
 

 

ABSTRACT 

 

Monomerization and Cyclization of Terpene-based Molecules for use in Separation of 

Right- and Left-Handed Enantiomers by Gas Chromatography 

 

Austin James Weynand 

 

Director: Charles M. Garner, PhD. 

 

 

In this study, the terpene-based compounds α-pinene and β-pinene were 

manipulated to contain both epoxide and alcohol functional groups such that they could 

cyclize into barrel-shaped oligomers. The purpose was to see whether or not a more 

useful alternative to cyclodextrins could be synthesized for use in separation of right-

handed from left-handed enantiomers by gas chromatography with a chiral stationary 

phase. Extensive synthetic procedures were devised to create the monomers, and attempts 

were made to cyclize them by varying the solvent used in the cyclization reaction, the 

metal used for its nucleophilic ability and the “template effect,” and method of heating. 

High-resolution mass spectrometry was used to analyze potential oligomers after 

cyclization, and encouraging results were obtained. 
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PREFACE 

 

 

Of all my endeavors since attending Baylor, pursuing research in chemistry has 

perhaps been one of the most – if not the most – formative in terms of my ability and 

confidence to succeed. Experiences through SIGHT, the American Medical Student 

Association and other organizations have helped develop my skills as a leader, and 

volunteering with those in need has changed the way I view the world, but the raw 

challenges of writing this thesis and the work that built up to it have proved to be among 

the most difficult of adventures. Facing the threat of failure in the form of incomplete 

reactions or incorrect hypotheses has demonstrated to me the inherently tricky nature of 

synthesis-based research. Despite this intimidation, I have found chemistry research to be 

a wonderful activity filled with color, surprises and excitement, and I recommend getting 

involved to any undergraduate who may be interested. The world needs not just chemists, 

but biologists, physicists, engineers, psychologists – as well as poets, historians, artists, 

social scientists, and more. I believe there is simply no better way to get a head start on 

contributing to one of those worlds of work than getting involved early, and the friendly 

yet intensive research environment at Baylor provides just such opportunities. When you 

read a novel and find yourself enraptured in its themes, or watch a physician translate his 

vaccine to the public and become fascinated, take note. Passions can be difficult to 

ascertain. Take advantage of what drives you crazy as soon as it begins to, and get 

involved.  
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Abbreviations and Acronyms 

GC Gas Chromatography 

CD Cyclodextrin 

NaH Sodium Hydride 

KH Potassium Hydride 

Rb Rubidium 

DMF Dimethylformamide 

DMSO Dimethyl sulfoxide 

ACN Acetonitrile 

DMPU 1,3-Dimethyl-3,4,5,6-tetrahydro-2-

pyrimidinone 

NMP N-Methyl-2-pyrrolidone 

G Grams 

Mg Milligrams 

Mmol Millimoles 

Equiv. Equivalents 
13C NMR Carbon nuclear magnetic resonance 
1H NMR Proton nuclear magnetic resonance 

HRMS High-resolution mass spectrometry 

TLC Thin-layer chromatography 

Min Minutes 

Hr Hours 

Tmax Maximum temperature 

mCPBA Meta-Chloroperoxybenzoic acid 

TMEDA Tetramethylethylenediamine 

TPP Tetraphenylporphyrin 

DCM Dichloromethane 

 

 

Table 1: List of abbreviations and acronyms
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CHAPTER ONE 

 

Background Information 

 

 

When Archer Martin and Anthony James presented modern gas chromatography to the 

world in the mid-1900s, for which the former won the Nobel Prize in Chemistry in 1952, 

researchers’ ability to separate and analyze volatile compounds improved significantly.1 

Chemists found they could easily separate organic molecules, and word spread quickly of 

the efficacy of gas chromatography. 

The essential function of gas chromatography (GC) is to separate organic compounds 

based on differences in their volatilities. Analytes are first injected into the GC and 

vaporized within the injection port, and helium, used commonly for its ability as an inert 

carrier gas, transports the analytes through a GC column. A capillary column, through 

which analytes are shuffled, typically has a length of 30 meters and a width of 0.25 mm, 

and can be coated internally with a liquid stationary phase composed of a high-boiling 

polymer.2 There is a trade-off due to the proportional relationship between column length 

and retention time, and similarly with the inverse relationship between the flow rate and 

broadness of peaks on the GC spectrum. As analytes progress through the column, those 

with higher boiling points will spend more time on the liquid stationary phase, and those 

with lower boiling points will spend more time in the mobile gas phase. The results 

obtained consist of sharp peaks on an intensity-vs.-time chromatogram in which each 
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peak represents an analyte. In a gas chromatography-mass spectrometry system, those 

‘peaks’ can be further explored and divided into the various masses of the compound’s 

fragments. The stationary phase, therefore, performs an important function through its 

interactions with analytes of differing volatilities. 

Chiral gas chromatography is an area of chemical analysis that involves the separation of 

enantiomers, or compounds that are non-superimposable mirror images of one another. 

The stationary phase is especially important in chiral GC because enantiomers have 

identical boiling points and thus prove more challenging to separate. Cyclodextrins 

(CDs), which are barrel-shaped oligomers with a hydrophobic central cavity, commonly 

serve as the stationary phase in separating enantiomers (the “chiral selector”).3 A good 

analogy is imagining how a left-handed baseball glove fits a left hand better than it does a 

right hand. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Structure of β-cyclodextrin (7 glucopyranoside units)4 
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Figure 2: 3-D representation of three most common CDs5 

 

 

Cyclodextrins were serendipitously discovered by the French chemist Antoine Villiers in 

1891.6 He characterized them as isomers of starch which were almost insoluble in water 

yet soluble in alcohol, nonfermentable, and acid resistant. They are naturally synthesized 

from starch through the process of degradation and cyclization.7 Though he recognized 

their differing qualities from other known saccharides, Villiers did not pursue further 

research, and it would not be until the 1980s that their utility as chiral selectors would 

become widely acknowledged. This efficacy is due in part to the primary and secondary 

alcohol groups that line the upper and lower edges of the cavity (Figure 2), forming a 

selective, bucket-shaped structure from 6-8 sugar molecules. The cavity width of β-

cyclodextrin, a more commonly-used specific CD with seven monomeric units, measures 

6.0 Å (.60 nm) to 6.5 Å (.65 nm) across. Figure 3 lists some detailed properties of the 

three common cyclodextrins, as well as the important cavity size information.8  



 

4 

 

 

Figure 3: Properties of cyclodextrins 

 

 

Their importance cannot be understated as chiral GC is vital in fields such as 

pharmacology and medicine. Many biomedical compounds are enantiomeric, one of 

which is biologically active and the other being inert or harmful, and chiral GC serves to 

test (rather than prepare) these products for the presence of the active enantiomer of the 

drug and the absence of the harmful one. Methamphetamine, for example, is a chiral 

compound that must be differentiated with a high degree of accuracy since D-

methamphetamine (dextromethamphetamine) is the common street drug, but L-

methamphetamine (levomethamphetamine) has several legal medical uses.9 Figure 4 

displays the separation of the methamphetamine enantiomers. 
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Figure 4: Separation of the methamphetamine enantiomers 

 

 

Additionally, the ability to separate such enantiomers is a rare property in chemistry and 

the different cyclodextrins have been used for this purpose for decades. 

There are two notable limitations to CDs as used in chiral GC, and they serve as the 

primary impetus for the investigation carried out in this study. 

1. The maximum temperature (Tmax) that CDs can withstand is significantly lower 

than the Tmax of many achiral liquid stationary phases in GC. For example, a GC 

column coated with polysiloxane stationary phases can withstand temperatures of 

300°C or more, yet one coated with a CD cannot exceed a temperature of 

approximately 230°C without decomposition.10,11 This lower Tmax results in (a) a 

slower analysis time and (b) broader chromatogram peaks compared to those of 

non-chiral columns. 

2. The central cavity of a CD binds somewhat too tightly to analytes in chiral GC, 

which results in broader peaks on the GC intensity-vs.-time chromatogram and 

thus poorer resolution of compounds and separation. Figure 5 demonstrates this 

Figure 1: Chiral GC separation of D and L methamphetamines.
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issue by graphing the chromatogram of analytes processed on a CD-coated chiral 

GC column.12 The peaks of the analytes featured have a base width of 10-20 

seconds, which is notably greater than the 5 second or less expected peak width of 

analytes on a non-chiral GC chromatogram. 

The combined effect of these two limitations is that larger molecules can be analyzed 

both faster and at a higher temperature, with better resolution, by non-chiral GC than by 

chiral GC. Our research thus focuses on developing another barrel-shaped oligomer other 

than CDs that can potentially remedy one or both of these issues by serving as a more 

effective chiral stationary phase. 

 

 

Figure 5: Separation of several analytes on a CD-coated chiral GC column12 
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CHAPTER TWO 

 

Preparation and Cyclization of Substrates 

 

 

Preparation 

 

 

Terpenes are a broad category of naturally-occurring organic molecules, many of which 

are commonly found in plant life.13 Different terpenes bear a variety of functional groups 

or can be manipulated through organic synthesis to contain them. Alpha-pinene and beta-

pinene (α-pinene and β-pinene) are the two structural isomers of such a compound and 

are found in nature as bicyclic monoterpenes.14,15 They are easily obtainable and 

inexpensive, and contain alkene groups that can be manipulated through chemistry to 

host the useful alcohol and epoxide functional groups desired for cyclization; Figure 6 

illustrates these molecules. Products cyclized from these would contain fewer oxygen 

atoms than CDs. Additionally, there is evidence in the literature that some cyclic 

polyethers (derived from crown ethers) can withstand a Tmax of 300°C as the GC chiral 

stationary phase, which makes terpene-based oligomers promising.16 The relatively 

hydrophobic monomeric units that would be derived from the pinenes could also help to 

reduce excessive retention of analytes in the central cavity by lowering its polarity. This 

may allow for sharper peaks and therefore better separation in the resulting 

chromatogram. 
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Figure 6: The different isomers of pinene: (+)-alpha, (-)-alpha, (+)-beta, (-)-beta 

 

 

Previous work in the literature has considered the synthesis of cyclic polyethers in the 

context of chiral GC.16-21 Many of these studies focus on synthesizing derivatives of 

crown ethers, which are commonly cyclic oligomers composed of many repeating 

ethyleneoxy groups (-CH2CH2O-), discovered in 1967 by DuPont chemist Charles 

Pedersen while trying to develop a complexing agent for divalent cations.17 This research 

has primarily been conducted within the last two decades, and the cyclic polyethers in 

question, such as phenolic pseudo-chiral crown ethers, have been used to separate 

racemic primary amines.18,19  Examples of separation of racemic esters, n-alcohols, 

haloalcohols, and even aromatic compounds exist in the literature as well.16,20,21 

However, there is no evidence in the literature of cyclization attempts of terpene-based 

products or terpene polymers in general, revealing an interesting path of research that 

might remedy the aforementioned shortcomings of CD chiral stationary phases. We 

believe that the six-membered ring in each terpene-based monomeric unit would lend 

itself to its overall similarity to a cyclodextrin and could therefore separate a wider 

variety of analytes than the crown ethers in past literature. 
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The first monomeric unit we synthesized from α-pinene using a known procedure in 

which the terpene is irradiated with light in the presence of the photosensitizer 

tetraphenylporphyrin (TPP) under oxygen atmosphere.22 This allows photooxygenation 

of the terpene as seen in Figure 10. Next, the intermediate allylic hydroperoxide is 

converted to the epoxy alcohol using a catalytic amount of titanium tetraisopropoxide to 

ensure intramolecular epoxidation of the C=C bond. Alcohol anions of this monomer, 

formed by treatment with base to remove the -OH proton, are not expected to react with 

its own epoxide carbon (marked with an asterisk in Figure 10) because it cannot reach 

the C-O bond ~180° away. This was verified by earlier experiments in the Garner lab and 

indicates that the monomer will react with others and not itself, forming either a ring or 

linear chain of repetitive α-pinene monomeric units. 

The second monomer was formed from β-pinene and contains a primary rather than a 

secondary hydroxyl group with the hopes that it could better react with the epoxide 

carbons of other monomeric units. Following a procedure from a Garner lab publication, 

n-butyllithium was used to extract an allylic hydrogen atom from the secondary carbon as 

seen in Figure 11.23 Tetramethylethylenediamine (TMEDA), which functions to 

coordinate the lithium from n-BuLi for metalations, was dried using a method from 

Beilstein.24,25 We decided to synthesize magnesium bromide from dibromoethane and 

magnesium metal such that it would react with the exposed carbanion (with coordinated 

lithium ion) and form a Grignard reagent, RMgBr, with β-pinene as the R-group. 

Paraformaldehyde, a carcinogenic polymer of formaldehyde, reacted with our β-pinene 

Grignard reagent to form a compound we called “trans-isonopol”. “Trans-isonopol” is a 

β-pinene derivative with a primary alcohol attached successfully to the allylic secondary 
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carbon (Figure 11) in ~90% abundance but which has not been epoxidized yet. 

Epoxidation itself was to be attempted through two reactions: One simply using meta-

chloroperoxybenzoic acid (mCPBA), a well-known oxidant of alkenes; and another using 

saturated aqueous Oxone, saturated aqueous sodium bicarbonate, and dichloromethane.26 

As per Figure 7, the two monomers will be referred to as epoxy alcohol X (from α-

pinene) and epoxy alcohol Y (from β-pinene). 

 

 

 

 

Figure 7: Epoxy alcohol X from (+)-α-pinene (left); Epoxy alcohol Y from (-)-β-pinene 

(right) 

 

 

Given that there is very little expected intramolecular interaction (as mentioned in 

Chapter 1), with the most optimized reaction conditions the monomer should either 

cyclize to give something of a CD analogue or form a linear chain of itself. Figure 8 

depicts 3-D renditions (Chem3D) of three of these potential oligomers – a cyclic trimer, a 

cyclic tetramer, and a linear hexamer. In particular, the cyclic tetramer shows an optimal 

central cavity (red is oxygen, gray is carbon), which is favorably similar to that of a CD 

used for chiral GC. We measured the cavity width at 3.6 Å (.36 nm) or 4.9 Å (.49 nm) 

depending on which two oxygen atoms are used for width. Based on information from 
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Figure 3, a theoretical cyclodextrin of four monomeric units would therefore have a 

cavity width correlating to a similar size as we calculated for our synthesized tetramer. 

 

(1)       (2)     (3) 

Figure 8: 3-D rendering of (1) a cyclic trimer, (2) a cyclic tetramer, and (3) a linear 

hexamer 

 

 

The deprotonated hydroxide of one molecule was expected to react with the epoxide 

carbon of another, yielding cyclic polyethers with either three or four carbons between 

each unit. Additionally, any remaining hydroxyl groups should be capped via methylation 

to ensure effective chromatography. In general, the cyclization attempts in this study 

depended on the variation of five factors: Type of base used, type of solvent, 

concentration of monomer, type and amount of heating/ultrasonication, and application of 

the “template effect.” 

1. Type of base to catalyze the reaction. The first step in our cyclization procedure 

involves deprotonating the hydroxyl groups of either epoxy alcohol X or Y. 

Sodium hydride and potassium hydride were the primary sources of base, which 

were to be extracted from oil by repeated washing with hexanes under inert gas 
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(N2). Rubidium metal was also obtained and used under completely inert 

conditions, as we wanted to test its “template effect” and its higher reactivity 

compared to NaH or KH. Excess base was used (1.3 equivalents to 1 equivalent of 

monomer) so that remaining base as the nucleophile could keep the epoxides open 

to complete methylation. 

2. Type of solvent. Given that these cyclizations are a type of SN2 reaction, polar, 

aprotic solvents are desired to encourage reaction because protic solvents will 

hydrogen bond to the nucleophile.27 THF was used in prior experiments in the 

Garner lab but proved ineffective, so DMSO and ACN, as well as the less reactive 

DMPU and NMP, were to be used. Additionally, DMF was considered, but 

previous experiments revealed that the solvent is not inert and can transfer formyl 

group to an alcohol oxygen. Nominally anhydrous DMF was used in one attempt 

and dry DMF in another. 

3. Concentration of monomer. This was maintained at about 200 mg of monomer in 

5 mL of solvent for each reaction, but with future study this variable would be 

important to test. It is generally known in the study of oligomerization reactions 

that lower concentrations of monomer favor cyclization, while higher 

concentrations favor linear products. 

4. Type and amount of heating/agitation. Since alkoxide/epoxide reactions progress 

relatively slowly, ultrasonication was used in every reaction over at least 18 hours 

to increase the reaction rate. In future study, heating the reaction with a 

microwave or hot plate with an oil bath should be considered. 
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5. Application of the “template effect.”28 This effect explains that ions which 

compounds of a cyclic nature can bind to can help that cyclic structure to form in 

the first place. In the synthesis of crown ethers, the template effect is 

demonstrated as metal ions like potassium can work to cyclize compounds into 

polyethers. It is possible, therefore, that the sodium, potassium and/or rubidium 

metal helped monomers X and Y form around them into cyclic oligomers. 

Another step is required after the cyclization reaction, and that is the methylation of any 

remaining oxygen anions from cleaved epoxides. Methyl iodide (or iodomethane) was to 

be used for this capping, and subsequent addition of ammonium hydroxide would react 

with any excess methyl iodide prior to the workup. 

These factors can be visualized in Figure 9, a hypothetical reaction of epoxy alcohol X. 

Though the figure shows a cyclic heptamer, we envision many potential products, 

ranging from linear or cyclic dimers to octamers. The crude products of these 

oligomerization attempts were to be analyzed with High-Resolution Mass Spectrometry 

(HRMS) for the presence of any of these larger molecules. Table 2 lists the molecules 

that were searched for during HRMS analysis. 
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Figure 9: Theorized possible result of oligomerization reaction. Note: Many other cyclic 

and linear molecules are possible 

 

 
Monomer Monomer + H+ Monomer + Na+ 

C11H18O2 C11H19O2 C11H18O2Na 

182.1307 183.1380 205.1199 

Dimer Dimer + H+ Dimer + Na+ 

C22H36O4 C22H37O4 C22H36O4Na 

364.2614 365.2686 387.2506 

Trimer Trimer + H+ Trimer + Na+ 

C33H54O6 C33H55O6 C33H54O6Na 

546.3920 547.3993 569.3813 

Tetramer Tetramer + H+ Tetramer + Na+ 

C44H72O8 C44H73O8 C44H72O8Na 

728.5227 729.5300 751.5119 

Pentamer Pentamer + H+ Pentamer + Na+ 

C55H90O10 C55H91O10 C55H90O10Na 

910.6534 911.6607 933.6426 

Hexamer Hexamer + H+ Hexamer + Na+ 

C66H108O12 C66H109O12 C66H208O12Na 

1092.7841 1093.7914 1115.7733 

Heptamer Heptamer + H+ Heptamer + Na+ 

C77H126O14 C77H127O14 C77H126O14Na 

1274.9148 1275.9220 1297.9040 

Octamer Octamer + H+ Octamer + Na+ 

C88H144O16 C88H145O16 C88H144O16Na 

1457.0454 1458.0527 1480.0347 

 
Table 2: Catalog of potential oligomers searched for with HRMS 
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CHAPTER THREE 

 

Experimental Methods 

 

 

Substrate Preparation 

 

  

 

 

 

 

Figure 10: Synthesis of epoxy alcohol X from α-pinene22 

 

 

Preparation of epoxy alcohol X from (+)-α-pinene (Figure 10)22 

 

 

(+)-α-Pinene (5.0 mL, 31.5 mmol; 1 equiv.), tetraphenylporphyrin (41 mg, 0.067 mmol; 

0.002 equiv.), and dichloromethane (50 mL) were added to a reaction container with a 

tube connected to oxygen gas. The apparatus was lowered into an insulator filled with ice 

water (H2O) and the top was secured with an O-ring beneath a glass plate and halogen 

lamp projecting light onto the reaction. The mixture was allowed to react for 4 hrs under 
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O2 gas and lamplight while stirring. An 1H NMR sample was then taken from the reaction 

mixture and completion was confirmed by loss of the -pinene vinyl H signal (5.2 ppm) 

as would be expected in Figure 10. The ice water was removed and replaced with room 

temperature acetone (200 mL), and dry ice (CO2) was added to cool the apparatus to 

below 0°C. When the reaction mixture reached -50°C, titanium isopropoxide (1.8 mL, 

6.08 mmol; 0.19 equiv.) was added via syringe. After the apparatus had warmed naturally 

to -20°C, cold acetone was replaced with room temperature acetone. For the workup, 

hexanes (3.5 mL) and deionized H2O (35 mL) were added and the reaction mixture was 

transferred to a separatory funnel and capped. The separatory funnel containing the 

mixture was agitated 5 times and any resultant gas evolution was allowed to escape. After 

addition of brine (saturated aqueous NaCl, 20 mL), the mixture was separated into 

organic and aqueous layers and Na2SO4 (15-20 mL) was added to the organic phase and 

allowed to stand for 70 min. The organic layer was filtered through Celite® by vacuum 

filtration. The solvent was then removed by rotary evaporation and the crude product was 

dried via pump vacuum to constant weight (2.91 g; 54.9% of the theoretical yield of 5.30 

g). 1H NMR as well as thin-layer chromatography (5% ethyl acetate in toluene; Rf value 

= 0.3) confirmed the presence of the epoxy alcohol X, and column chromatography in a 

1000 mL column was used to isolate the pure monomer product (5% ethyl acetate in 

toluene). The pure fractions were combined, and the solvent was removed by rotary 

evaporation. The pure product was then put under pump vacuum and dried to constant 

weight (1.68 g). 

1H NMR (CDCl3, 151 MHz) δ 0.87 (3H, s), 1.30 (3H, s), 1.56 (1H, t, J = 5.5 Hz), 1.95 

(1H, d, J = 10.2 Hz), 1.97 (1H, m), 2.03 (1H, m), 2.24 (1H, ddtd, J = 14.4 Hz, 7.5 Hz, 2.0 
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Hz, 0.9 Hz), 2.30 (1H, dtd, J = 10.1 Hz, 5.9 Hz, 2.0 Hz), 2.54 (1H, s), 2.80 (1H, d, J = 4.8 

Hz), 2.97 (1H, d, J = 4.7 Hz), 3.91 (1H, d, J = 7.7 Hz) (Figure 19) 

13C NMR (CDCl3, 151 MHz) δ 21.5, 25.9, 26.0, 33.4, 39.9, 41.3, 47.7, 57.0, 64.5, 66.0 

(Figure 20) 

This synthesis method was repeated as necessary to ensure enough monomer was 

available, with similar or higher yields. 

 

 

 

Figure 11: Synthesis of epoxy alcohol Y from (-)-β-pinene. Epoxidation methods (1) and 

(2) described below. Percentages represent relative abundance of regioisomers. 
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Preparation of 1°-alcohol from S-(-)-β-pinene (Figure 11)23 

 

 

Prior to the reaction, tetramethylethylenediamine (TMEDA; 101 mL) and sodium metal 

(4.36 g, 25 mm x 5 mm x 20 mm block) that had been rinsed from oil with hexanes (~25 

mL) were added to a 250 mL round-bottom flask.24,25 A distillation apparatus was added 

to the flask and the system was put under inert gas (N2). The apparatus was lowered into 

an oil bath and the TMEDA was allowed to distill (boiling point = 120°C) into a separate 

250 mL round-bottom flask as the sodium metal was used up. The prepared TMEDA was 

translucent in appearance. 

Additionally, paraformaldehyde (5.6 g) was dried in advance by being weighed into a 15 

mL test tube and laid horizontally into an Abderhalden’s drying pistol. Phosphorus 

pentoxide (~15 g) was added to the drying chamber and the paraformaldehyde was 

allowed to dry under house vacuum for several days. 

S-(-)-β-pinene (10 mL, 64.0 mmol; 1 equiv.) was added to a 250 mL round-bottom flask 

and put under inert atmosphere (N2). N-Butyllithium (25 mL, 70 mmol; 1.1 equiv.) was 

carefully added in two 12.5 mL portions. TMEDA (10 mL, 67 mmol; 1.1 equiv.) that had 

been put under inert gas was then added via syringe and the reaction mixture was allowed 

to stir overnight. Upon mixing of all three components the reaction turned a rich orange 

color which continued to darken. 
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Figure 12: Synthesis of Grignard reagent from dibromoethane 

 

 

Magnesium bromide etherate was synthesized (Figure 12) by adding magnesium metal 

(1.7 g, 70.0 mmol; 1.1 equiv.) and diethyl ether (50 mL; slowly via syringe) to a three-

necked 250 mL round-bottom flask that had been flame-dried with a Bunsen burner and 

put under inert gas (N2) with a reflux condenser attached to the middle neck. The mixture 

was allowed to stir as dibromoethane (6 mL, 69.6 mmol; 1 equiv.) was added dropwise to 

the apparatus under inert gas by injecting it through a septum with a syringe. After all gas 

had evolved, the aforementioned reaction mixture from the β-pinene, n-butyllithium, and 

TMEDA was added carefully to the three-necked flask by cannula. Dried 

paraformaldehyde (2.96 g) was added to a flame-bent glass tube and fitted quickly into 

one of the necks of the three-necked flask, and the apparatus was placed in a bath 

composed of room temperature acetone (~200 mL) and dry ice (CO2), cooled to -20°C to 

limit the development of the minor diastereomer. The acetone and dry ice bath was 

replaced with ice water at 0°C and the apparatus was covered with tin foil. A Bunsen 

burner was used to gradually vaporize the paraformaldehyde for 1 hr, which sublimed 

and deposited into the reaction chamber. A small but unknown amount of 

paraformaldehyde was lost when some deposited in the reflux condenser. 
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For the workup, deionized water (170 mL) that had been saturated with copper (II) 

sulfate pentahydrate (CuSO4 • 5H2O; 16.7 g) was added to the reaction apparatus, which 

was removed from the inert gas supply. The Cu•TMEDA precipitate was filtered off, and 

the remaining mixture was transferred to a 500 mL separatory funnel. The organic layer 

was then filtered into an Erlenmeyer flask, and Na2SO4 (copious amts) was added to dry 

the solution overnight. Next, the dried organic layer was filtered through a fritted funnel 

under house vacuum and the solvent was removed by rotary evaporation. The crude 

product was then purified by column chromatography (20% ethyl acetate in hexanes) and 

solvent was removed from the pure fractions by rotary evaporation. The purity of the 

desired diastereomer (Figure 13) was confirmed by thin-layer chromatography (15% 

ethyl acetate in hexanes) and 1H NMR. 

 

 

 

Figure 13: Synthesis of epoxy 1°-alcohol Y from previously synthesized 1°-alcohol β-

pinene (“trans-isonopol”) 
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Preparation of epoxy 1°-alcohol Y from previously synthesized 1°-alcohol β-pinene 

using mCPBA method (Figure 13) 

 

 

Pure 1°-alcohol from β-pinene, or “trans-isonopol” (142.5 mg, 0.86 mmol; 1 equiv.), 

mCPBA (252 mg, 1.46 mmol; 1.2 equiv.), dichloromethane (5.3 mL), and NaHCO3 (72.5 

mg, 0.863 mmol; 1 equiv.) were added to a 25 mL pear flask which was put under inert 

atmosphere (N2) and allowed to stir. The reaction ran for three days, and thin-layer 

chromatography (20% ethyl acetate in hexanes) confirmed its completion by revealing 

the depletion of 1°-alcohol β-pinene and the appearance of the desired epoxy 1°-alcohol. 

A solution of sodium thiosulfate pentahydrate (Na2S2O3 • 5H2O) was prepared by mixing 

sodium thiosulfate (~315 mg) and water (6 mL), and the reaction was added to the 

solution via syringe. The organic layer was removed and dried with Na2SO4 (~10 mL), 

and solvent was removed by rotary evaporation. The crude product was put on pump 

vacuum and dried to constant weight. No purification was attempted due to the presence 

of many impure products in 1H NMR analysis. 

 

 

Figure 14: Synthesis of epoxy 1°-alcohol Y from previously synthesized 1°-alcohol β-

pinene (“trans-isonopol”)26 
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Preparation of epoxy 1°-alcohol Y from previously synthesized 1°-alcohol β-pinene 

using Oxone reaction method (Figure 14)26 

 

 

A saturated solution of NaHCO3 in deionized water (50 mL), dichloromethane (30 mL), 

acetone (3 mL), and pure 1°-alcohol from β-pinene (1.01 g, 6.05 mmol; 1 equiv.) were 

added to a 250 mL round-bottom flask which was then sealed with a septum, placed in an 

ice bath at 0°C and allowed to stir. A solution of Oxone (7.44 g, 12.1 mmol; 2 equiv.) in 

deionized water (35 mL) was added to the apparatus via syringe at a rate of 144 mL/hr 

using a syringe pump for 15 min. The reaction was then allowed to stir at 0°C for 30 min 

and then for 24 hr at room temperature. Thin-layer chromatography (25% ethyl acetate in 

hexanes eluent) confirmed the presence of crude epoxy 1°-alcohol Y and the depletion of 

1°-alcohol β-pinene in the organic layer. The organic layer was then dried with Na2SO4 

(copious amts) and filtered through a fritted filter under house vacuum. Solvent was 

removed by rotary evaporation. The crude product was then purified by radial 

chromatography (25% ethyl acetate in hexanes eluent), and solvent was removed from 

the pure fractions by rotary evaporation. The pure product was put on pump vacuum and 

dried to constant weight (317 mg). 

1H NMR (CDCl3, 151 MHz) δ 0.97 (3H, s), 1.26 (3H, s), 1.44 (1H, d, J = 10.6 Hz), 1.47 

(1H, t, J = 5.5 Hz), 1.52 (1H, dt, J = 13.8 Hz, 3.9 Hz), 2.10 (1H, sept, J = 2.9 Hz), 2.08 

(1H, ddt, J = 13.6 Hz, 11.1 Hz, 2.4 Hz), 2.31 (1H, dtd, J = 10.4 Hz, 6.0 Hz, 2.0 Hz), 2.44 

(1H, ddt, J = 10.7 Hz, 8.7 Hz, 4.3 Hz), 2.66 (1H, d, J = 4.5 Hz), 2.85 (1H, d, J = 4.5 Hz), 

3.06 (1H, dd, J = 8.8 Hz, 4.7 Hz), 3.45 (1H, ddd, J = 11.7 Hz, 8.8 Hz, 4.1 Hz), 3.78 (1H, 

ddd, J = 11.5 Hz, 8.6 Hz, 4.5 Hz) (Figure 21) 
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13C NMR (CDCl3, 151 MHz) δ 21.4, 26.0, 26.8, 28.0, 34.8, 39.9, 40.0, 49.8, 55.9, 65.3, 

67.6 (Figure 22) 

The Oxone reaction method proved more selective than the mCPBA method and was 

repeated as necessary to provide more epoxy 1°-alcohol Y with similar or greater yields. 
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Attempted Oligomerizations 

 

 

Attempted syntheses of terpene-based oligomers from epoxy alcohol X and epoxy 

alcohol Y 

 

 

The HRMS peaks chosen for inclusion in this study were within 0.003 m/z of the exact 

mass of the corresponding oligomer.29 

1. Potassium hydride (230 mg, 1.72 mmoles; 1.3 equiv.) (30% w/w in mineral oil) was 

transferred to a 15-mL centrifuge tube in a glove box, fitted with a septum and put under 

inert atmosphere (N2). The KH was washed with hexanes (3 mL, dried with MgSO4) 

added via cannula to the centrifuge tube, agitated, centrifuged, and removed by cannula 

two times. The centrifuge tube was then put under house vacuum for 10 min to evaporate 

remaining hexanes. Then DMF (5 mL; dried by 3Å sieves) was added to the tube via 

syringe. The epoxy alcohol X (200 mg, 1.19 mmol; 1 equiv.) was added via syringe to the 

centrifuge tube, which was then sonicated for 20 hrs. The centrifuge tube was next placed 

back under N2 gas and CH3I (148 µL, 2.38 mmol; 2 equiv.) was added via syringe. The 

reaction mixture was allowed to sonicate for two hrs. Next NH4OH (1.5 mL, 37.7 

mmoles) was added via syringe and allowed to react in the ultrasonic bath for 10 min. 

Then deionized water (3 mL), ethyl acetate (3 mL), and hexanes (1.5 mL) were added, 

followed by 20 min of sonication. The organic layer was removed and dried using 

Na2SO4, filtered into a 50 mL pear flask, and rinsed with ethyl acetate. The solvent was 

removed by rotary evaporation and the crude product was dried via pump vacuum to 

constant weight of 132 mg. 
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HRMS (ESI/ION TRAP) m/z: [M + H]+ Calcd for chem formula C22H37O4 365.2686; 

Found 365.2696 (Dimer + H+). 

HRMS (ESI/ION TRAP) m/z: [M + Na]+ Calcd for chem formula C22H36O4Na 387.2506; 

Found 387.2516 (Dimer + Na+). 

HRMS (ESI/ION TRAP) m/z: [M + K]+ Calcd for chem formula C22H36O4K 403.2245; 

Found 403.2254 (Dimer + K+). 

HRMS (ESI/ION TRAP) m/z: [M + Na]+ Calcd for chem formula C33H54O6Na 569.3813; 

Found 569.3825 (Trimer + Na+). 

 

2. Potassium hydride (230 mg, 1.72 mmoles; 1.3 equiv.) (30% w/w in mineral oil) was 

transferred to a 15-mL centrifuge tube in a glove box, fitted with a septum and put under 

inert atmosphere (N2). The KH was washed with hexanes (3 mL, dried with MgSO4) 

added via cannula to centrifuge tube, agitated, centrifuged for 3 min, and removed two 

times. The centrifuge tube was then put under house vacuum for 5 min to evaporate the 

remaining hexanes. Then NMP (5 mL; dried by 3Å sieves) was added to the tube via 

syringe. The epoxy alcohol X (247 mg, 1.47 mmol; 1 equiv.) was added via syringe to the 

centrifuge tube, which was then sonicated for 20 hrs. The centrifuge tube was next placed 

back under N2 gas and CH3I (183 µL, 2.94 mmol; 2 equiv.) was added via syringe. The 

reaction mixture was allowed to sonicate for one hr. Next NH4OH (1.9 mL, 47.7 mmoles) 

was added via syringe and allowed to react in the ultrasonic bath for 10 min. Then 

deionized water (3 mL), ethyl acetate (3 mL), and hexanes (1.5 mL) were added, 

followed by 10 min of sonication. The organic layer was removed and dried using 
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Na2SO4, filtered into a 50 mL pear flask, and rinsed with ethyl acetate. The solvent was 

removed by rotary evaporation and the crude product was dried via pump vacuum to 

constant weight of 183 mg. 

HRMS (ESI/ION TRAP) m/z: [M + H]+ Calcd for chem formula C22H37O4 365.2686; 

Found 365.2681 (Dimer + H+). 

HRMS (ESI/ION TRAP) m/z: [M + H]+ Calcd for chem formula C33H55O6 547.3993; 

Found 547.3996 (Trimer + H+). 

HRMS (ESI/ION TRAP) m/z: [M + Na]+ Calcd for chem formula C44H72O8Na 751.5119; 

Found 751.5115 (Tetramer + Na+). 

 

3. Potassium hydride (240 mg, 1.76 mmoles; 1.3 equiv.) (30% w/w in mineral oil) was 

transferred to a 15-mL centrifuge tube in a glove box, fitted with a septum and put under 

inert atmosphere (N2). The KH was washed with hexanes (3 mL, dried with MgSO4) 

added via cannula to centrifuge tube, agitated, centrifuged for 3 min, and removed two 

times. The centrifuge tube was then put under house vacuum for 10 min to evaporate 

remaining hexanes. Then nominally anhydrous DMF (5 mL) was added to the tube via 

syringe. The epoxy alcohol X (206 mg, 1.19 mmol; 1 equiv.) was added via syringe to the 

centrifuge tube, which was then sonicated for 20 hrs. The centrifuge tube was next placed 

back under N2 gas and CH3I (152 µL, 2.45 mmol; 2 equiv.) was added via syringe. The 

reaction mixture was allowed to sonicate for one hr. Next NH4OH (1.5 mL, 37.7 mmoles) 

was added via syringe and allowed to react in the ultrasonic bath for 10 min. Then 

deionized water (3 mL), ethyl acetate (3 mL), and hexanes (1.5 mL) were added, 



 

27 

 

followed by 10 min of sonication. The organic layer was removed and dried using 

Na2SO4, filtered into a 50 mL pear flask, and rinsed with ethyl acetate. The solvent was 

removed by rotary evaporation and the crude product was dried via pump vacuum to a 

constant weight of 100 mg. 

HRMS (ESI/ION TRAP) m/z: [M + Na]+ Calcd for chem formula C22H36O4Na 387.2506; 

Found 387.2505 (Dimer + Na+). 

HRMS (ESI/ION TRAP) m/z: [M + Na]+ Calcd for chem formula C33H54O6Na 569.3813; 

Found 569.3813 (Trimer + Na+). 

 

4. Sodium hydride (65 mg, 1.24 mmoles; 1.3 equiv.) (60% w/w in mineral oil) was 

transferred to a 15-mL centrifuge tube in a glove box, fitted with a septum and put under 

inert atmosphere (N2). The NaH was washed with hexanes (3 mL, dried with MgSO4) 

added via cannula to centrifuge tube, agitated, centrifuged for 3 min, and removed two 

times. The centrifuge tube was then put under house vacuum for 4 min to evaporate 

remaining hexanes. Then DMPU (7.5 mL; dried by 3Å sieves) was added to the tube via 

syringe. The epoxy alcohol X (208 mg, 1.24 mmol; 1 equiv.) was added via syringe to the 

centrifuge tube, which was then sonicated for 19 hrs. The centrifuge tube was next placed 

back under N2 gas and CH3I (154 µL, 2.47 mmol; 2 equiv.) was added via syringe. The 

reaction mixture was allowed to sonicate for one hr. Next NH4OH (1.5 mL, 37.7 mmoles) 

was added via syringe and allowed to react in the ultrasonic bath for 5 min. Then 

deionized water (3 mL), ethyl acetate (3 mL), and hexanes (1.5 mL) were added, 

followed by 8 min of sonication. The organic layer was removed and dried using Na2SO4, 
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filtered into a 50 mL pear flask, and rinsed with ethyl acetate. The solvent was removed 

by rotary evaporation and the crude product was dried via pump vacuum to constant 

weight of 108 mg. 

HRMS (ESI/ION TRAP) m/z: [M + H]+ Calcd for chem formula C22H36O4Na 387.2506; 

Found 387.2505 (Dimer + Na+). 

HRMS (ESI/ION TRAP) m/z: [M + Na]+ Calcd for chem formula C33H54O6Na 569.3813; 

Found 569.3806 (Trimer + Na+). 

HRMS (ESI/ION TRAP) m/z: [M + Na]+ Calcd for chem formula C44H72O8K 767.4859; 

Found 767.4888 (Tetramer + K+). 

 

5. Sodium hydride (56.6 mg, 1.42 mmoles; 1.3 equiv.) (60% w/w in mineral oil) was 

transferred to a 15-mL centrifuge tube in a glove box, fitted with a septum and put under 

inert atmosphere (N2). The NaH was washed with hexanes (3 mL, dried with MgSO4) 

added via cannula to centrifuge tube, agitated, centrifuged for 3 min, and removed two 

times. The centrifuge tube was then put under house vacuum for 10 min to evaporate 

remaining hexanes. Then NMP (7.5 mL; dried by 3Å sieves) was added to the tube via 

syringe. The epoxy alcohol X (201 mg, 1.19 mmol; 1 equiv.) was added via syringe to the 

centrifuge tube, which was then sonicated for 20 hrs. The centrifuge tube was next placed 

back under N2 gas and CH3I (149 µL, 2.39 mmol; 2 equiv.) was added via syringe. The 

reaction mixture was allowed to sonicate for one hr. Next NH4OH (1.5 mL, 37.7 mmoles) 

was added via syringe and allowed to react in the ultrasonic bath for 14 min. Then 

deionized water (3 mL), ethyl acetate (3 mL), and hexanes (1.5 mL) were added, 
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followed by 10 min of sonication. The organic layer was removed and dried using 

Na2SO4, filtered into a 50 mL pear flask, and rinsed with ethyl acetate. The solvent was 

removed by rotary evaporation and the crude product was dried via pump vacuum to 

constant weight of 173 mg. 

HRMS (ESI/ION TRAP) m/z: [M + H]+ Calcd for chem formula C22H37O4 365.2686; 

Found 365.2688 (Dimer + H+). 

HRMS (ESI/ION TRAP) m/z: [M + Na]+ Calcd for chem formula C22H36O4Na 387.2506; 

Found 387.2506 (Dimer + Na+). 

HRMS (ESI/ION TRAP) m/z: [M + Na]+ Calcd for chem formula C33H54O6Na 569.3813; 

Found 569.3810 (Trimer + Na+). 

HRMS (ESI/ION TRAP) m/z: [M + Na]+ Calcd for chem formula C44H72O8Na 751.5119; 

Found 751.5112 (Tetramer + Na+). 

HRMS (ESI/ION TRAP) m/z: [M + Na]+ Calcd for chem formula C55H90O10Na 

933.6426; Found 933.6426 (Pentamer + Na+). 

 

6. Sodium hydride (70 mg, 1.75 mmoles; 1.3 equiv.) (60% w/w in mineral oil) was 

transferred to a 15-mL centrifuge tube in a glove box, fitted with a septum and put under 

inert atmosphere (N2). The NaH was washed with hexanes (3 mL, dried with MgSO4) 

added via cannula to centrifuge tube, agitated, centrifuged for 3 min, and removed two 

times. The centrifuge tube was then put under house vacuum for 10 min to evaporate 

remaining hexanes. Then ACN (5 mL; dried by 3Å sieves) was added to the tube via 
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syringe. The epoxy alcohol X (199 mg, 1.18 mmol; 1 equiv.) was added via syringe to the 

centrifuge tube, which was then sonicated for 23 hrs. The centrifuge tube was next placed 

back under N2 gas and CH3I (147 µL, 2.36 mmol; 2 equiv.) was added via syringe. The 

reaction mixture was allowed to sonicate for one hr. Next NH4OH (1.5 mL, 37.7 mmoles) 

was added via syringe and allowed to react in the ultrasonic bath for 14 min. Then 

deionized water (3 mL), ethyl acetate (3 mL), and hexanes (1.5 mL) were added, 

followed by 10 min of sonication. Emulsion occurred, and the organic and aqueous layers 

were left to self-separate over 24 hrs. The organic layer was then removed and dried 

using Na2SO4, filtered into a 50 mL pear flask, and rinsed with ethyl acetate. The solvent 

was removed by rotary evaporation and the crude product was dried via pump vacuum to 

a constant weight of 196 mg. 

HRMS (ESI/ION TRAP) m/z: [M + H]+ Calcd for chem formula C22H37O4 365.2686; 

Found 365.26891 (Dimer + H+). 

HRMS (ESI/ION TRAP) m/z: [M + Na]+ Calcd for chem formula C22H36O4Na 387.2506; 

Found 387.2503 (Dimer + Na+). 

HRMS (ESI/ION TRAP) m/z: [M + H]+ Calcd for chem formula C55H91O10 911.6607; 

Found 911.6603 (Pentamer + H+). 

 

7. Potassium hydride (210 mg, 1.57 mmoles; 1.3 equiv.) (30% w/w in mineral oil) was 

transferred to a 15-mL centrifuge tube in a glove box, fitted with a septum and put under 

inert atmosphere (N2). The KH was washed with hexanes (3 mL, dried with MgSO4) 

added via cannula to centrifuge tube, agitated, centrifuged for 3 min, and removed two 
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times. The centrifuge tube was then put under house vacuum for 10 min to evaporate 

remaining hexanes. Then ACN (5 mL; dried by 3Å sieves) was added to the tube via 

syringe. The epoxy alcohol X (222 mg, 1.32 mmol; 1 equiv.) was added via syringe to the 

centrifuge tube, which was then sonicated for 25 hrs. The centrifuge tube was next placed 

back under N2 gas and CH3I (164 µL, 2.63 mmol; 2 equiv.) was added via syringe. The 

reaction mixture was allowed to sonicate for one hr. Next NH4OH (1.65 mL, 41.4 

mmoles) was added via syringe and allowed to react in the ultrasonic bath for 20 min. 

Then deionized water (3 mL), ethyl acetate (3 mL), and hexanes (1.5 mL) were added, 

followed by 10 min of sonication. The organic layer was removed and dried using 

Na2SO4, filtered into a 25 mL pear flask, and rinsed with ethyl acetate. The solvent was 

removed by rotary evaporation and the crude product was dried via pump vacuum to a 

constant weight of 190 mg. 

No significant evidence of oligomerization was revealed via HRMS. 

 

8. Sodium hydride (60 mg, 1.50 mmoles; 1.3 equiv.) (60% w/w in mineral oil) was 

transferred to a 15-mL centrifuge tube in a glove box, fitted with a septum and put under 

inert atmosphere (N2). The NaH was washed with hexanes (3 mL, dried with MgSO4) 

added via cannula to centrifuge tube, agitated, centrifuged for 3 min, and removed two 

times. The centrifuge tube was then put under house vacuum for 10 min to evaporate 

remaining hexanes. Then DMSO (5 mL; dried by 3Å sieves) was added to the tube via 

syringe. The epoxy alcohol X (200 mg, 1.19 mmol; 1 equiv.) was added via syringe to the 

centrifuge tube, which was then sonicated for 23 hrs. The centrifuge tube was next placed 
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back under N2 gas and CH3I (148 µL, 2.38 mmol; 2 equiv.) was added via syringe. The 

reaction mixture was allowed to sonicate for two hrs. Next NH4OH (1.5 mL, 37.7 

mmoles) was added via syringe and allowed to react in the ultrasonic bath for 10 min. 

Then deionized water (3 mL), ethyl acetate (3 mL), and hexanes (1.5 mL) were added. 

Emulsion occurred, and the organic and aqueous layers were left to self-separate over 24 

hrs. The organic layer was removed and dried using Na2SO4, filtered into a 50 mL pear 

flask, and rinsed with ethyl acetate. The solvent was removed by rotary evaporation and 

the crude product was dried via pump vacuum to a constant weight of 166 mg. 

HRMS (ESI/ION TRAP) m/z: [M + Na]+ Calcd for chem formula C22H36O4Na 387.2506; 

Found 387.2508 (Dimer + Na+). 

HRMS (ESI/ION TRAP) m/z: [M + K]+ Calcd for chem formula C22H36O4K 403.2245; 

Found 403.2244 (Dimer + K+). 

HRMS (ESI/ION TRAP) m/z: [M + H]+ Calcd for chem formula C33H55O6 547.3993; 

Found 547.3996 (Trimer + H+). 

HRMS (ESI/ION TRAP) m/z: [M + Na]+ Calcd for chem formula C33H54O6Na 569.3813; 

Found 569.3812 (Trimer + Na+). 

HRMS (ESI/ION TRAP) m/z: [M + K]+ Calcd for chem formula C33H54O6K 585.3552; 

Found 585.3553 (Trimer + K+). 

HRMS (ESI/ION TRAP) m/z: [M + Na]+ Calcd for chem formula C44H72O8Na 751.5119; 

Found 751.5113 Tetramer + Na+). 
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HRMS (ESI/ION TRAP) m/z: [M + K]+ Calcd for chem formula C44H72O8K 767.4862; 

Found 767.4862 (Tetramer + K+). 

HRMS (ESI/ION TRAP) m/z: [M + Na]+ Calcd for chem formula C55H90O10Na 

933.6426; Found 933.6418 (Pentamer + Na+). 

HRMS (ESI/ION TRAP) m/z: [M + Na]+ Calcd for chem formula C66H108O12Na 

1115.7733; Found 1115.7750 (Hexamer + Na+). 

HRMS (ESI/ION TRAP) m/z: [M + Na]+ Calcd for chem formula C77H126O14Na 

1297.9040; Found 1297.9100 (Heptamer + Na+). 

 

9. Potassium hydride (210 mg, 1.57 mmoles; 1.3 equiv.) (30% w/w in mineral oil) was 

transferred to a 15-mL centrifuge tube in a glove box, fitted with a septum and put under 

inert atmosphere (N2). The KH was washed with hexanes (3 mL, dried with MgSO4) 

added via cannula to centrifuge tube, agitated, centrifuged, and removed two times. The 

centrifuge tube was then put under house vacuum for 10 min to evaporate remaining 

hexanes. Then DMSO (5 mL; dried by 3Å sieves) was added to the tube via syringe. The 

epoxy alcohol X (131 mg, 0.778 mmol; 1 equiv.) was added via syringe to the centrifuge 

tube, which was then sonicated for 25 hrs. The centrifuge tube was next placed back 

under N2 gas and CH3I (96.9 µL, 1.56 mmol; 2 equiv.) was added via syringe. The 

reaction mixture was allowed to sonicate for one hr. Next NH4OH (1.3 mL, 32.7 mmoles) 

was added via syringe and allowed to react in the ultrasonic bath for 20 min. Then 

deionized water (3 mL), ethyl acetate (3 mL), and hexanes (1.5 mL) were added, 

followed by 20 min of sonication. The organic layer was removed and dried using 
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Na2SO4, filtered into a 50 mL pear flask, and rinsed with ethyl acetate. The solvent was 

removed by rotary evaporation and the crude product was dried via pump vacuum to a 

constant weight of 114 mg. 

HRMS (ESI/ION TRAP) m/z: [M + Na]+ Calcd for chem formula C22H36O4Na 387.2506; 

Found 387.2508 (Dimer + Na+). 

HRMS (ESI/ION TRAP) m/z: [M + Na]+ Calcd for chem formula C33H54O6Na 569.3813; 

Found 569.3811 (Trimer + Na+). 

 

10. Sodium hydride (57 mg, 1.43 mmoles; 1.3 equiv.) (60% w/w in mineral oil) was 

transferred to a 15-mL centrifuge tube in a glove box, fitted with a septum and put under 

inert atmosphere (N2). The NaH was washed with hexanes (3 mL, dried with MgSO4) 

added via cannula to centrifuge tube, agitated, centrifuged, and removed two times. The 

centrifuge tube was then put under house vacuum for 10 min to evaporate remaining 

hexanes. Then DMSO (5 mL; dried by 3Å sieves) was added to the tube via syringe. The 

epoxy alcohol Y (200 mg, 1.10 mmol; 1 equiv.) was added via syringe to the centrifuge 

tube, which was then sonicated for 19 hrs. The centrifuge tube was next placed back 

under N2 gas and CH3I (136 µL, 2.19 mmol; 2 equiv.) was added via syringe. The 

reaction mixture was allowed to sonicate for one and a half hrs. Next NH4OH (1.5 mL, 

37.7 mmoles) was added via syringe and allowed to react in the ultrasonic bath for 10 

min. Then deionized water (3 mL), ethyl acetate (3 mL), and hexanes (1.5 mL) were 

added, followed by 20 min of sonication. The organic layer was removed and dried using 

Na2SO4 and Celite® to reduce cloudiness, filtered into a 50 mL pear flask, and rinsed with 
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ethyl acetate. The solvent was removed by rotary evaporation and the crude product was 

dried via pump vacuum to a constant weight of 119 mg. 

HRMS (ESI/ION TRAP) m/z: [M + Na]+ Calcd for chem formula C22H36O4Na 387.2506; 

Found 387.2508 (Dimer + Na+). 

HRMS (ESI/ION TRAP) m/z: [M + Na]+ Calcd for chem formula C33H54O6Na 569.3813; 

Found 569.3813 (Trimer + Na+). 

HRMS (ESI/ION TRAP) m/z: [M + Na]+ Calcd for chem formula C55H90O10Na 

933.6426; Found 933.6431 (Pentamer + Na+). 

 

11. Sodium hydride (62 mg, 1.55 mmoles; 1.3 equiv.) (60% w/w in mineral oil) was 

transferred to a 15-mL centrifuge tube in a glove box, fitted with a septum and put under 

inert atmosphere (N2). The NaH was washed with hexanes (3 mL, dried with MgSO4) 

added via cannula to centrifuge tube, agitated, centrifuged, and removed two times. The 

centrifuge tube was then put under house vacuum for 10 min to evaporate remaining 

hexanes. Then ACN (5 mL; dried by 3Å sieves) was added to the tube via syringe. The 

epoxy alcohol Y (204 mg, 1.12 mmol; 1 equiv.) was added via syringe to the centrifuge 

tube, which was then sonicated for 23 hrs. The centrifuge tube was next placed back 

under N2 gas and CH3I (139 µL, 2.24 mmol; 2 equiv.) was added via syringe. The 

reaction mixture was allowed to sonicate for one hr. Next NH4OH (1.5 mL, 37.7 mmoles) 

was added via syringe and allowed to react in the ultrasonic bath for 10 min. Then 

deionized water (3 mL), ethyl acetate (3 mL), and hexanes (1.5 mL) were added, 

followed by 20 min of sonication. The organic layer was removed and dried using 
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Na2SO4, filtered into a 25 mL pear flask, and rinsed with ethyl acetate. The solvent was 

removed by rotary evaporation and the crude product was dried via pump vacuum to a 

constant weight of 187 mg. 

HRMS (ESI/ION TRAP) m/z: [M + Na]+ Calcd for chem formula C22H36O4Na 387.2506; 

Found 387.2517 (Dimer + Na+). 

HRMS (ESI/ION TRAP) m/z: [M + Na]+ Calcd for chem formula C33H54O6Na 569.3813; 

Found 569.3828 (Trimer + Na+). 

 

12. Sodium hydride (56 mg, 1.40 mmoles; 1.3 equiv.) (60% w/w in mineral oil) was 

transferred to a 15-mL centrifuge tube in a glove box, fitted with a septum and put under 

inert atmosphere (N2). The NaH was washed with hexanes (3 mL, dried with MgSO4) 

added via cannula to centrifuge tube, agitated, centrifuged, and removed two times. The 

centrifuge tube was then put under house vacuum for 10 min to evaporate remaining 

hexanes. Then NMP (5 mL; dried by 3Å sieves) was added to the tube via syringe. The 

epoxy alcohol Y (198 mg, 1.08 mmol; 1 equiv.) was added via syringe to the centrifuge 

tube, which was then sonicated for 20 hrs. The centrifuge tube was next placed back 

under N2 gas and CH3I (135 µL, 2.17 mmol; 2 equiv.) was added via syringe. The 

reaction mixture was allowed to sonicate for one hr. Next NH4OH (1.5 mL, 37.7 mmoles) 

was added via syringe and allowed to react in the ultrasonic bath for 10 min. Then 

deionized water (3 mL), ethyl acetate (3 mL), and hexanes (1.5 mL) were added, 

followed by 10 min of sonication. The organic layer was removed and dried using 

Na2SO4, filtered into a 25 mL pear flask, and rinsed with ethyl acetate. The solvent was 
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removed by rotary evaporation and the crude product was dried via pump vacuum to a 

constant weight of 211 mg. 

HRMS (ESI/ION TRAP) m/z: [M + H]+ Calcd for chem formula C22H37O4 365.2686; 

Found 365.2687 (Dimer + H+). 

HRMS (ESI/ION TRAP) m/z: [M + Na]+ Calcd for chem formula C22H36O4Na 387.2506; 

Found 387.2506 (Dimer + Na+). 

HRMS (ESI/ION TRAP) m/z: [M + K]+ Calcd for chem formula C22H36O4K 403.2245; 

Found 403.2246 (Dimer + K+). 

HRMS (ESI/ION TRAP) m/z: [M + Na]+ Calcd for chem formula C44H72O8Na 751.5119; 

Found 751.5120 (Tetramer + Na+). 

 

13. Sodium hydride (57 mg, 1.43 mmoles; 1.3 equiv.) (60% w/w in mineral oil) was 

transferred to a 15-mL centrifuge tube in a glove box, fitted with a septum and put under 

inert atmosphere (N2). The NaH was washed with hexanes (3 mL, dried with MgSO4) 

added via cannula to centrifuge tube, agitated, centrifuged, and removed two times. The 

centrifuge tube was then put under house vacuum for 10 min to evaporate remaining 

hexanes. Then DMPU (5 mL; dried by 3Å sieves) was added to the tube via syringe. The 

epoxy alcohol Y (200 mg, 1.10 mmol; 1.3 equiv.) was added via syringe to the centrifuge 

tube, which was then sonicated for 20 hrs. The centrifuge tube was next placed back 

under N2 gas and CH3I (137 µL, 2.20 mmol; 2 equiv.) was added via syringe. The 

reaction mixture was allowed to sonicate for one hr. Next NH4OH (1.5 mL, 37.7 mmoles) 
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was added via syringe and allowed to react in the ultrasonic bath for 10 min. Then 

deionized water (3 mL), ethyl acetate (3 mL), and hexanes (1.5 mL) were added, 

followed by 10 min of sonication. The organic layer was removed and dried using 

Na2SO4, filtered into a 25 mL pear flask, and rinsed with ethyl acetate. The solvent was 

removed by rotary evaporation and the crude product was dried via pump vacuum to a 

constant weight of 191 mg. 

No significant evidence of oligomerization revealed via HRMS. 

 

14. Sodium hydride (70 mg, 1.75 mmoles; 1.3 equiv.) (60% w/w in mineral oil) was 

transferred to a 15-mL centrifuge tube in a glove box, fitted with a septum and put under 

inert atmosphere (N2). The NaH was washed with hexanes (3 mL, dried with MgSO4) 

added via cannula to centrifuge tube, agitated, centrifuged, and removed two times. The 

centrifuge tube was then put under house vacuum for 10 min to evaporate remaining 

hexanes. Then NMP (5 mL; dried by 3Å sieves) was added to the tube via syringe. The 

epoxy alcohol X (205 mg, 1.22 mmol; 1 equiv.) was added via syringe to the centrifuge 

tube, which was then sonicated for 21 hrs. The centrifuge tube was next placed back 

under N2 gas and CH3I (152 µL, 2.44 mmol; 2 equiv.) was added via syringe. The 

reaction mixture was allowed to sonicate for one and a half hrs. Next NH4OH (1.5 mL, 

37.7 mmoles) was added via syringe and allowed to react in the ultrasonic bath for 10 

min. Then deionized water (3 mL), ethyl acetate (3 mL), and hexanes (1.5 mL) were 

added, followed by 10 min of sonication. The organic layer was removed and dried using 

Na2SO4, filtered into a 25 mL pear flask, and rinsed with ethyl acetate. The solvent was 
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removed by rotary evaporation and the crude product was dried via pump vacuum to a 

constant weight of 201 mg. 

HRMS (ESI/ION TRAP) m/z: [M + Na]+ Calcd for chem formula C22H36O4Na 387.2506; 

Found 387.2512 (Dimer + Na+). 

 

15. Sodium hydride (60.6 mg, 1.52 mmoles; 1.3 equiv.) (60% w/w in mineral oil) was 

transferred to a 15-mL centrifuge tube in a glove box, fitted with a septum and put under 

inert atmosphere (N2). The NaH was washed with hexanes (3 mL, dried with MgSO4) 

added via cannula to centrifuge tube, agitated, centrifuged, and removed two times. The 

centrifuge tube was then put under house vacuum for 20 min to evaporate remaining 

hexanes. Then DMF (5 mL; dried by 3Å sieves) was added to the tube via syringe. The 

epoxy alcohol X (201 mg, 1.20 mmol; 1 equiv.) was added via syringe to the centrifuge 

tube, which was then sonicated for 21 hrs. The centrifuge tube was next placed back 

under N2 gas and CH3I (149 µL, 2.39 mmol; 2 equiv.) was added via syringe. The 

reaction mixture was allowed to sonicate for one and a half hrs. Next NH4OH (1.5 mL, 

37.7 mmoles) was added via syringe and allowed to react in the ultrasonic bath for 10 

min. Then deionized water (3 mL), ethyl acetate (3 mL), and hexanes (1.5 mL) were 

added, followed by 10 min of sonication. The organic layer was removed and dried using 

Na2SO4, filtered into a 25 mL pear flask, and rinsed with ethyl acetate. The solvent was 

removed by rotary evaporation and the crude product was dried via pump vacuum to a 

constant weight of 239 mg. 
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HRMS (ESI/ION TRAP) m/z: [M + H]+ Calcd for chem formula C22H37O4 365.2686; 

Found 365.2694 (Dimer + H+). 

HRMS (ESI/ION TRAP) m/z: [M + Na]+ Calcd for chem formula C22H36O4Na 387.2506; 

Found 387.2505 (Dimer + Na+). 

HRMS (ESI/ION TRAP) m/z: [M + Na]+ Calcd for chem formula C33H54O6Na 569.3813; 

Found 569.3816 (Trimer + Na+). 

 

16. Potassium hydride (218 mg, 1.63 mmoles; 1.3 equiv.) (60% w/w in mineral oil) was 

transferred to a 15-mL centrifuge tube in a glove box, fitted with a septum and put under 

inert atmosphere (N2). The KH was washed with hexanes (3 mL, dried with MgSO4) 

added via cannula to centrifuge tube, agitated, centrifuged, and removed two times. The 

centrifuge tube was then put under house vacuum for 18 min to evaporate remaining 

hexanes. Then DMPU (5 mL; dried by 3Å sieves) was added to the tube via syringe. The 

epoxy alcohol X (206 mg, 1.22 mmol; 1 equiv.) was added via syringe to the centrifuge 

tube, which was then sonicated for 21 hrs. The centrifuge tube was next placed back 

under N2 gas and CH3I (153 µL, 2.45 mmol; 2 equiv.) was added via syringe. The 

reaction mixture was allowed to sonicate for one and a half hrs. Next NH4OH (1.5 mL, 

37.7 mmoles) was added via syringe and allowed to react in the ultrasonic bath for 10 

min. Then deionized water (3 mL), ethyl acetate (3 mL), and hexanes (1.5 mL) were 

added, followed by 10 min of sonication. The organic layer was removed and dried using 

Na2SO4, filtered into a 25 mL pear flask, and rinsed with ethyl acetate. The solvent was 
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removed by rotary evaporation and the crude product was dried via pump vacuum to a 

constant weight of 230 mg. 

No significant evidence of oligomerization was revealed via HRMS. 

 

17. Rubidium metal (50 mg, 0.585 mmoles; 1.1 equiv.) was transferred to a Schlenk tube 

in a glove box, fitted with a greased septum and put under inert atmosphere (N2). Then 

DMSO (5 mL; dried by 3Å sieves) was put under N2 gas before introduction to the 

Schlenk tube with rubidium metal. The epoxy alcohol X (~89 mg, 0.529 mmol); 1 equiv. 

was also put under N2 prior to addition. When DMSO was added to the Schlenk tube with 

rubidium via cannula, flames erupted from the reaction. The reaction flask was placed in 

ice, and hexanes, followed by isopropanol, methanol, and water were added until reaction 

with rubidium metal had ceased. 

 

18. Rubidium metal (50 mg, 0.585 mmoles; 1.1 equiv.) was transferred to a 15 mL 

centrifuge tube in a glove box, fitted with a greased septum and put under inert 

atmosphere (N2). Then NMP was transferred via cannula to container that was dried in a 

GC oven at 300oC for 2 hrs and contained 4Å sieves. Dried NMP put under inert (N2) gas 

before addition to rubidium metal in centrifuge tube. The epoxy alcohol X (94 mg, 0.53 

mmol; 1 equiv.) was also put under inert atmosphere (N2) prior to addition. The epoxy 

alcohol X was then added to the GC oven-dried conical vial with spin vane and septum 

cap with the NMP. Both the NMP and monomer were then added to the centrifuge tube 

with rubidium at 0°C (cooled with ice water bath). The reaction mixture was allowed to 
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react in an ultrasonic bath for 20 hrs, and it was checked frequently to ensure the 

temperature did not exceed 40°C. NaH (43 mg, 1.06 mmol; 2 equiv.) (60% w/w in 

mineral oil) was rinsed with hexanes and added to the centrifuge tube containing the 

reaction. CH3I (66 µL, 1.06 mmol; 2 equiv.) was added as well and allowed to stir 

overnight via the spin vane. Next NH4OH (0.9 mL, 22.6 mmoles) followed by H2O (22 

mL) were added. The organic layer was extracted with hexanes (2x 30 mL) and ethyl 

acetate (2x 30 mL) and dried with MgSO4. The crude product was filtered into a pear 

flask and solvent was removed by rotary evaporation, and it was then dried to a constant 

weight on house vacuum. 

No significant evidence of oligomerization was revealed via HRMS. 
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Ref. 

Number 
Monomer Solvent Metal Method 

Results (# of 

Oligomers) 

1. 
α-pinene epoxy 

alcohol 
DMF KH 

Sonication ≥ 18 

hrs 
4 

2. 
α-pinene epoxy 

alcohol 
NMP KH 

Sonication ≥ 18 

hrs 
3 

3. 
α-pinene epoxy 

alcohol 

DMF 

(partially 

anhydrous) 

KH 
Sonication ≥ 18 

hrs 
2 

4. 
α-pinene epoxy 

alcohol 
DMPU NaH 

Sonication ≥ 18 

hrs 
3 

5. 
α-pinene epoxy 

alcohol 
NMP NaH 

Sonication ≥ 18 

hrs 
5 

6. 
α-pinene epoxy 

alcohol 
ACN NaH 

Sonication ≥ 18 

hrs 
3 

7. 
α-pinene epoxy 

alcohol 
ACN KH 

Sonication ≥ 18 

hrs 
0 

8. 
α-pinene epoxy 

alcohol 
DMSO NaH 

Sonication ≥ 18 

hrs 
9 

9. 
α-pinene epoxy 

alcohol 
DMSO KH 

Sonication ≥ 18 

hrs 
2 

10. 
β-pinene epoxy 

alcohol 
DMSO NaH 

Sonication ≥ 18 

hrs 
3 

11. 
β-pinene epoxy 

alcohol 
ACN NaH 

Sonication ≥ 18 

hrs 
2 

12. 
β-pinene epoxy 

alcohol 
NMP NaH 

Sonication ≥ 18 

hrs 
4 

13. 
β-pinene epoxy 

alcohol 
DMPU NaH 

Sonication ≥ 18 

hrs 
0 

14. 
α-pinene epoxy 

alcohol 
NMP NaH 

Sonication ≥ 18 

hrs 
1 

15. 
α-pinene epoxy 

alcohol 
DMF NaH 

Sonication ≥ 18 

hrs 
3 

16. 
α-pinene epoxy 

alcohol 
DMPU KH 

Sonication ≥ 18 

hrs 
0 

17. 
α-pinene epoxy 

alcohol 
DMSO Rbo 

Sonication ≥ 18 

hrs 
0 

18. 
α-pinene epoxy 

alcohol 
NMP Rbo Sonication ≥ 18 

hrs 
0 

 

Table 3: Catalog of attempted oligomerization reactions 
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CHAPTER FOUR 

 

Results and Further Application 

 

 

The synthesis of monomers epoxy alcohol X and epoxy 1°-alcohol Y proved to be very 

successful. Both proton and 13C NMR consistently revealed pure spectra, and Figures 19, 

20, 21, and 22 demonstrate the sharp, clear peaks we repeatedly encountered when 

synthesizing pure monomer. Additionally, Figure 23 shows the nearly identical proton 

NMR spectra from two separate epoxy alcohol Y procedures using the second Oxone 

method. These reaction procedures were highly replicable and so it was not difficult to 

obtain new monomer when needed. However, while epoxidizing our β-pinene derivative 

“trans-isonopol” was relatively straightforward, the initial synthesis of “trans-isonopol” 

(Figure 11) was both tedious and hazardous because of the polymer paraformaldehyde. It 

is a toxic, carcinogenic compound that can sublime when coaxed to depolymerize with 

heat and which is very difficult to remove from surfaces it has deposited upon except by 

rigorous rinsing with concentrated HCl. For future replication of epoxy alcohol Y 

synthesis, extra precaution should be taken. 

In total, our 18 cyclization attempts yielded at least 43 potential oligomers that were 

within 0.003 m/z of the corresponding theoretical oligomer’s exact mass.29 Dimers were 

discovered in most cases (13 of 18 reactions), as well as evidence of trimers, tetramers, 

and even some pentamers and hexamers. Most oligomeric masses included sodium, 
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potassium or H+ ion, which could have been acquired either from glassware or during 

injection of a sample into the HRMS system.30 Both NaH and KH revealed similar results 

when used as a base to catalyze the reaction, but rubidium proved to be difficult to work 

with and as of yet no oligomers have been discovered from those procedures. When 

DMSO, NMP or DMF were used as the solvent, many oligomers were found with 

HRMS. ACN and DMPU, however, yielded few oligomers when used as the solvent. 

Whether this is a causal relationship or simply a correlation is not entirely clear, and 

repetition of those reactions would better elucidate the relationship between the five 

solvents and the corresponding spectral results. 

The following three figures (Figures 15, 16, and 17) show raw HRMS data from two 

different reactions. The top image in each figure is the wide spectrum including all 

masses detected, while the lower image depicts both (a) the actual HRMS peak for the 

detected oligomer on top, and (b) the “blank” spectrum on the bottom to ensure the 

oligomer peak is valid. 
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Figure 15: HRMS spectral data of a dimer + Na+ from monomer reaction 8 

 

 

Figure 15 exhibits one of the many dimers discovered during analysis of HRMS data. 

This particular sample contained a dimer + sodium ion in extremely high abundance, and 

we attempted to isolate it from the crude cyclization product using TLC and column 

chromatography. The spectral data from this isolation revealed many impurities, but in 

the future more focused attempts to isolate a single oligomer in high abundance may be 

made. 
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Figure 16: HRMS spectral data of a pentamer + Na+ from monomer reaction 5 

 

 

 

 

Figure 17: HRMS spectral data of a hexamer + Na+ from monomer reaction 8 
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Figures 16 and 17 above visualize two examples of more massive oligomers found with 

HRMS. Unfortunately, many of the larger oligomers discovered were of low relative 

abundance (<5% in most cases), so isolation of these would be challenging. Future 

research should seek to further optimize reaction conditions and repeat past reactions to 

achieve higher relative abundancies, which would in turn make separation of these 

oligomers much easier. However, the extensive evidence of oligomerization of monomers 

X and Y is promising as we know that our theory behind these reactions is likely correct. 

Although several different experimental factors affecting oligomerization were explored 

for the purpose of this study, there are others that might deserve continued focus. For one, 

the alkali metals rubidium and cesium could serve as more effective cyclizing agents due 

to their greater reactivity and the application of the template effect. We obtained small 

amounts of rubidium and attempted to use it as the alkali metal in two oligomerization 

reactions, and on the second try the reaction proceeded without incident. The HRMS data 

did not reveal any obvious cyclization, but some other combination of rubidium, solvent 

(other than DMSO or NMP), and heating may produce more promising results. 

Additionally, cesium was not used for this study, and its template effect (if any) on the 

pinene monomers remains unknown. 

A second factor that might warrant further study is the method of heating or 

ultrasonication used to speed up the reaction. As mentioned earlier, alkoxide/epoxide 

reagents react rather slowly without some form of heating or agitation, and in this study 

we only applied the use of overnight agitation in an ultrasonic bath. Some small amount 

of heating occurred due to the particle movement caused by long periods of sonication, 
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but not nearly to the degree that a microwave or hot oil bath would cause. Thus, future 

oligomerization attempts may benefit from the use of microwaving for one hour or 

heating with an oil bath and hot plate for 18 hours or more. 

Third, the use of another terpene-based monomer, derived from camphor, may prove 

more useful in cyclization attempts. The Garner lab has worked on synthesizing 

derivatives from camphor that have the epoxide and alkoxide functional groups desired 

for cyclization (Figure 18), but their synthesis was unsuccessful. Additionally, more 

combinations involving the epoxy alcohol Y, which has a primary alcohol group as 

opposed to the secondary alcohol of epoxy alcohol X, have yet to be explored. 

 

Figure 18: Theoretical synthesis of monomers from (+)-camphor 

 

 

If the most successful optimization of these reactions is achieved and factors explored in 

greater detail, three major steps would need to be taken next. 

1. Identification of highly abundant, massive oligomers for isolation. These 

promising molecules would be purified using either column or radial 
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chromatography, the latter of which gives slightly better separation and has been 

used often in the Garner lab. We expect the differences in polarity of the various 

possible oligomers synthesized to be significant enough to allow separation by 

chromatography if the appropriate eluent is employed, and HRMS could be used 

again to ensure the correct mass has been isolated. 

2. Determination of pure and isolated oligomers as cyclic or linear. It will be 

possible to determine whether a product is cyclic or not by the number of peaks 

that appear in the NMR spectrum since each monomeric unit in a cyclic structure 

would be chemically equivalent under NMR conditions. If the number of peaks is 

equal to what one would expect to see for a single monomeric unit despite a larger 

HRMS molecular weight, this would indicate a cyclic product. 

3. Coating a chiral GC column with a pure oligomer as a chiral stationary phase. 

Preferably a pentamer, hexamer, heptamer or octamer would be used, and the 

process basically involves filling the column entirely (0.75 mL) with an 

approximately 0.4% (wt/v) solution of stationary phase in DCM. One end of the 

column is to be plugged, with vacuum applied to the other end. Ideally, uniform 

slow evaporation would occur to give an even coating of stationary phase along 

the entire column. 
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Figure 19: 1H NMR spectrum of epoxy alcohol X 
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Figure 20: 13C NMR of epoxy alcohol X 
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Figure 21: 1H NMR of epoxy alcohol Y 
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Figure 22: 13C NMR of epoxy alcohol Y 
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Figure 23: Two overlaid 1H NMR spectra of epoxy alcohol Y showing consistent purity 

from separate epoxidation reactions 
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