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Introduction:  

The purpose of the experiment is to synthesize two isomeric compounds, 1-methyl cyclohexene and 3-methyl cyclohexene.  The synthesis of these constitutional isomers is conducted through acid-catalyzed dehydration synthesis using 2-methyl cyclohexanol as the starting alcohol.  The overall reaction scheme is given in the diagram below.  Finally, an analysis of the efficiency of the reaction will be determined by examining the composition of the end product solution utilizing the technique of gas chromatography.
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Discussion:  Acid Catalyzed Dehydration Synthesis of Cyclohexene from Cyclohexanol

Overall Reaction Mechanism:
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The purpose of the first part of the experiment is the actual synthesis of the alkene compounds by the reaction involving acid-catalyzed dehydration of the alcoholic compound 2-methyl cyclohexanol.  The reaction proceeds by a mechanism synonymous to the typical acid-catalyzed dehydration synthesis of alcohols to form alkenes.  This reaction is one of many known as elimination reactions that involve the formation of a doubly bonded species containing a sp2 hybridized carbon from an alcoholic species in which all carbons are sp3 hybridized.  As indicated in the given reaction mechanism, phosphoric acid catalyzes the reaction by transfer of a proton to a water molecule forming a hydronium ion.  The hydronium ion, in turn, transfers an H+ proton to the –OH functional group of the alcoholic compound cyclohexanol.  The protonated alcoholic compound now contains a charged oxonium ion, with the entire compound now being termed an alkyl oxonium ion.  The formed oxonium ion dissociates from the alkyl constituent in a rate-determining step that forms the carbocation for the reaction and a water molecule.  This step is rate determining because it is the slowest step of the reaction and, consequently, has the greatest activation energy.  After dissociation of the oxonium ion from the alkyl group, the carbocation, a Bronsted acid, reacts readily with water, a Bronsted base, through donation of an H+ proton.  The result of this interaction is the transfer of electrons from Oxygen’s lone pair to the H+ ion, and the resulting transfer of electrons to the positively charged carbon of the carbocation.  The final transfer of electrons serves to fill the empty (-orbital of the sp2 hybridized carbon, thereby establishing the double bond, which, by definition consists of a bondbonding along the inter-nucleus axis,andbond, which is bonding that does not lie on the inter-nucleus axis.

One of the most evident aspects of the given reaction is the favorability of one form of the alkene relative to the other alkene component in solution.  Consideration of the fact that one isomeric compound will be present in greater quantities than the other should lie in the actual mechanism by which each component is formed. As you will prove through experimentation, the amount of 1-methyl cyclohexene formed will be disproportionately greater in comparison to 3-methyl cyclohexene.  Although the structural difference is slight, the preference for alkene formation is greatly biased toward the formation of 1-methyl cyclohexene because this compound is formed by the mechanistic pathway lowest in energy, as shown in the given diagram.  One of the key reaction steps, as shown, in alcohol dehydration synthesis of alkenes is the formation of carbocations, a state in which the carbon atom is imparted with a positive charge.  Hence, the most stable mechanism of reaction is necessarily the mechanism involving the formation a tertiary carbocation, as indicated in the mechanism.  From this transition state involving the formation of the tertiary carbocation, the double bond formation occurs in accordance to Zaitsez’s Rule.  Zaitsez’s Rule implies that the end product of a -elimination reaction is the formation of the most “highly substituted” double-bond.  The term “highly substituted” refers to the number of alkyl groups attached to the doubly bonded sp2 carbons, which range from a single methyl group to large branches of carbon chains.  The reasoning behind the greater preference for the formation of the highly substituted double bond is that this bond to carbon is greater in stability as alkyl groups are an “electron releasing” species.  By “releasing” electrons, alkyl groups attached to the double bond donate electrons to the positively charged carbocation, thereby serving to stabilize this molecule.  As a result of the fact that the 1-methyl cyclohexene is a more stable molecule overall, it necessarily has a lower activation energy so that formation of the 1-methyl cyclohexene follows a more favorable energy pathway.  Hence, one form of the cyclohexene, 1-methyl cyclohexene, is produced in greater quantities than the other form, 3-methyl cyclohexene, based on their relative degree of substitution.
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As with most chromatographic separations, the technique involves the distribution of a mixture of different compounds between two phases, one stationary and the other mobile.  Unlike typical chromatographic separations, the two phases that serve as the basis for this inherent separation through gas chromatography are the liquid and gaseous phase.  For the gas chromatography machine used in the experiment conducted, the liquid phase, the stationary phase of the separation, is constituted of a silicone oil to which the mixture of components are bound with varying degrees of stability.  The stationary phase is usually a wax-like material consisting of long-chain hydrocarbons, silicone oil, as mentioned, or polymeric ethers coated on finely divided SiO2.  The bonding to the liquid phase varies according to the properties of the individual components as the structure of each determines the types of bonds formed.  The “moving” phase of the chromatography is the gaseous phase.  As compounds begin to “elute” off of the silicone oil, according to their characteristic properties, the helium gas carries them through the column.  The delay in which the molecules begin to elute off the column is known as the retention time, referring to the amount of time the column “retains” the molecules.  As the separation is dependent on the movement of gases, these separations are carried out at high temperatures, greater than the vaporization temperature of any of the components of the test.

Various factors affect the quality of resolution of a gas chromatograph, and these same factors can be altered depending on the objective of the particular gas chromatography.  The primary factors responsible for chromatographic separations are numerous and include the following: the type of adsorbent liquid used in the column to which the mixture can bind, the vapor pressure of the individual mixture components, the particular temperature at which the gas chromatography is conducted, the overall size of the column and the flow rate of the carrier gas.  

1. The nature of the absorbent and its concentration on the solid support greatly affect the behavior of the molecules examined through gas chromatography.  The types of interactions the stationary phase has with the components of the sample are similar to the attractive forces and binding covered in the Thin Layer Chromatography Experiment.  

2. The vapor pressure (Pvap), or volatility, of the compounds to be separated.  Compounds of lower boiling point usually travel through the column faster than those of higher boiling point  This is a simplistic point considering that compounds that enter the gas phase readily, pass through the column with greater relative rate to the other solution components.

3. The column temperature also plays a crucial role in affecting the behavior of compounds in gas chromatography.  If the temperature of the column itself is high, then the solution components enter the gas phase more immediately, leading to a shorter retention time of the column itself.  The higher the temperature, the longer the time spent by the solution components in the gas phase.  A direct consequence of rapid vaporization of solution components is poor separation and resolution, as all the components tend to elute off the column at similar times.

4. A fast flow rate of the carrier gas will prevent equilibrium of the sample with the liquid phase.  Again, a result is poor separation and resolution of solution components, as short retention times cause the molecule to elute off the column at similar times.

5. The longer the column length, the greater the number of “theoretical plates” that serve as surfaces allowing for more complete equilibration steps.  More theoretical plates implicates longer retention times, resulting in higher resolution of solution components.

Each of these factors can be varied depending on the type of components involved and the nature of the experiment.  For example, varying the polarity of the liquid component affects separation of the mixture, as different bonding occurs.  Similarly, varying the overall size of the column allows for an increase or decrease in the number of theoretical plates, depending on the accuracy needed for the experiment.  The vapor pressure and resulting volatility of the individual components is another key distinguishing factor used in gas chromatographic separations, as these factors, along with molecular structure, serve as the basis for separation.


A thermal conductivity device is utilized for the detection of solution components.  The system functions based on differential behavior of the contact of gas molecules versus organic molecule with a metallic interface.  A wire heated by a constant electrical voltage is placed in the stream of helium carrier gas at the exit port of the chromatograph.  The helium conducts heat away from the wire and cools it to a constant temperature.  Helium conducts heat away from the wire much more efficiently than any organic compound.  Thus when a sample elutes from the column, the wire heats up, resulting in the decrease of resistance and the flow of current, which is then registered by the GC machine.  
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As explained in the mechanism of the reaction above, the purpose of the acid is to protonate the OH group, so as to produce the carbocation transition state from which the cyclohexenes are formed.  The particular role of the catalyst is to destabilize and weaken the C-O bond through protonation of the O atom.  This results in the polarization of the C-O bond, thereby lowering the activation energy required to produce the carbocation intermediate.  

Equally as important as the presence of an acid catalyst for product formation is the species of acid used in the protonation of the alcoholic compound.  It is interesting to note that use of any other acid will lead to the formation of side products that would decrease the yield of alkene compounds.  In the experiment, phosphoric acid is used as the catalyst of choice due to the fact that this particular acid minimizes the number of side reactions possible.  However, this protonation step is the only one required of phosphoric acid, as any further protonation steps will destroy the very product that we set out to make.  This would involve the conversion of the resulting alkene back into an alcoholic organic compound.
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Another consideration is to choose an acid that has limited reactivity of the resulting conjugate base.  One of the primary reasons that an acid such as HCl is not used is due to the fact that the conjugate base, a Cl- anion, acts as a nucleophile in solution.  The effectiveness of Cl- as a nucleophile is attributable to the fact that it is an electron rich species, that can not undergo any dispersion of charge through resonance.  As such, it would react with the carbocation formed in the first step of the reaction mechanism to form an alkyl halide.  
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The conjugate base of phosphoric acid, however, is not an effective nucleophile, and would thus not interact with the carbocation intermediate to form alkyl dihydrogen phosphates.  The lack of nucleophilic strength of the conjugate base of phosphoric acid is due to stable dispersion of the negative charge through readily available resonance structures. The fact that the lone pair electrons on the phosphate anion are delocalized over several atoms makes this molecule a less effective nucleophile than is the chloride anion.
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The technique of isolating the product alkenes from the reaction mixture was done using steam distillation. It should have been noted that the alkene products 1-methyl and 3-methylcyclohexene are removed from the reaction mixture by distillation at a temperature that remains below the boiling point of either of the starting alcohol, product alkene or even water.  This phenomenon is  a direct consequence of the fact that the vapor pressure exerted by a mixture of two immiscible liquids is equal to the sum of the vapor pressures of each component.  The boiling point of the solution is always lower than either component boiling points due to the fact that the total vapor pressure is actually equal to the sum of individual components.  

PTotal = PA + PB, where A and B are immiscible liquids

As dictated by the definition of boiling points, the solution will start vaporizing when the total pressure equals or exceeds 760 mm, or atmospheric pressure.  Therefore, a mixture of two completely immiscible compounds will boil at a lower temperature than the boiling points of either of the two components individually.  This fact characterizes the difference between steam distillation and fractional distillation in that the latter involves a separation technique for two liquids that are miscible.

The composition of the vapor with immiscible liquids is independent of the molar amounts of each liquid that is initially present in solution.  Rather, the composition of the vapor above the solution is determined only by the ratio of the vapor pressures of the two substances that undergo concurrent distillation.  

Moles of A     =    PA
Moles of B           PB
Therefore, the vapor composition above the solution remains constant during the distillation of immiscible liquids until one of the components is removed completely.  It follows logically that if one component of the solution is removed completely, then the proportional concentration of that compound in the vapor will decrease.  As a direct consequence of these properties, steam distillation is frequently employed to purify thermally labile compounds that would otherwise decompose if actually distilled at the boiling point.  This technique is the primary method of isolating high molecular weight organic compounds from vegetation.

CONCEPT MASTERY

In order to fully understand the concept of steam distillation, consider the following application question.

Calculate the amount of 1-octanol steam distilling from a mixture that boils at 99.4ºC.  You are given that Octanol boils at 195ºC, water boils at 100ºC, the Pvap of water at 99ºC is 744mmg and that the molecular weight of 1-octanol is 130 g/mol.

Answer:  The vapor pressure of water at 99.4C is 744 mm.  Since the mixture is boiling and the total vapor pressure must equal 760 mm, the vapor pressure of 1-octanol at 99.4C must be 16 mm.
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Given that the starting alcohol, 2-methylcyclohexanol, is water soluble at the boiling point of water, at what temperature would you predict that the alcohol would distill from the reaction mixture?
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The basic purpose of the last component of the experiment is to perform a “double-check,” ensuring that the alkene compounds are present in solution by a simple reaction of these alkenes with an added compound.  The presence of alkenes is confirmed using “saturation tests” in which two components, bromine dissolved in methylene chloride and potassium permanganate, are added to both the collected distillate and the standard cyclohexanol solution.  After addition, these compounds react in a manner such that they produce a visible reaction that indicates whether or not the alkene is present in solution.

In the bromine test, the dissolved bromine component is added to both solutions, initiating a reaction clearly apparent in the coloration of the solution.  The bromine is added until a permanent reddish-orange color is maintained in solution, meaning that the presence of an alkene causes the immediate disappearance of added reddish Br solution.  According to the reaction as shown, the appearance of color indicates that nearly all of the cyclohexene has been reacted and bound to the alkene so that the excess Br2 can no longer interact, but rather remains in solution.  The electrophilic addition of the diatomic Br2 molecule to the alkene proceeds by halogenation of alkenes as shown in the mechanism below, a two step addition reaction involving the formation of a bromonium ion intermediate.  

Br2 Test: Cyclohexanol Solution


Br2 Test: Cyclohexene Solution
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The potassium permanganate test is much simpler in nature.  The presence of an alkene compound produces a clearly visible brown precipitate after the KMnO4 solution is added.  Hence, in the cyclohexene solution, as expected, a brown precipitate should be observed.  In the absence of the alkenes, however, the KMnO4 undergoes no such reaction, simply producing a deep purplish coloration of the solution (shown in the reaction with cyclohexanol).  The reaction for cyclohexenes, however, involves an addition reaction that transfers two oxygen atoms from the permanganate to the electron rich double bond of the alkene, as shown in reaction mechanism.  Again, the qualitative result of this part of the experiment serve to prove the presence or absence of cyclohexene.  

KMnO4 Test: Cyclohexanol


KMnO4Test: Cyclohexene




Several key steps during the experiment serve to impact the production of alkenes and the accuracy of the gas chromatograph results as well.  An important component of the reaction mixture was the addition of decalin solution to the cyclohexanol solution.  The purpose in the addition of decalin to the component mixture is to ensure that the vaporization of the alkene component occurs through the simple distillation process.  Specifically, the decalin compound acts as a “chaser” agent, ensuring that the solution will not ultimately boil to dryness.  

One of the most important steps in the synthesis of the alkenes from the 2-methyl cyclohexanol compound is appropriately heating the compound so as to produce the alkenes as the only major components of the solution.  At high temperatures, the components of the distillate collected are subject to contamination by compounds that are not alkenes, a primary example of which being the appearance of alcoholic components.  Hence, the reaction mixture was heated very carefully so as to avoid contamination by other compounds, and also to ensure that the greatest amount of alkenes is formed.  If the temperature reaches values in excess of 96(C, the components of the solution will start contaminating the distillate collected and as a consequence, more than two primary peaks will be observed during gas chromatography. 

The purpose in adding the glyme compound to the solution prior to the KMnO4 test for saturation in part III is to promote the solubility of the solution components.  Potassium permanganate is by itself insoluble in organic liquids and would not be able to interact with the components of an organic solution such as alkenes.  The added glyme promotes the essential interaction between potassium permanganate and the alkenes by increasing the solubility of permanganate in the non-polar organic solvent, allowing the alkene and MnO4 to react.

In the experiment, a step that must not be overlooked is the addition of calcium chloride granules to the mixture of alkenes after the distillation procedure.  The calcium chloride acts as a dehydrating agent in the solution, “drying” the solution by removal of water molecules.   Another important function of the Calcium chloride dehydrating agent is the fact that it is also capable of removing alcoholic compound from the solution.  This is particularly useful, especially considering that alcohols could have been produced in the heating reaction step.  Thus, the calcium chloride serves as a safeguard that removes all foreign components of the solution so that the gas chromatogram obtained does not display any other peaks than the two peaks from the cyclohexenes.  


The purpose of the first part of the experiment is the actual synthesis of the alkene compounds by the reaction involving acid-catalyzed dehydration of the alcoholic compound 2-methyl cyclohexanol.  The reaction proceeds by a mechanism synonymous to the typical acid-catalyzed dehydration synthesis of alcohols to form alkenes.

· From the hood, obtain the correct components of the reaction mixture and then place all of these compounds in a 10 ml round-bottom flask: 

1ml of 2-methyl cyclohexanol

2ml of phosphoric acid

2ml of Decalin

boiling stone

· Construct a fractional distillation apparatus, synonymous with the apparatus drawn in the Fractional Distillation Experiment performed earlier in the year.  However, the key difference between the apparatus used in this laboratory is that the experiment will be conducted in the absence of the fractionating column

· Components required:  


distilling head, thermometer adapter, condenser, take off adapter, and a distillation receiver

· After properly equipping the apparatus with a sand bath as the heating mechanism, allow the solution to warm at a Variac setting of 80, paying careful attention to the temperature readings

· NOTE:  As a guide for the proper formation of alkene compounds, and to minimize the formation of side products, maintain the temperature of the boiling solution so that it does not exceed approximately 96(C.  You may have to adjust the Variac settings to keep in accordance with this provision

· Distillation of the solution compounds should began at approximately 90(C, at which point, between 0.5-1.0 ml of distillate should be collected

· Remove the collection vessel and extinguish the sand bath

· To the tube containing the distillate, which should now contain the desired alkene compounds, add about 20 beads of calcium chloride granules.  Allow the distillate to sit for about 10 minutes.

· NOTE:  The calcium chloride granules were allowed to stay in solution for an additional 10 minutes to allow for complete “drying,” during which, both water and the remaining trace alcoholic components of the solution are removed 

· After 10 minutes, pipette out the dehydrated solution from the calcium chloride granules and place this into a separate beaker in preparation for gas chromatography.  

· NOTE:  Take care as to exclude any and all of the calcium chloride compound, as this will interfere with chromatographic analysis of the solution components


· The second part of experiment was the actual analysis of the alkene components using gas chromatographic methods.  Your TA will guide you through this portion of the experiment, and they will handle the actual usage of the Gas Chromatography machine.

· Approximately 1.0 microliter of the “dried” sample solution believed to contain alkene compounds should be removed from your vial and injected in to the gas chromatography apparatus.  

· NOTE:  Before injecting, fill and empty the syringe several times to expel any previous material.  Also, handle the syringes with care, as they are fragile and very expensive.  Insert the needle as far as it will go into the injection port before injecting the sample

· Mark the point of injection, and measure the distance from this point to the maximum of the air peak and the maximum of the olefin peak(s).  Clearly noting the chart speed of the machine given in cm/min, convert the distance in centimeters to the time in minutes.

· NOTE:  After the sample has run through the machine, a graph should be produced containing two sharp distinct peaks that represent the two alkene components of the solution.  Compare the retention times form your chromatogram with those of the reference standards in order to identify the components of the olefin mixture.  

· Determine the area of the olefin peak(s) by triangulation as discussed in the test.  Since area is proportional to mass, calculate the relative percentages of the alkene products formed.

· Also from the printout, draw conclusions as to the relative purity of the collected sample, identifying any and all peaks that may be present.

· Determine the number of theoretical plates for each olefin peak.  Based on your calculations, explaining any discrepancies between calculated values for the number of theoretical plates.


Bromine Test and Permanganate Test

· The final component of the experiment is to conduct tests for unsaturation upon the solutions believed to contain alkene compounds.  Two tests are to be conducted in this portion of the experiment—one involving the addition of bromine in methylene chloride to the alkene solution, and the other the addition of potassium permanganate to solution.  In preparation for the experiment, obtain 4 test tubes and place in the test tube rack.

· In two of the four test tubes, add eight drops of the experimentally obtained alkene solution.  Similarly, place 8 drops of the standard 2-methyl cyclohexanol found in the hood in the remaining two test tubes.  

Bromine Test for Hydrocarbon Saturation

· Obtain from the hood a sparing amount of the dark red bromine solution in methylene chloride and add in a dropwise manner enough of the solution to impart a permanent red color using a Pasteur pipette

· NOTE:  Remember to add dropwise just so that a slight coloration is maintained without immediate dissipation.  The amount added is an important reflection of the amount of alkene actually obtained in the experiment.

· Similarly, repeat the process of dropwise addition of bromine for the standard 2-methyl cyclohexanol solution

Permanganate Test for Hydrocarbon Saturation

· Very much similar to the Bromine test, a solution of Potassium Permanganate was utilized to indicate the presence or absence of alkenes.  For this experimental procedure, however, add a few drops of the chemical compound glyme to each test tube on which KMnO4 tests are to be conducted.

· NOTE: The purpose in the addition of the glyme compound to the solution prior to the KMnO4 test for saturation the of alkene compounds in Part III is to promote the solubility of the solution components.  Potassium permanganate is by itself insoluble in organic liquids and would not be able to interact with the components of an organic solution.  In the experiment conducted, the glyme promoted the essential interaction between potassium permanganate and the alkenes formed from dehydration of alcohol
· Add the KMnO4 solution dropwise until the formation of brown precipitate is observed in the test tubes under examination.   This is a qualitative test for the presence of an alkene.


The Height Equivalent to a Theoretical Plate is the length of a column in which one simple equilibration step occurs.  The length of a column in which one simple equilibration step occurs.  The length of the column divided by the HETP is the effective number of partitions a compound undergoes in its passage through the column.  The number of theoretical plates (n) is given by the formula:


d = the distance in units of time between injection and 





       the point of elution

w = the width in units of the peak at its base

Unique to the gas chromatographic method is the ability to calculate the number of theoretical plates that each of the distillate compounds undergoes before completely eluting from the stationary oil phase.  In comparison, the number of theoretical plates is actually analogous to the fractionation column employed in the fractional distillation separation.  In gas chromatography, the molecules can undergo numerous equilibration reactions as molecules alternate from being “on” the oil to vaporizing “off”, and then getting recaptured again.  Not only do the columns used in gas chromatography have an actual absolute value for the number of theoretical plates but also the individual components corresponding to individual peaks.  Using the equation show in the Results and Calculations section the number of theoretical plate for each individual component represented by a peak.  Discrepancies in the values of theoretical plates occur because of both the individual efficiency of the gas chromatograph, and also the properties of the compound itself.  For each individual component, the values vary due to such factors such as the vaporization point and also the extent to which the components can bind to the oil stationary phase.  A clear trend in the calculation of the theoretical plates is that the molecules that “came off” last, i.e. molecules with greater retention times, had greater values for the number of theoretical plates.  The trend is expected due to the fact that the longer these molecules remain in the oil phase, the greater the number of interactions, and hence the greater number of theoretical plates.  


From the GC reading, it is also possible to perform a quantitative analysis by examining the area of the peaks on the chromatograph.  The are under a gas chromatographic peak is proportional to the moles of compound eluted.  The are of a GC peak is determined by triangulation, using the following formula:



Area = H x W(1/2)



where H = height of the peak



           W(1/2) = width of the peak at half of its height

The time required for helium to pass through the column is given directly by the position of the air peak.  Air is always injected along with the sample.

Pavia, Donald.  Organic Laboratory Techniques.  Harcourt, Brace & Co.  New York: New York.  (1998.


Dehydration of 2-Methylcyclohexanol and Gas Chromatography

Waste Containers 

#1:  Non-Halogenated Organic Waste

#2:  Halogenated Organic Waste

#3:  Aqueous Waste 

#4:  Solid Waste

Please complete the Waste Container Contents sheet as you discard each liquid waste.  All Waste Containers must be closed when not in active use.

Part 1: Dehydration of 2-Methylcyclohexanol

Step 1:
Excess phosphoric acid should be disposed of in Waste Container #1. 

Excess  2-methylcyclohexanol should be disposed of in Waste Container #1. 

Step 4: 
The residue from the distillation pot should be placed in Waste Container #1
Acetone used to clean the distillation apparatus should be placed in Waste Container #1. 

Step 5:  
The used calcium chloride drying agent should be placed in Waste Container #4. 

Part 2: Gas Chromatography

The product from Part 1 should be disposed of in Waste Container #1 after GC analysis.  

Acetone used to clean the GC syringes belongs in Waste Container #1.

Part 3: Tests for Unsaturation

Step 2: 
The dichloromethane solutions should be discarded in Waste Container #2.  

Unused bromine reagent should also be placed in Waste Container #2.

Step 3:
 The potassium permanganate solutions should be disposed of in Waste Container #3.

The initial water rinse of the potassium permanganate containing test tubes should be collected and placed  in Waste Container #3. 

Unused potassium permanganate reagent should also go into Waste Container #3. 

� EMBED Word.Picture.8  ���





	Dehydration of 2-Methylcyclohexanol and Gas Chromatography





	Experiment 7








 Procedure:
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