound 8 was converted to compound 15 according to scheme 22. 

 

Scheme 22: Synthesis of compound 15 

The reaction was run according to general experimental procedure described in literature65. 
Two bases were used to check their influence on reaction rate. With DBU, the reaction was 
ran at room temperature for 24 hours as it was reported in literature but was found 
unsuccessful. The reaction mixture was heated at 40 ℃ and TLC analysis showed the 
presence of product, the reaction temperature was raised to 62 ℃, after 5 days the reaction did 
not finish. Potassium carbonate was also used to check if the reaction time could be improved, 
but no changes happened but the reaction was left to run until the full conversion of 
compound 8 was observed. The reaction finished after 10 days.  
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The reaction was also ran in CHCl3 to check whether the solvent could enhance the rate of the 
reaction but no difference was observed.  The rate of the reaction might be slow due to steric 
effect of compound 8 and the bases used. 

2.8.2 Alkylation with propargyl bromide 

This part describes alkylation results of compound 8 in scheme 23. 

 

 

 

 

Scheme 23: Synthesis of compound 17 

Since low reaction rate observed in the alkylation with ally bromide, it was decided to use a 
strong and less bulky base in order to improve the reaction rate. Sodium hydride was used and 
the full conversion of compound 8 was observed after four days with TLC analysis. 
Spectroscopic data were recorded and confirmed compound 17. 

2.8.3 Alkylation with benzyl bromine. 

This section describes results obtained after alkylation of compound 8 with benzyl bromide. 
Alkylation was done according to scheme 26. 

 

Scheme 24: Synthesis of compound 19 

The synthesis followed  experimental procedures reported in literature 65, minor modifications 
were done. The reaction was first run with sodium hydride after 4 days TLC analysis, showed 
no reaction. 1H NMR of benzyl bromide was run and showed that benzyl bromide has water 
which might disturb the reactivity of sodium hydride. The reaction was run with potassium 
carbonate, monitored with TLC and left to run for 10 days. Compound 19 was collected as 
yellow viscous liquid. Spectroscopic data were recorded and confirmed compound 19. 
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2.8.4 Alkylation with 1-bromo 4-phenyl butane 

Compound 8 was converted to compound 21 according to scheme 25. 

 

Scheme 25: Synthesis of compound 21 

 The amount of sodium hydride was doubled and the reaction was heated to check if the 
problem of the reaction rate encountered in previous alkylation reactions can be improved, but 
no difference was observed. Information from crude 1H NMR and HRMS confirmed the 
presence of compound 21. Crude 1H-NMR shows extra peaks to compound 8 at ppm (7.34 -
7.11, 3.44 -3.40, 1.92-1.76, and 1.3-1.27), these peaks may be evidence of compound 21. 
HRMS confirms clearly compound 21. The column was run to separate compound but 
separation was not successfully. 

2.7.5 Alkylation with 2-bromoacetophenone 

Compound 8 was alkylated according to scheme 26. 

                   

Scheme 26: Synthesis compound 23 

The reaction was run with sodium hydride (1.1 eq) at room temperature and heated but no 
result found. The amount of base was doubled to check whether it could affect, but it did not 
help. Crude 1H NMR, did not show compound 23. It only shows staring materials. 
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Fig 6: Crude 1H-NMR for compound 23 

2.8.5 Alkylation with methyl acrylate 

This section describes results after alkylation of compound 8 with methyl acrylate. Alkylation 
was done according to scheme 27. 

 

Scheme 27: Synthesis of compound 25 
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The reaction was first run at room temperature, then heated at 55 ℃, and stopped after 5 days 
without completion. Crude 1H NMR and HRMS confirmed the presence of compound 25.  
Crude 1H-NMR is hard to interpret but it shows two single peaks at 3.65 and 3.60 ppm, for 
(CH3O-), one peak may be for starting material (compound 24) another for compound 25. It 
also shows a peak at 2.57-2.44 ppm, which is most likely, result of alkylation. The column 
was run to separate compound 25 with starting materials but separation was not successfully. 

Alkylation results obtained are summarized in table 9. 

Alkylation catalyzed by DBU (compound 15) was purified at the first time because it was 
expected to run other reaction in order to observe full conversion of alkylated compound. 
Alkylation catalyzed by NaH (compound 19) was not purified due to result, which was not 
good and compound 23 and 25 separation was not successfully. 
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Table 9: Summary of alkylation results  

 

 

 

 

 

 

 

 

        

 

 

 

 

 

 

 

 

 

 

 

 

Alkylation agents 

 Conditions 

base   /   solvent 

Compound Yield (%) 

 

 

       

DBU/ DMF 15 Not purified 

K2CO3/ aceton  44 

      
NaH/THF 17 54 

                    
NaH/THF 19 Not purified 

K2CO3/CHCl3 19 42 

      

NaH/ THF 21 Not 
successful 

  
NaH/THF 23 Not purified 

   

NaH/THF 25 Not purified 
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2.9 Relative Stereochemistry of compound 8, 15 and 17 

Many of the products obtained contain multiple stereocenters. Therefore, studies were 
conducted to determine the relative stereochemistry of these.  

Stereochemistry of compound 8.  

NMR data did not help us to determine the relative stereochemistry of compound 8 due to 
overlap between hydrogen 3 and 4. (see NMR in Appendix 55-60). 

 NMR data was supported with information from DFT calculations carried out by Dr Taye 
Demissie which confirms that the major diastereomer has anti at positions 3 and 4. After 
collecting and analyzing the above information the correct stereochemistry of compound 8 
shown below was decided.  

 

 The more stable anti-diastereomer calculated by DFT is 4.21kcal/mol is more stable than the 
syn- diastereomer. The most stable conformer of compound 8 predicted by DFT is shown in 
Fig 7.  

 

 

Fig 7.  Most stable conformer of anti-8 predicted by DFT.   
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Stereochemistry of compound 15 

Analysis of NMR spectra (gHMBC) and NOESY shows that hydrogen 3 and 10 are close to 
each other, (see NMR in Appendix 61-66). 

DFT calculations done by Dr Taye showed that syn-diastereomer of compound 15 is 
1.81kcal/mol less stable than anti-diastereomer. The syn-diastereomer showed by NOESY is 
shown below. 

 

The syn-conformer of compound 15 predicted by DFT is shown in Fig 8. 

 

Fig 8: Syn-diasteomer predicted by DFT. 
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Stereochemistry of compound 17 

 

Information from NMR spectra (gHMBC) confirmed that CH- 3 and 9 coupled, and NOESY 
showed hydrogen 3 and 9 are close to each other, (see NMR spectra in appendix 67-72). After 
collecting and analyzing the above information the relative stereochemistry of compound 17 
shown below was decided, and is consistant with that of 15. 

 

Evidence for kinetic alkylation of compound 8 

 

 

The phenyl group on position 3 directs the alkylation face of the intermediate enolate formed. 
Alkylation is more favored to the less hindered face, opposite to that of phenyl. Alkylation 
taking place on opposite side of phenyl on position 3 gives the kinetic product. DFT 
calculations done by Dr Taye showed that the thermodynamic product is the anti-diastereomer 
opposite to what the NOESY studies indicated. Experimental syn-anti-diastereomer showed 
by DFT are shown in Fig 9. 

There are two possible transition states (TS1 and TS2) in the alkylation of compound 8 with 
allyl bromide. The transition state giving the kinetic product has lower energy than  the other   
giving the thermodynamic product. The energy difference between the thermodynamic and 
kinetic products is 1.81kcal/mol ( Fig 9). 
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Fig 9: Thermodynamic and kinetic products  
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3. FUTURE DIRECTIONS 

Compound 8 synthesized during this work has larger chemical space. Our chemical library 
can be extended by exploring its remaining structural diversity and its derivatives. Compound 
still has many functional groups (ester, ketone, conjugated system and aromatic system) that 
can be transformed to make heterocyclic compounds, other functional groups may be 
introduced that can undergo further functionalization.  Alkene and alkyne compounds (15 and 
17) introduced in compound 8 can also be explored to generate other compounds particularly 
side chains. 

 An example of side chains compound 17 can undergo 1,3 dipolar cycloaddition between 
azides and alkyne to generate triazoles which are important compounds in medicinal 
chemistry66. (Scheme 28).  

   

Scheme 28: Suggested triazoles formation 66. 
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4 .CONCLUSION 

The first part of the presented work was to develop and optimize the synthesis of compound 8, 
which was successful. The second part was to explore the reactivity diversity of compound 8 
in order to build future chemical libraries for biological profiling around this versatile 
scaffold. During the study of compound 8 in a range of transformations, many reactions were 
done. Successful alkylation appears to only occur with less crowded and activated alkyl 
halides. Compounds shown in Fig 8 were synthesized successfully. The relative 
stereochemistry of alkylating product 8, 15 and 17 was determined by NMR and DFT 
calculations; also the kinetics of the reaction was determined for compound 15 by DFT 
calculation. 

           

 

Fig 8: Compounds synthesized successfully during the presented work 
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5. EXPERIMENTAL SECTION 

 Reagents used were purchased from Sigma-Aldrich and others were previously synthesized 
in our laboratories. 

1H NMR (400 MHz and 13C NMR (101 MHz), spectra were recorded on a Varian Mercury 
400 plus spectrometer (400 MHz) using CDCl3 as solvent. Spectra were processed with 
MestReNova software.  Chemicals shifts (δ) are reported in  parts per millions (ppm)  and 
multiplicities are given as a singlet (s), doublet (d), triplet (t), quartet (q), doublet of doublet 
(dd), and multiplet (m). Infrared spectra were recorded on a Varian 700e FT-IR spectrometer 
and bands are reported in wavenumber (cm-1). High-resolution MS was recorded on a Thermo 
electron LTQ Orbitrap XL +Electrospray ion source (ION-MAX). GC-MS analyses were 
conducted using a Thermo Scientific ITQ 1100 +Trace GC Utra. GC-FID analyses were 
conducted with an Agilent technology 7820A gas chromatograph instrument. The melting 
point was measured with Bǜchi 535 instrument. 

 All reactions were performed under inert conditions. Glassware and stir bars were dried oven 
at 110℃ in 2 days and put under vacuum before their use. Reagents were transferred in 
reaction flasks under inert nitrogen or argon atmospheres. The progression of the reactions 
were monitored with TLC on 60 F254 silica gel plates and visualization of spots on TLC was 
carried out with UV, Potassium permanganate, molybdic acid and vanillin stains. 
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Synthesis of compound 6 

 

In a 100 mL beaker with a stir bar, sodium hydroxide (5.20 g, 0.13 mol, 4.3 eq ) was 
dissolved in water (50 mL) and ethanol (96%, 40mL) at room temperature. Benzaldehyde 
(5.31 g, 0.05mol, 1.7 eq) and acetone (1.46 g, 0.03 mol, 1.0 eq) were dissolved in ethanol 
(96%, 4.22 mL). Half of the benzaldehyde-acetone mixture previously prepared was added 
drop-wise to the sodium hydroxide solution with stirring. The rest was added after six minutes 
and the reaction was stopped after ten minutes. The crude material was isolated as yellow 
crystals with a Büchner funnel and washed with 3 x 100 mL of water. 

The crude was purified by recrystallization. The crude material was transferred to a 250 mL 
beaker with a stir bar and 150 mL of 70% ethanol was added. Heating was done until boiling, 
then more solvent was added until all material was dissolved. The reaction mixture was 
cooled in an ice bath, and the resulting crystals were collected with a Büchner funnel to yield 
yellow , flaky crystals (8.70 g, 74%).  

1H- NMR (400 MHz, CDCl3) δ 7.75 (d, J = 16.0 Hz, 2H), 7.63 – 7.60 (m, 4H), 7.43-7.39 (m, 
6H), 7.09 (d, J = 16.0 Hz, 2H). 

The data is consistent  with literature 67  

13C- NMR (101 MHz, CDCl3) δ 188.9, 143.5, 134.6, 130.5, 129.0, 128.4, 125.5. 

GC-MS: tR = 9.44 min, M+ = 234 

IR (cm-1): 3056, 3027, 1649, 1626, 1590, 1573, 1495, 1447, 1332, 1284, 1100, 1076, 1186.  

Spectra can found in Appendix 1-4 
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Synthesis of compound 8 

 

In a 100 mL round bottomed flask equipped with a reflux condenser and a stir bar, 
dibenzylidene acetone (740 mg, 3.15 mmol, 1.75 eq), ethyl acetoacetate (410 mg, 3.15 mmol, 
1.75 eq) and sodium hydroxide (72 mg, 1.80 mmol, 1.0 eq) and 30 mL of 96% ethanol was 
refluxed for 4 hours at 78°C. After reflux, small amount of water was added to reaction 
mixture, and allowed to cool for 2 days in refridgerator. The crude material was collected with 
a Bȕhner funnel, washed with water. The crude was purified by recrystallization. Reflux in 
ethanol 70% was done until all material was fully dissolved, then cooled in an ice bath, and 
crystals were collected with a Bȕhner funnel, yield (0.77 g, 70%). 

Melting point: 132-134 ℃ 

1H NMR (400 MHz, CDCl3) δ 7.46 – 7.35 (m, 2H), 7.35-7.33 (m, 8H), 6.97 (ABq, 2H), 6.20 
(s, 1H), 4.05 (q, 2H), 3.76 – 3.73 (m, 2H), 3.05 (dd, J = 4Hz, 1H), 2.74-2.69 (m, 1H), 1.04 (t, 
J = 4 Hz, 3H).      

13C-NMR (100MHz, CDCl3) ppm 194.1, 169.2, 155.7, 140.9, 136.1, 135.5, 1239.5, 128.9, 
128.8, 127.5, 127.4, 126.8, 60.9, 60.2, 43.9, 33.4, 13.9. 

HRMS (ESI): m/z: [M+H]+,  calculated: 347.1642, Found: 347.1640 

IR (cm-1) 3061, 3030, 2982, 2903, 1737, 1657, 1618, 1585, 1495, 1453, 1383, 1304, 1255, 
1173, 1143, 1585, 1174, 1143. 

Spectra be found in appendix 5-8 
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Multivariate Optimization of Robinson Annulation   

  During the optimization process, the yield was measured using GC based on a calibration 
curve determined in advance. 

 

 

    

Calibration curve 

The Robinson Annulation product made previously was used as product and a phenyl 
cyclohexane stock solution was used as internal standard to make a calibration curve. 

 Preparation of internal standard 

 Phenyl cyclohexane (0.095 g, 5.9x10-4mol) was diluted in ethyl acetate (9.00 mL) to make a  
solution (0.059 M). 1.00 mL from the first solution was also diluted in ethyl acetate (9.00 mL) 
to make a solution (5.90 x10-3M) and, finally, 1.00  mL from the second solution wasdiluted 
in ethyl acetate (1.00 mL) to make a solution (2.95x10-3M).  

Preparation of product 

                                                

 

Concentration of the product was calculated theoretically from dibenzylideneacetone (DA). 

The first step was to calculate the concentration of DA in reaction mixture at the beginning of 
the reaction in order to determine the concentration of the product. 
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In reaction, ethanol (90%, 30 mL), DA (0.74 g, 3.15 mmol), ethyl acetoacetate (0.41 g, 3.15 
mmol, 0.40 mL), was mixed with sodium hydroxide and heated for 4h. 

Total volume of reaction mixture (Vt) equals to solvent (30 mL) and ethyl acetoacetate (0.40 
mL).                                                                                                                    

              Vt  (30+0.4) mL =30.4 mL = 3.04x10-2L.  (Vt = total volume of reaction mixture) 

Moles (n) of dibenzylideneacetone in reaction mixture. 

                n = (0.74 g /234.29 g/mol) = 3.15x10-3 moles 

Concentration (C) of dibenzylideneacetone in reaction mixture  

                  C= (3.15 mol x 10-3/3.04 x 10-2 L) = 1.04X10-1 M. 

If all amount of dibenzylideneacetone (1.04X10-1 M) is converted to product, the expected 
yield is 100 %. The expected yield at 100 % was calculated theoretically from DA. Molecular 
weight of compound 6 is 234.29 g/mol and product 8 is 346.42 g/mol. Amount of compound 
6 (1.04X10-1 M) in reaction mixture is 0.74 g  and expected yield of  product 8 is 

                      Yield (100 %) = 0.74 g x346.42g/mol / 234.29 g/mol = 1.09 g 

After calculating expected yield at 100 %, the yield expected at 10 % was calculated. 

                        The yield at 10%: 1.09 g /10 = 0.109 g in 1L 

After calculating the expected yield at 10 % in 1L of reaction mixture, the yield expected at 
10 % in 1 mL of reaction mixture was calculated. 

                         Yield expected in 1mL is 109 mg/30.4 mL = 3.58 mg 

Dibenzylideneacetone (0.30 g, 1.28 mmol) and ethyl acetoacetate (0.20 g, 1.54mmol, 0.20 
mL) was also used and expected yield (10 %) of product 8 in 1 mL is 1.46 mg (calculation 
refer to compound 6 with 0.74 g). 

Various amount of the product was measured (table 10) and dissolved in 1.00 mL of internal 
standard (0.00295M) to run gas chromatograph. Data recorded with GC and determined 
calibration curve can be found in results section (page 27-28). 

In table 10, (10 %) was calculated from compound 6 (0.30 g) and other from compound 6 
(0.74 g).   
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Table 10: Amount of product 8 calculated 

Yield %        amount (mg)     concentration (mmol/mL) 

10 %           1.50                        4.2 X10- 3 

30 %           10.80                      3.14 X10- 2 

51%           18.40                        5.34 X10-2  

70 %          25.10                        7.29 X10-2  

92%            32.80                       9.53X10-2  

 

Experimental procedure, preparation of G.C samples and calculation of analyte 
concentration. 

General procedure 

A round-bottomed flask equipped with a stir bar, a reflux condenser, ethanol, 
dibenzylideneacetone, ethyl acetoacetate and sodium hydroxide was heated for 4h. 
Experimental variables with their levels are shown in table 11.                                                                                                   

Table 11: Experimental variables 

 

Variables                                          low level                      high level   

dibenzylideneacetone (mg)                 300                              740 

 ethyl acetoacetate  (mg)                     200                              410 

  temperature  (℃)                                 68                              78 

 sodium hydroxide (mg)                        72                             170 
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Amount of the solvent used in reaction was decided according to the amount of 
dibenzylideneacetone, experiments with high concentration were performed in ethanol (30 
mL) and 12 mL at low concentration. 

General procedure for the preparation of gas chromatograph samples 

When the reaction was stopped, the product started to precipitate, ethyl acetate was used to 
dissolve the precipitate, wash the reaction flask and to complete the transfer of reaction 
mixture into a volumetric flask. A 50 mL volumetric flask was used for experiments with 
dibenzylideneacetone at high concentration and 25 mL at low concentration.  

In a separation funnel, around 8 mL of water was transferred in first, 1mL of the reaction 
mixture from round bottomed flask and 10 mL of EtOAc was added. Separation funnel was 
shaked, and then organic layer was separated from aqueous layer. In some experiments, 
organic layer was washed more than once with water. Organic layer was dried on sodium 
sulfate and the drying agent was filtered off. 

The reaction mixture (0.5 mL) was mixed with 0.5 mL of internal standard solution 
(0.0059M) to run the gas chromatography. 

Calculations of the sample concentration from the calibration curve 

Cx/Cis is calculated from regression linear of calibration curve, Y= 8.3679x-1.706. 

(Y= Cx/Cis) 

Cx = YCis   

Two examples that show how the sample concentration was calculated with calibration curve 
are shown below.  

One for sample at high concentration (+): Exp no 2 ( see table 6 on page 21) 

1. Concentration of internal standard (Cis) = 0.00295 M 

2. Peak area of internal standard (Ais) = 688.97 

3. Peak area of analyte (Ax) = 209.67 

4. Ax/Ais = 0.304 

Cx/Cis = 0.304 x 8.3679 -1.706 = 0.84 

Cx= (Cx/Cis) Cis = 0.84 x 0.00295 = 0.00247M  
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During the preparation of G.C samples, all reaction mixture with dibenzylideneacetone at 
high concentration was dissolved in 50 mL of the solvent, 1mL of the reaction mixture from 
50mL was washed with water and extracted with ethyl acetate (10 mL), and 0.5 mL of the 
sample was mixed with 0.5 mL of internal standard to run gas chromatograph.  

Cx (reaction) = (Cx/Cis) Cis x2x11x1.65 at high concentration 

Cx (reaction) = 0.00247 x 11 x 2 x1.65 = 0.0896 mmol/mL 

Yield % = 0.0896 x 100/ 0.104 = 86 % (reported in table 7 page 30) 

Example 2 a sample at low concentration (-): Exp no 7 (table 6  page 29)  

1. Concentration of internal standard (Cis) = 0.00295 mmol/mL 

2. Peak area of internal standard (Ais) = 684.6 

3. Peak area of analyte (Ax) = 165.74 

4. Ax/Ais = 0.242 

Cx/Cis = 0.242 x 8.3679 -1.706 =0.319 

Cx= (Cx/Cis) Cis = 0.319 x 0.00295 =0.00094 mmol/mL 

During the preparation of G.C samples, all reaction mixture with dibenzylideneacetone at low 
concentration was dissolved in the solvent (25 mL), 1mL of the reaction mixture from 25 mL 
was washed with water and extracted with ethyl acetate (10 mL), and 0.5 mL of the sample 
was mixed with 0.5 mL of internal standard to run gas chromatography. 

Cx (reaction) = (Cx\Cis) cis x2 x11 at low concentration  

Cx (reaction) = 0.00094mmol/mL x 11 x 2 = 0.0207mmol/mL. 

Yield % = 0.0207 x 100/0.0512 = 40 % (table 7, page30) 
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Hydrogenation of compound 8 

 

In a 50 mL round bottomed flask, (346 mg, 1.0 mmol, 1.0 eq) of starting material and 10% Pd 
/C (35 mg) was dissolved in ethyl acetate (7 mL)  and stirred  under  hydrogen atmosphere at 
room temperature for  12 hours .The catalyst was filtered off  by simple filtration and the filter 
was washed  by ethyl acetate (30 mL) and ethanol(30 mL), the filtrate was collected and 
concentrated on rotavapor. 

The compound was purified with the column chromatography (3 % ethyl acetate in pentane) 
and collected as colorless crystals yield (34 mg, 10%), 

Melting point:  84-86 ℃  

1H-NMR (400 MHz, CDCl3) δ 12.55 (s, 1H), 7.28 – 7.26 (m, 2H), 7.19 – 7.13 (m, 6H), 6.97 
(d,  J = 8Hz, 2H), 4.04-3.96 (m, 2H), 2.52 – 2.48 (m, 4H), 1.87-1.86 (m, 1H), 1.68 (d, J = 
12Hz, 1H) 1.64-1.54(m, 2H), 1.54-1.52(m, 3H) 0.97 (t, J = 8 Hz, 3H). 

13C-NMR (101 MHz, CDCl3) δ 173.2, 172.3, 146.1, 142.1, 128.3, 127.9, 125.6, 99.4, 60.1, 
38.6, 38.1, 37.5 35.8, 32.9, 27.2, 14.0. 

HRMS (ESI): m/z: [M+H]+, calculated: 351.1955, found: 351.1955 

IR (cm-1): 3027, 2925, 1642, 1620, 1493, 1419, 1404, 13411275, 1212, 1155, 1118. 

 Spectra can be found in appendix 23-26 
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Decarboxylation of compound 8    

      

In a 25mL two necked round bottomed flask equipped with a stir bar, a reflux condenser and a 
gas bubble, compound 2.5 (440 mg, 1.3 mmol, 1.0 eq) , DMSO (13 mL), water (1.5mL) and 
NaCl (74mL, 83 mmol, 1.2 eq) was heated at 160 °C for 4hours, reaction was mixture was 
cooled to room temperature in 30 min, then transferred to separator funnel and mixed with ice 
cooled water (140mL), the product was extracted with ethyl acetate (3x30mL). The collected 
extracts were washed with distilled water (5 x 50 mL) and dried over sodium sulfate.  

The drying agent was filtered off and the filtrate was concentrated on rotavapor. The 
compound was recrystallized in heptane, collected as yellow crystals and dried on vacuum 
after 3 days (yield, 0.2 g, 45%). 

 Melting point: 112-114 ℃ 

1H-NMR (400 MHz, CDCl3) δ 7.49 – 7.47 (m, 2H), 7.41 – 7.28 (m, 8H), 6.98 (ABq, 2H), 
6.18 (s, 1H), 3.42-3.37 (m, 1H), 3.02 (dd, , J = 4, 12 Hz,  2H), 2.73 – 2.64 (m, 3H). 

13C-NMR (100 MHz, CDCl3): δ 199.4, 155.9, 143.4, 135.8, 135.6, 129.2, 128.8, 127.9, 44.4, 
41.0, 33.1 

HRMS (ESI): m/z: [M+H]+, calculated: 275.1433, found: 275.1430 

Spectra can be found in Appendix 27-29   
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Inverse electron demand Diels-Alder reaction 

    In a 
25 mL two necked round bottomed flask equipped with a stir bar and a reflux condenser, 
toluene 8 mL, compound 11 (346 mg, 1 mmol, 1.0 eq), and styrene (104.15 mg, 8.6 mmol, 
8.6 eq) was refluxed  in 3 days and heated at 130 ℃ in dioxane in 2 days. Solvents were 
removed under reduced pressure.  

Crude 1H-NMR was recorded but it does not show compound 12, but HRMS shows it. 

HRMS (ESI): m/z: [M+H]+, calculated 451.2268, found: 451.2268  

Spectra can be found in appendix 30-31 

 Reduction of compound 8 

   

In a 25mL round bottomed flask, starting material (300 mg, 0.86mmol, 1 eq), CeCl3.7H2O mL 
(780 mg, 2.09 mmol, 2.3 eq) was dissolved in ethyl acetate (5 mL ), NaBH4 (40 g, 1.03 mmol, 
1.2 eq) was slowly added under stirring, the reaction ran for 1hour at room temperature. 
Isolation was done by hydrolysis followed by extraction with diethyl ether. Ether extracts 
were dried over sodium sulfate, then drying agent was filtered off and the reaction mixture 
was concentrated on rotavapor. 

Crude 1H-NMR can be found in Appendix 32 
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Alkylation of compound 8 with allyl bromide  

Two experimental procedures were attempted during the alkylation of compound 8 with allyl 
bromide. 

 Procedure one    

In a 25 mL two necked round bottomed flask equipped with a stir bar dried in 2 days in oven 
at 110 ℃ compound 8 (104 mg, 0.3 mmol, 1.0 eq) dissolved in dry DMF (4 mL), DBU (46 
mg, 0.3 mmol, 1.0 eq) was added under stirring, the resulting mixture was cooled in an ice 
bath and allyl bromide (55 mg, 0.45 mmol, 1.5 eq) was drop-wisely added under stirring 
during 4 min.  

The reaction mixture was stirred at room temperature for 24 hours, heated at 40℃ overnight, 
next day, the temperature raised at 62℃, reaction was left to run more 4 days and stopped 
without completion  

Isolation of the product: the reaction mixture was poured into water (10mL), and the product 
was extracted with CHCl3 (2x10mL). The CHCl3 extracts were washed with water (5x10mL), 
then dried over Na2SO4 and the drying agent was filtered off. The reaction mixture was 
concentrated on rotavapor.  

Crude 1H-NMR was recorded. 

HRMS (ESI): m/z: [M+H]+, calculated: 387.1955, found: 387.1959 

Spectra can be found in appendix 33-34. 

  Procedure two 

In a 25 
mL two necked round bottomed flask equipped with a stir bar, compound 2.5 (104 mg, 0.3 
mmol, 1 eq), K2CO3 anhydrous ( 123 mg, 0.89 mmol, 3 eq), allyl bromide (220 mg, 1.81 
mmol, 6 eq) was dissolved in acetone dry  (5 mL) , the mixture was stirred at room 
temperature overnight. The next day, the reaction was heated at 55℃ and finished after 10 
days.  
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Isolation of the product: K2CO3 was filtered off after cooling the reaction mixture at room 
temperature, washed with CHCl3, the filtrate was poured into water (10 mL) and the solution 
was acidified with 2MHCl (5 mL). The product was extracted with CHCl3 (3 x 10 mL). 
CHCl3 extracts were dried over sodium sulfate and the reaction mixture was concentrated on 
rotavapor. 

The crude material was recrystallized in ethanol (70%), collected as colorless crystals and 
dried on high vacuum overnight (yield: 44 mg, 42%).  

Melting point: 134-136 ℃ 

1H-NMR (400 MHz, CDCl3) δ 7.49- 7.47 (m, 2H), 7.37-7.32 (m, 6H), 7.27 – 7.25 (m, 2H), 
6.99  (ABq, 2H), 6.24 (s, 1H), 5.67-5.62 (m, 1H), 5.17-5.16 (m, 2H), 4.18 - 4.10  (m, 2H), 
3.58 (dd, J = 8, 24 Hz, 1H), 3.36-3.31  (m, 1H), 3.08 (dd, J = 4, 16 Hz, 1H), 2.89 (dd, J = 16, 
24 Hz, 1H), 2.31(dd, J = 2, 24 Hz, 1H), 1.19 (t, J = 8 Hz, 3H). 

13C-NMR (100 MHz, CDCl3): δ 190.0, 170.3, 156.9, 139.7, 135.8, 133.7, 129.3, 128.7, 128.6, 
128.5, 127.6, 127.4, 119.5, 61.3, 60.8, 44.9, 35.7, 29.9, 13.8 

HRMS (ESI): m/z: [M+H]+, calculated: 387.1955, found: 387.1954 

IR (cm-1) 1734, 1713, 1646, 1612, 1588, 1495, 1451, 1428, 1387, 1337, 1275, 1255, 1219, 
1190, 1115. 

Spectra can be found in appendix 35-38 

Alkylation with propargyl bromide, benzyl bromide, 1-bromoacetophenone, 1-bromo-4-
phenylbutane and methyl acrylate. 

 General procedure for alkylation  

Reactions were performed in anhydrous conditions and under nitrogen gas atmosphere in 
glassware and stir bars, which were dried in oven at 110 ℃ in 2 days. Glassware were also 
dried under vacuum before transferring reactants in reaction flask. Under nitrogen 
atmosphere, NaH 60% in mineral oil was washed with hexane two times, then cooled in an 
ice bath. Dry THF was added and the mixture was stirred around 5 min. Compound 8 
dissolved in dry TFH was added drop-wise, reaction stirred around 8 min, alkylating reagent 
was carefully added and the resulting mixture was stirred around 10 min. The ice bath was 
removed and reaction was stirred at room temperature and heated at various temperature in 
some cases. Isolation of the product: Sodium hydride was quenched with saturated 
ammonium chloride (ca 15 mL), then reaction mixture was transferred into a separatory 
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funnel, water ( ca,10mL) was added and the product was extracted with diethyl ether (3 x10 
mL).   

Diethyl ether extracts were washed with brine (3 x10 mL) and dried over sodium sulfate. The 
drying agent was filtered off and the reaction mixture was concentrated on rotavapor. The 
compound was purified by crystallization or column chromatography.  

Alkylation with propargyl bromide 

Sodium 
hydride 60% in mineral oil (33mg, 0.83 mmol, 1.1 eq) washed with hexane (2x4mL), THF 
dry (4mL), compound 8 (260 mg, 0.75 mmol, 1 eq) dissolved in THF dry (3 mL) and 
propargyl bromide (500mg, 4.3 mmol, 4.2 eq) was added and the resulting mixture was stirred 
in 4 days. 

The compound was crystallized in ethanol (70 %), collected as colorless crystals and dried on 
vacuum overnight after three days (yield: 140 mg, 54%). 

 Melting point: 133-135 ℃ 

1H- NMR (400 MHz, CDCl3) δ 7.50-7.48 (m, 2H), 7.40-7.32 (m, 8H), 7.03 (ABq, 2H), 6.29 
(s, 1H), 4.15-4.10 (m, 2H), 4.03 (dd, J =4, 16 Hz, 1H), 3.40-3.36 (m, 1H), 3.21 (dd,  J = 2, 20 
Hz, 1H), 2.97 (dd, J = 12, 16 Hz, 1H), 2.34 (dd, J =16, 20 Hz, 1H), 2.13 (dd, J = 2, 4 Hz, 1H), 
1.18 (t, J = 8 Hz, 3H). 

13C-NMR (100 MHz, CDCl3): δ 194.1, 169.0, 157.1, 139.0, 136.3, 135.8, 129.3, 128.9, 128.7, 
128.6, 128.3, 127.9, 127.4, 127.1, 80.4, 71.5, 61.6, 60.3, 44.9, 29.2, 21.6, 13.9 

HRMS (ESI): m/z: [M+H]+,calculated: 385.1798, found:385.1802 

IR (cm-1) 3283, 3029, 1729, 1651, 1612, 1587, 1495, 1452, 1417, 1387, 1308, 1277, 1257, 
1224, 1212, 1197, 1178, 1121. 

Spectra can be found in appendix 39-42 
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Alkylation with benzyl bromide 

Two experimental procedures were attempted during the alkylation of compound 8 with 
benzyl bromide. 

General procedure for alkylation. 

Sodium hydride 60% in mineral oil (33 mg, 0.83 mmol, 1.1 eq) washed with hexane (2 x 4 
mL), dry THF (4 mL), compound 8 (260 mg, 0.75 mmol, 1.0 eq) dissolved in dry THF (3 mL)  
and benzyl bromide (716 mg, 4.18 mmol, 5.6 eq) was added. The reaction was run for 4 days 
and stopped without completion. Crude 1H-NMR was recorded. 

 HRMS (ESI): m/z: calculate (C30H28O3Na): 459.1931, found: 459.1929 

Spectra can be found in Appendix 43-44. 

Procedure two  

 

In a 25 mL two necked round bottomed flask equipped with a stir bar and a reflux  condenser   
were dried in oven in 2 days, then dried again with the  vacuum around 20 min. Under 
nitrogen gas atmosphere, compound 8 (335 mg, 0.96 mmol, 1 eq), K2CO3 anhydrous (700 mg, 
5.06 mmol, 5.1 eq), benzyl bromide (830 mg, 4.86 mmol, 5.0 eq) and CHCl3 (12 mL) was 
transferred in reaction flask according to their written order. The reaction mixture was heated 
at 61℃ in 24 hours. The reaction was left to run for 10 days where TLC showed big spot of 
the product compared to one of compound 8  

Isolation of the product: K2CO3 was filtered off after cooling the reaction mixture at room 
temperature, washed with CHCl3, the filtrate was poured into water (10 mL) and the solution 
was acidified with 2MHCl (10 mL). The organic layer was separated from aqueous phase, 
dried on Na2SO4, and the reaction mixture was concentrated on rotavapor.65 
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The compound was purified with column chromatograph (3.5% EtOAc in pentane) and 
collected as yellow viscous liquid, yield (140 mg, 42%) 

1H-NMR (400 MHz, CDCl3) δ 7.44 (d, J = 8 Hz, 2H), 7.37– 7.34 (m, 4H), 7.27-7.24 (m, 3H), 
7.20 – 7.15 (m, 4H), 7.10 (d, J = 8 Hz, 2H), 6.95 (ABq, 2H), 6.28 (s,1H), 4.25-4.23 (m, 2H), 
3.89 (d, J = 12 Hz, 1H), 3.46 (dd, J = 8, 16 Hz, 1H), 3.30-3.22 (m, 1H), 2.87 (d, J = 16 Hz, 
1H), 2.79 (dd, J = 20, 28 Hz, 1H), 1.26 (t, J = 8 Hz, 3H). 

13C-NMR (100 MHz, CDCl3): δ 196.7, 170.7, 156.4, 140.8, 137.8, 136.8, 136.0, 135.8, 131.0, 
129.4, 129.0, 128.9, 128.6, 128.5, 128.2, 127.6, 127.3, 126.5, 125.3, 61.9, 61.6, 44.5, 36.9, 
31.0, 13.8 

HRMS (ESI): m/z: [M+H]+, calculated:437.2111, found: 437.2113 

IR (cm-1) 3029, 1737, 1650, 1616, 1589, 1495, 1452, 1387, 1262, 1183, 1164, 1121. 

 Spectra can be found in Appendix 45-48 

Alkylation with 1-bromo 4-phenylbutane 

Sodium hydride 60% in mineral oil (28 mg, 0.71 mmol, 2.5 eq) was washed with dry THF 
(2x4mL), compound 8 (100 mg, 0.28 mmol, 1.0 eq) dissolved in dry THF (3 mL) and 1-
bromo 4- phenyl butane (180 mg, 0.85 mmol, 3.0 eq) was added.  The reaction mixture ran at 
room temperature overnight, the next day, the reaction was heated at 40 ℃ and left to run for 
3 days and stopped without completion. Crude 1H-NMR was recorded. 

HRMS (ESI): m/z: [M+H]+, calculated = 479.2581, found =479.2583. 

Spectra can be found in Appendix 49-50. 
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Alkylation with 1-bromoacetophenone 

 

Sodium hydride 60% in mineral oil ( 33 mg, 0.83 mmol, 1.1 eq) was washed with dry THF 
(2x4mL), compound 8 (260 mg, 0.75 mmol, 1eq) dissolved in THF dry ( 3 mL), and 2-
bromoacetophenone (747 mg, 3.75 mmol, 5.0 eq) was  drop-wisely added and reaction ran 
overnight. The next day, the reaction was heated at 40 ℃ and left to run for 2 days further. 
After 3 days, no reaction happened and the reaction was stopped.  

The reaction was repeated by doubling amount of Sodium hydride (66 mg, 1.66 mmol, 2.2 
eq), and was refluxed but it changed nothing. Crude 1H NMR was recorded. HRMS does not 
show the product. 

Spectra can be found in appendix 51-52. 

Alkylation with methyl acrylate 

Sodium hydride 60% in mineral oil (21 mg, 0.54 mmol, 1.93 eq) was washed with hexane 
(2x4 mL), Robinson annulation product (100 mg, 0.28 mmol, 1.0 eq) dissolved in dry THF (3 
mL) and methyl acrylate (37 mg, 0.43 mmol, 1.5 eq) was added and reaction ran overnight at 
room temperature. The next day, the reaction was heated at 45℃ and ran for 6 days.  

Crude 1H-NMR was recorded.  
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Crude HRMS (ESI): m/z: [M+H]+, calculated for [C27H28O5Na] = 455.1829, found =455.1829 

Spectra can be found in appendix 53-54. 
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JHPH-1-80_b #1-5 RT: 0.02-0.13 AV: 5 NL: 5.58E7
T: FTMS + p ESI Full ms [150.00-600.00]
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JHPH-1-83 #1-5 RT: 0.02-0.13 AV: 5 NL: 1.52E8
T: FTMS + p ESI Full ms [200.00-800.00]
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