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Abstract: 

Quinine is a naturally occurring alkaloid that is readily extracted from the bark of the Cinchona 

tree.  It was the first chemical compound ever used to treat an infectious disease—malaria.1 Due 

to its structural complexity, organic chemists have been challenged to find efficient ways to 

synthesize pure quinine. The molecular structure of quinine contains four chiral centers which 

provide opportunity for 16 stereoisomers to exist. The development of a structured synthesis would 

open the door for biologically active analogs while also providing the chemistry community with 

reaction templates for controlling stereochemistry at chiral centers and limiting the formation of 

unwanted isomers. Additionally, since Cinchona trees are being uprooted to make way for large 

plantations2, a commercial synthesis for quinine may soon be necessary in our world’s ongoing 

fight against malaria. Our group seeks to validate the model study proposed by Stotter, Friedman, 

and Minter11 through the production of a nitrogen-free, quinine analog. Our synthesis follows a 

convergent approach thanks to a tandem aldol addition-reduction step that establishes two of the 

four chiral centers in one process. This paper focuses on the optimization and standardization of 

the synthetic procedures used to produce the precursors involved in this marquee step. 
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Introduction: 

Synthetic methodology is the study and development of methods used in chemical synthesis. The 

goal of our work is to build organic compounds of biological importance starting from 

commercially available precursors. Synthetic methods are a very important aspect of chemical 

research because they provide reaction templates for future research. Every published synthesis 

typically contains several useful manipulations. Once a synthesis is published, these reactions are 

added to the “scholastic melting pot” so that future researchers may use them to assist in other 

complex syntheses or related chemical applications. Additionally, research in organic synthesis 

opens the door for biologically active analogs. Slight manipulations in a synthetic approach can be 

made that alter a target compound. These modifications in structure lead to the production of 

analogs that can be used to generate new medicines or improve upon the efficiency of known 

treatments. Our group has worked to generate a number of new synthetic methods, and my project 

in particular makes steps towards a synthetic route to quinine. 

 

Quinine has immense biological importance and an extremely rich history. To start, quinine is a 

naturally occurring alkaloid.1 This means that it is an organic compound that is found in nature, 

contains nitrogen, and has substantial biological effects on the human body. Morphine and nicotine 

are some other well-known examples of alkaloids. Quinine is readily extracted from the bark of 

the Cinchona tree and is known to be an anti-malarial agent.1 The discovery of quinine’s medicinal 

importance was first documented in 1630 by Jesuit missionaries in South America. Native legends 

suggest that quinine was used even earlier than the 17th century in order to help those experiencing 

severe fevers.1 Originally, quinine was administered by drying the Cinchona bark, grinding it into 

powder, and mixing it into a drink (often times wine). However, in 1820, Pierre Joseph Pelletier 
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and Joseph Caventou found a method to extract and isolate pure quinine making it readily available 

as the standard way to treat malaria.1 This accomplishment marked the first ever treatment of an 

infectious disease using a chemical compound.1 Quinine remained the most commonly used 

treatment for malaria until the 1920s when more effective drugs were synthesized. However, the 

malaria parasite, Plasmodium falciparum, slowly developed resistance to newer forms of treatment 

(i.e., chloroquine). As a result, quinine began to be readministered to malaria patients by the 1980s. 

Quinine still plays a key role today in malaria management, especially in severe cases.1 

 

The structure of quinine is complex and unique—its synthesis has intrigued chemists for decades. 

Most notably, quinine contains four chiral centers occurring at C-3, C-4, C-8, and C-9. These 

stereocenters allow for the existence of 16 possible isomers.  

 

Figure 1: Absolute Stereochemistry of Quinine. 

Of all the isomers, only quinine is known to be effective at treating malaria. Therefore, the task of 

developing a stereoselective procedure capable of synthesizing pure quinine while minimizing 

unwanted structures has piqued the interest of the synthetic methodology community for decades. 

Discovering an efficient route to produce quinine provides future chemists with valuable templates 

for controlling chiral centers and minimizing unwanted stereoisomers. Additionally, as the world 

continues to industrialize, Cinchona forests are being rapidly destroyed. Peru’s national tree is the 
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Cinchona; however, it is in danger of extinction due to government neglect.2 Cinchona trees are 

becoming scarce due to the burning of large forests in order to make room for plantations.2 At the 

rate of Cinchona tree deforestation, a commercial synthesis for quinine may soon be necessary in 

the world’s ongoing fight against malaria.  

 

As I mentioned earlier, the importance behind an efficient quinine synthesis has been realized by 

more chemists outside of the Minter Group alone. The first notable contribution towards a quinine 

synthesis came from Paul Rabe. Years before Rabe began his work with quinine, Louis Pasteur 

discovered that quinine underwent isomerization when treated with acid to give d-quinotoxine.3  

 

Figure 2: Acid-Catalyzed Isomerization of Quinine to d-Quinotoxine. 

Later, Rabe set out to accomplish the exact opposite of Pasteur: generate quinine from d-

quinotoxine. He accomplished this feat through the discovery of a method that later became known 

as the “Rabe Connection.”4 However, Rabe’s work did not result in pure quinine but instead 

generated what was initially believed to be a diastereotopic mixture of quinine and quinidine.5 

Later research conducted at Colorado State University in 2008 showed that Rabe’s experiments 

actually produced two additional isomers of quinine, 9-epi-quinine and 9-epi-quinidine.6  
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Figure 3: Rabe Connection (Including All Four Isomeric Products). 

Regardless of the number of isomers that he produced, Rabe was still the first to identify quinine’s 

structure7 as well as a route to produce it from d-quinotoxine.4 Rabe’s research inspired many 

chemists to start working towards a formal quinine synthesis.  

 

Robert Woodward, a professor and researcher at Harvard University, was the next notable chemist 

to investigate quinine and was the first to publish a total synthesis for the compound. He 

accomplished this feat by creating a synthetic procedure for d-quinotoxine followed by a final step 

that utilized the Rabe Connection.8 Woodward’s procedure was originally celebrated but later 

criticized by the chemistry community for relying too heavily on past work. Also, by utilizing the 

Rabe Connection, the synthesis was not stereoselective for quinine. Therefore, we are reluctant to 

give Woodward credit for the first formal synthesis of pure quinine. Setting aside the subjective, 

Woodward’s synthesis produced quinine in an overall yield of 0.56% in 16 steps.8 Milan 

Uskokovic and Jurg Gutzwiller would later improve upon Woodward’s synthetic attempts 

benefitting from improved modes of separation and analysis. They were able to generate quinine, 

quinidine, and a mixture of 9-epi-quinine and 9-epi-quinidine in yields of 32%, 41% and 15%, 
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respectively.9 While their synthesis was still not entirely stereoselective, Uskokovic and Gutzwiller 

were able to minimize the production of two unwanted structures—an improvement over previous 

methods that resulted in four isomers in roughly equal amounts. Their synthesis achieved the 

production of quinine with an overall yield of 0.64% over 17 steps.9  

 

It was not until the year 2000 that a fully stereoselective synthesis of quinine was realized by 

Gilbert Stork. After sifting through the vast research performed by Uskokovic and Gutzwiller, 

Stork noticed that the oxidation of deoxyquinine produced 14 times more quinine than its C-9 

isomer, epiquinine.10 This was a significant observation because it allowed for stereoselectivity at 

the benzylic position if Stork could synthesize pure deoxyquinine. He uncovered a route to 

producing deoxyquinine by forming the quinuclidine ring via an SN2 reaction between N-1 and C-

6 (atoms shown in red in Figure 4).10 His method established stereoselectivity at C-8 while not 

relying on the non-selective Rabe Connection. Stork then used Uskokovic and Gutzwiller’s 

oxidation procedure, being stereoselective at C-9, as a final step in the first stereoselective 

synthesis of quinine.10 Stork’s overall yield of quinine was 0.96% achieved in 19 steps.10 

 

 

Figure 4: Final Steps in the Stork Synthesis. 
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At this point in time, all published syntheses followed a linear approach, which starts with a single 

precursor and adds structural units until the target is reached. However, the chemistry community 

constantly proves that there is more than one solution for any given problem; and in 1984, a model 

study published by Stotter et al. opened the door for a convergent synthesis in which two large 

structural units are synthesized and then connected at the end to reach the target. In the model 

study, very simple precursors with only the minimum ketone and aldehyde functionalities (3-

quinuclidinone and benzaldehyde) were used to test the chemistry of a tandem aldol addition-

reduction reaction.11  

 

Figure 5: Tandem Aldol-Reduction Step Proposed in the Model Study. 

In an actual synthesis of quinine, both quinuclidinone and benzaldehyde would be replaced with 

more complex precursors with the idea that the marquee reaction would still work to give the 

required diol. Deoxygenation of this diol at C-7 would lead to the production of quinine in theory.11 

The impact of this manipulation is that the chiral centers at C-8 and C-9 would be established with 

stereoselectivity in a one-step process.11 The model study was successful in establishing the 

connection between the quinuclidine ring and the benzylic carbon (shown above in red); however, 

the reaction was not attempted with real quinine precursors until 2018. 

 

The first attempt at a convergent synthesis for quinine came out of the Maulide Group.12 Working 

off the model study of Stotter et al., Nuno Maulide synthesized aldehyde and ketone precursors 
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that set the stage for the convergent synthesis of quinine. However, without any evidence or 

supporting data in his paper, Maulide noted that the aldol addition-reduction step “ultimately 

proved unsuccessful.”12 Maulide instead choose to proceed with the aldol addition followed by the 

formation of a methanesulfonylhydrazone derivative.12 The reduction of this derivative as a final 

step led to the production of quinine in very poor yield.  

 

Figure 6: Final Steps in the Maulide Synthesis. 

While this unique approach was successful in preventing rapid isomerization of the aldol product 

(an issue that Stotter et al. resolved via the reduction step), removal of the derivative proved to be 

much more difficult in practice. The final step in Maulide’s synthesis gave a 53% yield of pure 

quinine and an overall yield of 5.4% in 10 steps.12 This only marginally improved upon previous 

synthetic attempts, and the inefficiency of the final step gave our research team hope that the 

quinine synthesis could be further developed and optimized. Therefore, the goal of our group’s 

work is to validate the Stotter strategy using a different model system to produce 1,1'-dideaza-

quinine as shown in Figure 7.  

 

Figure 7: Quinine and 1,1’-Dideaza-Quinine. 
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We chose 1,1’-dideaza-quinine as the model for our study because the precursors necessary for the 

analog are much more readily available. Additionally, the presence of nitrogen, or lack thereof, 

should not greatly affect the reactivities of our starting materials or intermediates. For these 

reasons, we saw the analog as a suitable candidate for our research. A lot of time and effort has 

been devoted to this project from past undergraduates, graduates, and professors. If successful, our 

synthesis will produce quinine in a more efficient and cost-effective route than all previous 

syntheses. 
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Results: 
 
Total syntheses are very time-consuming projects, so I cannot emphasize enough the hard work 

that previous researchers in our group contributed prior to my taking on this project. Standing on 

the shoulders of my group, I set out to work through the synthesis from the beginning. I had little 

to no intermediates stockpiled, so I had to produce them on my own. In the past, our group had 

great success at generating results; however, the procedures left behind for me were not always 

consistent, so optimization and standardization was necessary for our methods.  

 

Synthesis of 7-methoxy-1-napthaldehyde: 

 

Conditions: (a) (1) TMSCN, cat. ZnI2, toluene, (2) pyridine, POCl3, 80 °C. (b) chloranil, 1,4-
dioxane, reflux. (c) DIBAL, CH2Cl2, 40 °C. 

 
Figure 8: Synthetic Route to 7-Methoxy-1-Napthaldehyde. 

The aldehyde necessary for our research is a known compound with several published syntheses. 

While this sounds very straightforward on paper, I ran into difficulties in practice. I began my 

work by using a past undergraduate’s procedure13 to convert the starting tetralone 1 into the nitrile 

2 through a “two reaction, one pot” experiment. This method was successful at producing the 

nitrile, but the yield was much lower than previous results due to an unexplained brown precipitate 

that formed making the workup very difficult and inefficient. In order to avoid the precipitate and 

increase my yield, I set out to find more optimal and reproducible reaction conditions. 
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Reaction Attempt Conditions Percent Yield 

1 (1) TMSCN, cat. ZnI2, toluene,  
(2) pyridine, POCl3, 130 °C.13 

 
47% 

 

2 (1) TMSCN, cat. BF3, 90 °C,  
(2) pyridine, POCl3, 120 °C.14 

 
51% 

 

3-1 TMSCN, cat. ZnI2, nitromethane.16 
63% 

(cyanohydrin 
intermediate) 

3-2 pyridine, POCl3, 120 °C. 
 

No Reaction 
 

4 (1) TMSCN, cat. TiCl4, DCM,  
(2) pyridine, POCl3, 120 °C.15 

 
34% 

 

5 (1) TMSCN, cat. ZnI2, acetonitrile. 
(2) pyridine, POCl3, 120 °C.16 

 
No Reaction 

 

6 (1) TMSCN, cat. ZnI2, toluene,  
(2) pyridine, POCl3, 80 °C. 

 
80% 

 
 

Figure 9: Attempts at the Tetralone Conversion. 
 

I slightly improved my results from the original procedure (1) by using a method cited in another 

undergraduate’s thesis from our group.14,17 Using a different catalyst, BF3, and no solvent 

prevented the formation of the unwanted precipitate. However, the amount of nitrile produced was 

only marginally improved. Yields of up to 82% had been achieved previously, so a return of only 

51% remained to be very poor results in my eyes. I believed that separating the two reactions into 

two distinct steps may potentially improve the overall yield, so I searched for a published 

procedure that would generate the cyanohydrin as a separate reaction. This route would have 

theoretically allowed me to purify the cyanohydrin before dehydrating it to generate the nitrile 2. 

I discovered a procedure16 (3-1) that produced the cyanohydrin in four days under mild conditions. 

Following this reaction with the standard dehydration reaction (3-2) resulted in a black sludge that 

was nearly impossible to separate and purify. Two more publications were found and tested. The 
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first of these procedures (4) utilized catalytic TiCl4 in dichloromethane and the second (5) used 

ZnI2 in acetonitrile. The former gave a very poor yield and the latter failed altogether. Finally, I 

returned to our group’s initial procedure and found that milder temperatures during the dehydration 

step helped limit the amount of precipitate that formed. Filtration was then used to remove the 

marginal solid that formed, and a more efficient work up was achieved. The final procedure (6) 

resulted in an 80% yield of pure nitrile 2.  

 

The second reaction in the aldehyde synthesis was an oxidation step that produced the fully 

aromatic nitrile 3. The procedure for this step was more accurately described than the first step, 

but I was still able to improve our yield from 68% to 99% by modifying the workup process. 

Instead of recrystallizing the crude product, I dissolved the aromatic nitrile in minimal DCM and 

filtered it through an alumina plug.  This avoided the problems inherent in recrystallizing very low 

melting solids in general. When using the plug for workup, it was necessary to make sure the crude 

product contained none of the starting material 2. Nitriles 2 and 3 have very similar Rf values, so 

unreacted nitrile 2 can be very difficult to remove. A fresh bottle of chloranil was used to ensure 

the reaction went to completion. Additionally, I should note that utilizing chloranil as the oxidizing 

agent in place of palladium lowered the cost of our reaction while maintaining its efficiency. This 

was an adjustment made by previous group members.13,17, 18 

 

The aldehyde 4 is relatively unstable, so I delayed the reinvestigation of this reaction in order to 

work through other steps and to stockpile intermediates. I had only one opportunity to test the 

procedure developed earlier13 and it was successful at generating the aldehyde 4. However, I 
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attempted to purify the product using column chromatography and was unable to obtain a clean 

sample. This calls for a modification to optimize for the work up for the aldehyde 4. 

 

Synthesis of 6-vinylbicyclo[2.2.2]octan-2-one: 

 

Conditions: (d) cat. AlCl3, neat. (e) 5.5 M H2SO4, 115 °C. (f) DIBAL, THF, -78 °C. (g) (1) 
MePh3Br (2.2 equivalents), n-butyllithium, THF, -78 °C, (2) PCC, CH2Cl2, 0 °C. 

 
Figure 10: Synthetic Route to 6-Vinylbicyclo[2.2.2]Octan-2-One. 

The ketone 11 was an unknown compound before this project started. Our approach began with 

an AlCl3 catalyzed Diels-Alder reaction between 1,3-cyclohexadiene 5 and methyl acrylate 6 to 

generate the ester 7. The conditions used in the past led to a rather vigorous reaction that was 

difficult to control. A former researcher warned me of an attempt when his mixture overheated in 

the closed system causing a small “burst” which resulted in a substantial loss of material. In an 

effort to avoid the problem, I used an ice bath to cool the reaction mixture during the addition of 

the catalyst and for a few hours after.  Unfortunately, this prevented the reaction from starting 

properly. The best procedure called for cooling the flask in ice while the catalyst was being added 

and then removing the ice bath after 30 minutes.  As a precaution, an ice bath was kept on hand in 

case the reaction became exothermic. Removing the ice bath at once rather than allowing the entire 

apparatus to warm gradually to room temperature was a nice way of standardizing the procedure. 

The product was purified by vacuum distillation, which represents another improvement and led 

to the generation of 7 in 67% yield—more than 20% greater than previously reported. 
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The next step—lactonization of the ester 7—was a major breakthrough in our synthesis discovered 

by a former undergraduate researcher.13 He found a publication19 describing various lactones that 

were generated when bicyclic esters reacted with acid. Using this approach allowed the conversion 

of 7 into 8 to be done in one step instead of 3 steps. This was a major improvement, but 

unfortunately the procedure as written in the research notebooks was not reproducible.   My initial 

attempts to repeat this reaction led to incomplete consumption of the starting material in some 

cases and the generation of a rearranged by-product when harsher conditions were used. 

 
Figure 11: Lactone 8 and the Rearrangement Product 

The rearranged product has properties very similar to 8 making it nearly impossible to separate. 

Therefore, a standard procedure that avoided unwanted by-products was required. The difficulty 

stemmed from an inability to monitor the progress of the reaction via TLC. The ester 7 was 

dissolved in 5.5 M H2SO4 to facilitate the reaction, but this caused streaking on the silica plates 

when the mixture was analyzed. Therefore, determining a specific reaction time and temperature 

became a trial-and-error process. The challenge was making the conditions aggressive enough for 

the lactonization to occur but not so harsh as to generate the rearrangement product. I found that 

using 5.5 M H2SO4 at a temperature below 110 °C led to unreacted starting material while 

temperatures above 115 °C caused the rearranged product to form. By ensuring that the reaction 

was heated between these temperatures, I was able to generate the lactone 8 consistently. Through 

numerous trials, the yield of this reaction ranged between 51% and 67%; but this variation was 
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probably due to inconsistencies in the recrystallization process. Prior to purification, the 13C NMR 

spectra of the crude materials were extremely pure and showed no signs of any unreacted starting 

material or rearrangement product. These yields represent improvements over the original, three-

step scheme. 

 

The reduction of lactone 8 to the lactol 9 was fairly straightforward using the method already 

reported by previous workers. The only adjustment in my experimental method was the use of 

column chromatography for purification rather than sublimation. Both purification techniques 

were effective, so either workup could be used depending on personal preference. However, when 

there were traces of the rearranged lactone in the starting material used for the reduction, column 

chromatography proved to be a more effective route since the two resulting lactols sublimed under 

the same conditions. For this reason, column chromatography worked better as my purification 

technique for this specific reaction. 

 

The final reaction in the synthesis of 11 is similar to the first step in the aldehyde scheme because 

two reactions are done without any purification in between.  

 
Figure 12: Final Steps in the Ketone Synthesis 

The first step in this process is a Wittig olefination that generates the alkene 10. In order for this 

reaction to occur, n-butyllithium is added to a suspension of methyltriphenylphosphonium bromide 

in anhydrous THF to form the Wittig reagent. Previous workers generated this reagent at -78 °C; 
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but when I attempted this, no reaction took place and only starting material was recovered. Going 

back to the literature, I discovered a procedure that produced the same Wittig reagent at room 

temperature over 4 hours.12 Once the reagent was successfully formed, the olefination reaction 

proceeded as intended to produce the alcohol 10 along with triphenylphosphine oxide. Separating 

this mixture is extremely challenging; however, the crude mixture is sufficient for the next reaction 

without purification—hence the “two reactions, one pot” method. This was an important milestone 

in my work because it corrected a major error in work of previous investigators.  

 

The final step in the synthesis of 11 is an oxidation of the alcohol 10. I did not have enough time 

to attempt this reaction. However, past researchers in our group have been able to generate the 

ketone 11 through the use of PCC in dichloromethane. A Swern oxidation, a reliable published 

method, could also be used to carry out this final step. 

 

Future Work: 

Originally, I had hoped to complete the synthesis of dideaza-quinine prior to graduation. However, 

research is not always pretty, and there is still work to be done prior to wrapping up our synthesis. 

Due to the instabilities of the aldehyde 4 and ketone 11, I delayed standardization of the final steps 

in both syntheses in order to stockpile intermediates. Therefore, the final reactions need to be 

optimized and reproduced in addition to the tandem aldol addition-reduction step. Also, the final 

diol that results from the marquee reaction requires deoxygenation at C-7 in order to generate our 

final target. Previous attempts to accomplish this step utilized the Barton-McCombie method and 

were unsuccessful. By manipulating the reaction conditions, there is still hope that the Barton 

reaction can generate the results we desire. However, if the reaction proves to be ultimately 
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unsuccessful, two procedures involving lithium metal in diethylamine and potassium complexed 

with 18-crown-6 are published deoxygenation reactions that are selective towards sterically 

hindered acetoxy groups.20 The diol that would be generated from the marquee step contains an 

exposed hydroxyl group at the benzylic position that needs protection and another hindered 

hydroxy group on the quinuclidine ring that requires removal. Given the positions and sterics of 

these hydroxy groups, the methods mentioned above appear to be perfectly suited to accomplish 

these reactions. Once all the reactions are optimized and the deoxygenation step is solved, the 

model study will be complete. Assuming that these reactions will carry over to the actual synthesis 

of quinine, this would become the most efficient and cost-effective method to prepare this 

important alkaloid.  
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Conclusion: 

The purpose of my work was to advance our group’s project of validating the Stotter concept for 

a total synthesis of quinine through the production of 1,1’-dideaza-quinine. Although the project 

is not yet complete, I was successful at defining standard, reproducible procedures for the early 

steps in our synthesis. Formal procedures for preparing these intermediates are now laid out for 

any chemist to follow. Future work requires the standardization of our marquee step in addition to 

finding an efficient process for deoxygenating the diol that forms from the tandem aldol addition-

reduction reaction. Upon completion of these tasks, trials can then be run with precursors that 

would generate pure quinine. When completed, our synthesis will provide a more efficient and 

cost-effective route for generating pure quinine than past synthetic attempts. 
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Experimental Procedures: 
 
Nitrile 2: A suspension containing 7-methoxy-1-tetralone (5.00 g) and a catalytic amount of ZnI2 

(0.20 g) was prepared in toluene (12.5 mL). Trimethylsilyl cyanide (3.90 mL) was added to the 

suspension, and the mixture stirred overnight. The next day TLC showed complete consumption 

of starting material, so the reaction was diluted with 45 mL of pyridine and 4.5 mL of POCl3, 

heated to 80 °C, and stirred an additional 9 hours (6 hours, paused overnight, 3 hours the next day). 

When 1HNMR analysis showed full conversion to our product, the reaction was dumped on 200 

mL of 3 M HCl and ice. The mixture was then extracted with ethyl acetate (3x60 mL). The 

combined organic layers were filtered, washed with 50 mL of brine, dried over Na2SO4, and 

concentrated by rotary evaporation. The resulting dark oil was passed through a silica plug using 

DCM and the collected eluent was dried and concentrated. Removal of residual solvents via high 

vacuum yielded 4.21 g (80%) of the nitrile 2. 1HNMR (400 MHz, CDCl3): 𝛿 2.51 (td, 2H), 2.81 

(t, 2H), 3.85 (s, 3H), 6.83 (dd, 1H), 6.94 (t, 1H), 7.03 (d, 1H), 7.09 (d, 1H). 

 

Nitrile 3: A solution containing the nitrile 2 (4.21 g) and chloranil (11.29 g) in 1,4-dioxane (39.3 

mL) was mixed at reflux overnight until 1HNMR analysis showed full conversion of starting 

material. The mixture was then allowed to cool before it was filtered to remove solids. The filtrate 

was concentrated by rotary evaporation, dissolved in minimal DCM, and run through an alumina 

plug. The collected solution was again concentrated by rotary evaporation and dried via high 

vacuum to yield 4.16 g (99%) of the nitrile 3. 1HNMR (400 MHz, CDCl3): 𝛿 4.02 (s, 3H), 7.28 

(dd, 1H), 7.40 (dd, 1H), 7.49 (dd, 1H), 7.84 (d, 1H), 7.89 (dd, 1H), 8.02 (d, 1H). 
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Aldehyde 4: The nitrile 3 (0.25 g) was dissolved in dichloromethane (7.5 mL) and stirred at 0 °C 

as DIBAL (3.0 mL) was added over 4 minutes. After the addition, the reaction was taken out of its 

ice bath and was allowed to warm to room temperature. The mixture was then stirred for 2 hours 

at 40 °C. Acetone was added to quench the reaction and the resulting mixture continued to stir at 

40 °C for an additional 30 minutes. At this time, Rochelle’s salt (1.7 g) was added followed by 

H2O (10 mL) and ethyl acetate (10 mL). The resulting mixture was stirred vigorously overnight 

before being separated. The aqueous layer was extracted with ethyl acetate (2x10 mL) and the 

organic layers were combined. The resulting mixture was washed with brine (10 mL), dried over 

Na2SO4, and concentrated by rotary evaporation. (Purification was attempted using column 

chromatography with silica gel, 11:1 hexane/ethyl acetate. Results were messy so modifications 

in the work up for this step may still need to be made). 1HNMR (400 MHz, CDCl3): 𝛿 4.03 (s, 

3H), 7.27 (dd, 1H), 7.52 (dd, 1H), 7.84 (d, 1H), 7.98 (d, 1H), 8.05 (d, 1H), 8.79 (d, 1H), 10.35 (s, 

1H). 

 

Ester 7: 1,3-cyclohexadiene (9.90 g) and (distilled) methyl acrylate (21.3 mL) were mixed at 0 °C 

while a catalytic amount of AlCl3 (0.50 g) was added in portions. After 30 minutes, the ice bath 

was removed, and the reaction began to warm up. Stirring overnight, the diene was fully consumed. 

The reaction was then quenched by adding minimal water dropwise until a color change was 

observed. The solution was filtered to remove the polymer that formed, and the flask was rinsed 

with ethyl ether. The collected filtrate was concentrated by rotary evaporation and purified through 

vacuum distillation. This produced 13.8 g (67%) of the ester 7. 13CNMR (400 MHz, CDCl3): 𝛿 

24.4, 25.4, 29.4, 29.8, 32.4, 42.7, 51.7, 131.4, 135.2, 176.0. 
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Lactone 8: The Diels-Alder product 7 (6.10 g) was dissolved in 5.5 M H2SO4 (117.1 mL) before 

being placed in a heat bath. The solution stirred for 3 hours while the temperature was closely 

monitored always remaining between 110 °C and 115 °C. When TLC showed full consumption of 

starting material, the mixture was dumped on ice and extracted with chloroform (3x50 mL). The 

combined organic layers were dried using Na2SO4 and concentrated by rotary evaporation. The 

resulting solid was recrystallized in cyclohexane producing 2.84 g (51%) of the lactone 8. 13CNMR 

(400 MHz, CDCl3): 𝛿 15.7, 23.5, 26.1, 27.6, 33.2, 34.4, 37.4, 78.6, 181.5. 

 

Lactol 9: The lactone 8 (3.72 g) was dissolved in dry THF (73.4 mL) and cooled to -78 °C before 

1 M DIBAL in heptane (29.4 mL) was added dropwise over 3 minutes. The mixture was stirred 

for 90 minutes before being quenched with acetone (4 mL). The resulting mixture was taken out 

of its dry ice bath and stirred for an additional 30 minutes. Rochelle’s salt (13.05 g) was then added 

followed by water (65 mL) and ethyl ether (65 mL) and the mixture was stirred vigorously 

overnight. The mixture was then separated, and the aqueous layer was extracted with ethyl ether 

(2x30 mL). The combined organic layers were dried with Na2SO4, concentrated by rotary 

evaporation, and purified via column chromatography (silica; hexane/ethyl acetate 3:1). The 

fractions that contained product were combined, concentrated by rotary evaporation, and placed 

on the high vacuum to give 3.20 g (85%) of the lactol 9. 13CNMR (400 MHz, CDCl3): 𝛿 15.4, 

22.7, 26.8, 30.1, 31.4, 36.5, 40.9, 76.7, 104.2.  
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Alkene 10: A suspension of methyltriphenylphosphonium bromide (2.55 g) was prepared in 

anhydrous THF (16.9 mL), and n-butyllithium in hexane (2.9 mL) was added over 8 minutes. At 

this time the suspension turned orange and warmed up. The resulting mixture stirred at room 

temperature for 4 hours to establish the Wittig reagent. The lactol 9 (0.52 g) dissolved in minimal 

anhydrous THF was then added over 8 minutes and stirred overnight. Saturated NH4Cl (25 mL) 

and ethyl acetate (10 mL) were then added, and the resulting mixture was separated. The aqueous 

layer was extracted with ethyl acetate (2x15 mL), and the combined organic layers were dried and 

concentrated by rotary evaporation. This resulted in a crude mixture of the desired alkene 10 and 

triphenylphosphine oxide suitable for the next step in the synthesis. 13CNMR (400 MHz, CDCl3): 

𝛿 23.5, 24.8, 25.2, 31.5, 37.8, 38.3, 38.5, 71.3, 112.3, 146.2. 
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