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Catalysis of Aldol Reaction using Catalytic Antibodies

Group Proposal

Introduction:

The development of catalytic antibodies has been a landmark achievement in the field of bioorganics.  Catalytic antibodies are antibodies that act as a chemical catalyst to drive a chemical reaction.  Expanding the realm of useful chemical reactions, catalytic antibodies allow disfavored reactions to proceed and they enable enantioselectivity (1).  The uses of these specialized antibodies are widespread and have even been implicated for possible cancer treatment (2).

Using a transition state analog as a hapten to elicit an immune response in an animal develops catalytic antibodies, such as antibody 38C2 (3). The B-lymphocytes from the animal are then collected and fused with myeloma cells to create an immortal cell line that will produce an unlimited supply of antibodies (3).  The hybridoma cells are then selected for ones that have produced a successful fusion and produce the antibodies that recognize the transition state analog (3).

One application of catalytic antibodies is the catalysis of highly disfavored reactions in which the products arise from a higher energy transition state; these reactions include anti-Baldwin cyclizations, exo-Diels-Alder cycloaddtion, ketalization in water, regio/stereoselective ketone reduction, and cationic cyclopropanation (1,4).  Along the reaction coordinate, catalytic antibodies have the ability to control the rate and stereochemistry of the reaction (1).  Catalytic antibodies lower the energy needed for the starting material to develop into the transition state by recognizing the transition state and binding, leading to a more favorable thermodynamic arrangement (3).
Traditionally, aldol condensations were performed under equilibrating conditions with sodium hydroxide and the desired reactants.  The drawback of this method is that a mixture of products will be formed if there is a removable proton on both reactants, and if there is more than one removable proton on a reactant, it may react more than once.  Thus, enantioselectivity is not possible with the traditional method.  The next development in aldol condensations was the use of lithium diisopropylamide (LDA).  This extremely strong, sterically hindered base will form the enolate of a ketone by removing a proton at the least sterically hindered position.  This reaction allows one to quantitatively form an enolate and then add the other reactant of form the desired aldol condensation product.  This method avoids a mixture of products and the problem of overreaction, but it does not enable enantioselectivity. 

One of the major advantages of catalytic antibodies and a major factor for their widespread use in organic synthesis is that they are enantioselective.  For this experiment, unlike the LDA catalyzed reaction, which will produce a racemate of aldols, the 38C2 catalyzed reaction will produce only one enantiomer.

The focus of this experiment will be to examine the role of catalytic antibodies in aldol condensation reactions.  Substrate substituents will be tested for their effect on the reaction rate and yield.  UV/Vis spectroscopy will examine the kinetic properties of the antibody catalyzed aldol reaction.  

Specifically, benzaldehydes were chosen as substrates due to their absorption peak in the UV/Visible range; this peak changes over the course of the reaction, allowing the kinetics of the reaction to be monitored.  The four chosen benzaldehydes are: 

Figure 1.

2-Chlorobenzaldehyde


4-Chlorobenzaldehyde
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o-Tolualdehyde



p-Tolualdehyde
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HYPOTHESIS:


By examining the nature and position of the varied substituents, a hypothesis concerning reaction rate was developed.  

First, electronic effects were considered.  In both 2-Chlorobenzaldehyde and 4-Chlorobenzaldehyde, the chlorine has a lone pair, which could donate electron density into the ring through resonance.  This movement of electrons toward the aldehyde group would decrease the partial positive charge on the aldehyde carbon, making it less reactive.  On the other hand, the chlorine is very electronegative and would withdraw electron density from the ring through inductive effects.  This shift of electrons away from the aldehyde group would increase the partial positive charge on the aldehyde carbon, making it more reactive.  To decide which of these conflicting effects dominate, the size of chlorine was taken into consideration.  Chlorine is in the third row of the periodic table indicating that it’s lone pair orbitals are much larger than those of carbon so resonance effects would be very small due to the poor orbital overlap.  Thus, electronically the chlorine substituent should accelerate the reaction rate because the inductive effect is most significant.

The methyl substituent on both o-Tolualdehyde and p-Tolualdehyde has no lone pairs so there are no resonance effects.  The methyl is less electronegative than the aromatic ring so it would inductively donate electron density into the ring.  This movement of electrons toward the aldehyde group would decrease the partial positive charge on the aldehyde carbon, making it less reactive.

Thus, based on electronic arguments, 2-Chlorobenzaldehyde and 4-Chlorobenzaldehyde should react at nearly the same rate that should be faster than the reaction rate of o-Tolualdehyde and p-Tolualdehyde, which should also be nearly identical.

Reaction rate based on electronic arguments:

Slowest   ------------------------------------------------------------------------------------------( Fastest

o-Tolualdehyde   =   p-Tolualdehyde   <   2-Chlorobenzaldehyde  =  4-Chlorobenzaldehyde 


Next, steric effects were considered.  In both 4-Chlorobenzaldehyde and p-Tolualdehyde, the substituent is located in the para position with respect to the aldehyde group.  This leaves the aldehyde carbon open to sterically unhindered nucleophilic attack, which would produce a reaction very similar to that of an unsubstituted benzaldehyde.  Conversely, in both 2-Chlorobenzaldehyde and o-Tolualdehyde the substituent is located ortho to the aldehyde group.  Therefore, both reaction rates should be depressed due to steric hindrance of the attacking nucleophile.  Additionally, 2-Chlorobenzaldehyde should react even slower than o-Tolualdehyde because the chlorine is much larger than the methyl and it has a greater electronic density, which would electrostatically repel an incoming, electron-rich nucleophile.    


Thus, based on steric arguments, 4-Chlorobenzaldehyde and p-Tolualdehyde should react at nearly the same rate and be faster than the reaction rate of o-Tolualdehyde which would in turn react faster than 2-Chlorobenzaldehyde. 

Reaction rate based on steric arguments:

Slowest   -------------------------------------------------------------------------------------------( Fastest


2-Chlorobenzaldehyde   <   o-Tolualdehyde    <   4-Chlorobenzaldehyde   =  p-Tolualdehyde



Finally, the overall prediction was deduced by simultaneously considering both electronic and steric effects.  Because 4-Chlorobenzaldehyde is both electronically favorable and sterically unhindered, it should react the fastest overall.  Although electronically similar, sterics will dictate that, p-Tolualdehyde will react faster than o-Tolualdehyde.  The difficulty lies in the placement of 2-Chlorobenzaldehyde.  In considering the reaction rate for this particular compound, if sterics play the major role, it would be the slowest, but if electronics dominate, it would be the second fastest.  Based on the steric hindrance due to the large size of chlorine and its electronic density, which would electrostatically repel an incoming, electron-rich nucleophile, we predict that 2-Chlorobenzaldehyde should have the slowest reaction rate.  

Reaction rate based on electronic and steric arguments:

Slowest   -------------------------------------------------------------------------------------------( Fastest

2-Chlorobenzaldehyde   <   o-Tolualdehyde   <   p-Tolualdehyde   <   4-Chlorobenzaldehyde
Procedure (1):  
Synthesis of Products


The first step in this experiment is the conversion of the selected benzaldehydes to the aldol products.  Anhydrous THF (1.5 mL) and acetone (40 (L, 0.54 mmol) are added to a 10-mL round-bottom flask equipped with a magnetic stirring bar and a rubber septum.  The solution is next placed in a dry ice/ethanol bath to cool to –78(C.  A solution of lithium diisopropylamide (LDA) (2.0 M, 0.3 mL, 0.59 mmol) is added using a 1-mL syringe, and the solution is stirred for 30 minutes.  The benzaldehyde (100 mg) in anhydrous THF (1.1 mL) is added to the mixture stirring at –78(C.  The reaction will be monitored using TLC (1:1 ethyl acetate/hexane).  After 2.5 hours the reaction will be quenched by addition of saturated aqueous ammonium chloride.  Water is added to the mixture, which is then extracted three times with ether and two times with ethyl acetate.  Next, the organic layer is dried over anhydrous sodium sulfate and separated by vacuum filtration.  The solvents are then removed under reduced pressure to give the oil.  Purification of the aldol product will be accomplished by flash column chromatography using a 2-cm x 30-cm column with 20 g of silica gel and ethyl acetate as the mobile phase.  1H NMR (400 MHz, CDCl3) will then be used to verify the presence of the aldol product.

Kinetic Characterization of Aldol Condensation


First, the starting materials (benzaldehyde substrates) and the products (aldol condensations) will be analyzed by a Spectramax 1000 UV-Vis spectroscophotometer to determine the (max for the respective compounds.  The (max will then be used as the wavelength that will be scanned for when the kinetics of the antibody-catalyzed aldol condensation are measured.  Specifically, the antibody-catalyzed reaction will be monitored by UV-Vis spectroscopy using the determined (max for the reaction to monitor the kinetics at that wavelength.  


To determine the (max, the substrates and products will be added separately to individual wells in a quartz 96-well tray in 200 (L aliquots and subjected to a UV-Vis scan of the entire spectrum.  To monitor the kinetics of the antibody-catalyzed aldol condensation, the (max of the product will be set as the scanning wavelength for the kinetic measurement of the reaction.  100 (L aliquots will be added to each well in the 96-well tray.  2 (L of the stock solution of the benzaldehyde (0.001 M in PBS, pH 7.4) and 6 (L of acetone will be added to each of the wells being scanned.  Then antibody 38C2 (92 (L solution of 10 mg/mL in PBS, pH 7.4) will be added to each of the wells, and the kinetics of the antibody-catalyzed reaction will be monitored for 3 hours at the specific (max for the compound in question.

Figure 1. Chemical List
	Chemical Compounds
	Price

	Aldolase Antibody 38C2
	$108.70/ 10 mg

	2-Chlorobenzaldehyde
	$11.10/ 100 g

	4-Chlorobenzaldehyde
	$16.60/ 50 g

	o-Tolualdehyde
	$7.20/ 2 g

	p-Tolualdehyde
	$13.40/ 5 g

	Anhydrous tetrahydrofuran (THF)
	$49.80/ 1 L

	Acetone
	$15.80/ 1 L

	Dry ice (Carbon Dioxide)
	

	Ethanol
	$23.30/ 1 L

	Lithium diisopropylamide (LDA)
	$21.00/ 100 mL

	Ethyl acetate
	$19.20/ 1 L

	Hexane
	$18.50/ 100 mL

	Sat'd aq. ammonium chloride
	

	Ether
	$28.60/ 100 mL

	Anhydrous sodium sulfate 
	$21.00/ 100 g

	Silica gel 
	$19.60/ 250 g

	Phosphate Buffer Solution (PBS)
	$14.90/ 500 mL


The chemicals for the experiment will be obtained from Aldrich.

Instrumental:


Thin-layer chromatography (TLC) will be used to monitor the aldol reaction when the products are synthesized.  Through this method, the relative amounts of reactant and product over the course of the reaction may be monitored.  Silica gel plates will serve as the polar stationary phase with 1:1 ethyl acetate/hexane as the relatively non-polar mobile phase.  

Flash column chromatography will serve to purify and separate the aldol product.  A 2-cm x 30-cm column will be used with silica gel as the stationary phase and ethyl acetate as the mobile phase.

Nuclear Magnetic Resonance (NMR) will be used to examine the synthesized products to verify the desired compound has been formed.  Proton (1H) NMR identifies the chemical environments of all protons in a compound.  By using this technique, the synthesis of the aldol products via LDA will be verified and the structure of the products elucidated.  The 400 MHz NMR spectrometer will be used for analysis with deuterated chloroform as the solvent.

UV/Vis analysis will also be used to provide useful information about the concentrations and kinetics throughout the reactions.  The instrument that will be used is the Spectramax 190, and it will allow for a large number of samples to be assayed simultaneously as it can individually scan 96 separate wells.  Because several of the liquids used for the reaction are volatile and corrosive (i.e. THF and LDA), the 96-well tray used will be made of quartz.  This is also advantageous, as compared to the plastic 96-well tray, because plastic absorbs in the 300 nm range and this could influence the absorption of the benzaldehydes.  UV/Vis analysis will be effective for analyzing the benzaldehydes because they are aromatics.  Aromatic rings are detectable by ultraviolet spectroscopy because they consist of a conjugated ( electron system.  The aromatic compounds will show an intense absorption near 205 nm and a less intense absorption in the 255-275 nm range.
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Work Schedule

Each group member will be responsible for the product synthesis, NMR analysis, and UV-Vis analysis of one benzaldehyde.  Below the assigned compounds are listed.

	Mark Etherton 2-Chlorobenzaldehyde

Tom 4-Chlorobenzaldehyde

Kerri o-Tolualdehyde

Michelle  p-Tolualdehyde


Tentative Schedule (By weeks):

Week 1 Solutions prepared

Week 2 Synthesis of products complete

Week 3 (max for all products found

Week 4 UV-Vis analysis of aldol reactions complete

Week 5 Poster complete

Week 6 Report complete

Tentative Schedule (Labs):

March 20 
Prepare solutions

March 25 
Synthesis of Products, monitored by TLC

March 27 
Purify aldol product using flash chromatography; Verify with 1H NMR

April 1  
Use Spectramax 190 UV-Vis to find (max for all products

April 3 
Run Sprectramax  190 UV-Vis

April 8 
Run Spectramax  190 UV-Vis

April 10 
Finish all UV-Vis analysis of reactions; Analyze data

April 15 
Work on poster; Analyze data

April 17  
Rough draft of poster

April 22
Poster

April 24
Work on final project report

April 26
Final project report due
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