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Isolation and Synthesis of Bioactive Compounds from Plants 

 

Alexander L. Eaton 

 

ABSTRACT 

 

As a part of a continuing search for bioactive compounds with the International 

Cooperative Biodiversity Group (ICBG), and in collaboration with the Natural Products Discovery 

Institute of the Institute for Hepatitis and Virus Research (IHVR), twelve plant extracts were 

investigated for their antiproliferative activity against the A2780 cell line, three plant extracts were 

investigated for their antimalarial activity against Plasmodium falciparum, and three plant extracts 

were investigated for their anti-inflammatory activity (PPAR-g inhibition). Bioassay-guided 

fractionation of extracts led to the identification of four new antiproliferative compounds (2.1ï2.3, 

3.1), five new anti-inflammatory compounds (6.4a, 6.5aïb, 6.6a, 6.6c), and twenty-eight known 

compounds from eight of the extracts. In addition, mallotojaponin C, an antimalarial natural 

product, and derivatives were synthesized and investigated for their antimalarial activity. 
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Chapter 1: Introduction  

1.1 Importance of Natural Products 

As of 2011, 25ï50% of marketed drugs trace their origins to natural products.1 From 1981 

to 2010, the number of new small molecule chemical entities approved by the FDA has steadily 

decreased but natural products and natural product derivatives (% ñNò, Figure 1-1) continue to be 

a source for new chemical entities.2 

 

Natural products have continued to be a source of novel compounds, and as one recent 

example the complex peptide teixobactin (Figure 1-2), was reported to be a new antibiotic with 

activity against drug-resistant Staphylococcus aureus and Mycobacterium tuberculosis.3 In spite 

of successes such as these, pharmaceutical companies have shifted their focus away from natural 

product isolation for a number of reasons, one of them being the repeated isolation of known 

compounds. If known compounds can be quickly identified, companies can make their isolations 

much more efficient and practical; hence, the need for dereplication techniques. Other 

modifications of the traditional bioassay-guided approach to natural products are emerging.4 

 
Figure 1-1. Percentage of new small molecule chemical entities approved by the FDA from natural sources (N).  

Adapted from Newman, D. J.; Cragg, G. M. Natural products as sources of new drugs over the 30 years from 

1981 to 2010. J. Nat. Prod. 2012, 75, 311ï35. 
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1.1.1 Anticancer Agents 

Natural products have had a long history of being used for medicinal purposes and have 

played an important role in the development of anticancer drugs.5 One example of a natural product 

success is the isolation and structure elucidation of paclitaxel (Figure 1-3).6 More recently, 

romidespin7 (2009) and omacetaxine mepesuccinate8 (2012) are natural products that have been 

approved by the FDA for the treatment of cancer.9 Since the 1940s, 49% of new small molecule 

chemical entities approved by the FDA for the treatment of cancer are either natural products or 

natural product derivatives.2 

While progress has been made and cancer rates are declining, cancer continues to affect a 

large number of people.10 Some types of cancer, while less common, are particularly difficult to 

treat. Over 14,000 of the 20,000 women diagnosed with ovarian cancer in the U.S. died in 2011.11 

Natural product research has provided complex structures, such as paclitaxel, that may not have 

 

Figure 1-2. Structure of teixobactin. 
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been discovered by other methods. The potential number of undiscovered natural products is 

seemingly limitless, leaving the possibility of many undiscovered novel chemical entities. 

1.1.2 Antimalarial Agents 

 While malaria is not widespread in the U.S. (approx. 1,500 cases per year), there were an 

estimated 655,000 deaths and 216 million infections requiring clinical treatment worldwide in 

2010. As of 2010, 3.3 billion people were considered to be at risk for malaria while 1.2 billion 

people in the African and Southeast Asia regions were considered to be at high risk (>1 case per 

1,000 people). The African region contains the highest rate of transmission of malaria worldwide; 

91% of deaths occurred in the African region. Children are particularly vulnerable to the diseaseð

86% of global deaths involved children.12,13 Plasmodium falciparum is responsible for 

approximately 90% of cases worldwide; furthermore, almost 2.5 billion people in South America 

and Asia are also at risk from P. vivax.14  

 

Figure 1-3. Structures of paclitaxel (1.2), romidespin (1.3), and omacetaxine mepesuccinate (1.4). 
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Natural products have a long history of being a viable source of antimalarial compounds.2 

As early as the second century BCE, Artemisia annua was described as a medicinal treatment for 

malaria. In 340 CE, the plantôs antifever properties were recorded, followed by the isolation of the 

active ingredient, artemisinin, in 1971.12 Artemisinin derivatives continue to be prescribed today, 

although usually in combination with other drugs to avoid resistance. Combination treatments have 

proven to be highly effective; however, signs of resistance have developed in parts of the world 

such as Western Cambodia.15 Quinine, whose origins trace to the 17th century, is still used for the 

treatment of malaria, although its use is now limited to cases of severe malaria. The quinine-

inspired drug chloroquine was once widely used, but resistance to it is more widespread than 

artemisinin resistance.16  

Due to the low profitability of developing antimalarial drugs, the pharmaceutical industry 

has not been a major player in the development of new antimalarial drugs. Orphan drug incentives 

have increased the number of orphan drugs approved by the FDA to an all-time high of 41% (17) 

of all drug approvals in 2014, a sign that neglected diseases are being increasingly targeted.17 

While no malaria drugs were approved in 2014, there are multiple drugs currently in clinical trials, 

some shown in Figure 1-5, that will hopefully prove to be effective.14,18-30 Challenges include not 

only developing compounds to which the parasite does not develop resistance, but also developing 

a new class of drugs that stop the transmission of malaria.   

 

Figure 1-4. Structure of artemisinin (1.5), quinine (1.6), and chloroquine (1.7). 
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Figure 1-5. Structures of selected antimalarial compounds in clinical trials. Phase 1: MMV390048, ELQ300, 

CDRI 97/78, SJ557733, P218, PA21A092. Phase 2: OZ439, AQ13, methylene blue. Phase 3: tafenoquine, 

trimethoprim.  
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1.1.3 Anti-inflammatory Agents 

Natural products and natural product derivatives have a long history of being used as anti-

inflammatory agents. Aspirin is perhaps one of the most well-known anti-inflammatory natural 

product derivatives, while recent natural products with anti-inflammatory properties include 

aphanamenes C-P31 and tricalysins A-H.32 Anti-inflammatory agents not only reduce pain but also 

have been suspected to reduce the risk of cancer.33 Activation of the peroxisome proliferator-

activated receptor gamma (PPAR-g) has been shown to reduce inflammation.34 PPAR-g agonists, 

such as the amorfrutins (Figure 1-6), have been shown to have anti-inflammatory properties, 

decreasing the inflammatory response of many cells and showing potential as a target for treatment 

of inflammatory diseases.35,36  

PPAR-g agonists have also been shown to combat type 2 diabetes by improving sensitivity 

to insulin through increasing the levels of adiponectin.37-39 Thiazolidindione, a PPAR-g agonist, 

has been used for the treatment of type 2 diabetes but has unpleasant side effects. Natural products 

have been a source of PPAR-g agonists in the past;39 thus, plants are being searched for PPAR-g 

agonists. Recent reports (Figure 1-7) include the isolation of homoisoflavonoids (1.21, 1.22),40 

hikiamides (1.23ï1.25),41 and isosilybin A (1.26).38 

 

Figure 1-6. Structure of amorfrutins A and B. 
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Figure 1-7. Structures of selected recently identified PPAR-g agonists. 
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1.2 Sources of Natural Products 

1.2.1 Madagascar ICBG Project 

In 1993, a group from Virginia Tech, headed by Dr. Kingston, and in cooperation with 

Missouri Botanical Garden, Conservation International, Bristol-Myers Squibb, and Bedrijf 

Geneesmiddelen Voorziening Suriname (BGVS), was funded by the NIH to investigate natural 

products extracts from Suriname. This International Cooperative Biodiversity Group (ICBG) 

continued until 1998, when the project transitioned to Madagascar.42 The plants are collected and 

identified by the Missouri Botanical Garden in collaboration with the Centre National 

d'Application de Recherche Pharmaceutique (CNARP). These extracts are collected with no regard 

to previous reports of medicinal activities. The extractions are performed by Dr. Vincent E. 

Rasamison (CNARP). These extracts are then made available to Virginia Tech where they are 

tested for the antiproliferative, antimalarial, and anti-inflammatory activities. If the extract shows 

interesting bioactivity, then it is fractionated in an attempt to identify the bioactive components.  

 

1.2.2 Merck Collection at NPDI 

In 2011, the entirety of Merckôs natural products library was donated to the Institute for 

Hepatitis and Virus Research (IHVR).43 This resulted in the founding of the Natural Product 

Discovery Institute (NPDI)44 in order to facilitate the use of and caretaking of this collection. This 

library, one of the largest in the world, is available to researchers. The Kingston Group at Virginia 

Tech was among the first to gain access to this library.45 Similar to the extracts from Madagascar, 

these extracts are tested for their antiproliferative and antimalarial activities and investigated 

further as merited.  
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1.3 Isolation of Bioactive Compounds 

1.3.1 Bioassay-guided Fractionation 

Bioassay-guided fractionation is used to prevent the isolation of inactive compounds. 

Without guidance from bioassays, extracts are fractionated and often only the major components 

are isolated and identified. After isolation, the compounds may then be analyzed for bioactivity. 

This leads to the isolation of many compounds that do not have significant bioactivity. As an 

alternative, bioassay-guided fractionation can be used to isolate bioactive compounds. When 

utilizing bioassay-guided fractionation, the crude extract and every fraction is tested for 

bioactivity. Ideally, after each fractionation step, bioactivity will have increased in some fractions, 

in comparison to the parent fraction, while decreasing in others (Figure 1-8). Only fractions that 

exhibit bioactivity are investigated further. This prevents the isolation of inactive compounds and 

promotes the isolation of compounds with desired bioactivities. Examples of bioassay-guided 

fractionation are present throughout this dissertation.  

 

1.3.2 Antiproliferative Bioassay 

In order to isolate antiproliferative compounds, the inhibition of the A2780 cell line is 

measured. The A2780 cell line is a drug-sensitive ovarian cancer cell line.46 Cells are placed in a 

 

Figure 1-8. Bioassay-guided fractionation. 
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96-well plate, treated with varying concentrations of fractions or compounds dissolved in DMSO, 

and incubated for 2 days. After 2 days, the cells are treated with resazurin. Resazurin is a weakly 

fluorescent compound that is reduced to resorufin, which is fluorescent, by living cells (Figure 

1-9).47 The fluorescence is measured and the inhibition is calculated. Inhibition can be measured 

at multiple concentrations in order to calculate an IC50 value. A detailed procedure has been 

published.48,49 

 

1.3.3 Antimalarial Bioassay 

Plasmodium falciparum (Dd2), is a chloroquine resistant strain. The parasite is grown in 

human blood. Ring stage parasites are treated with varying concentrations of either compounds, 

extracts, or fractions, and incubated for 3 days. Parasite growth is then determined by DNA 

quantitation using SYBR® Green I (Figure 1-10), which shows fluorescence enhancement when 

in contact with P. falciparum.50 Detailed procedures have been published.51 

 

Figure 1-10. Structure of SYBR® Green I. 

 

 

Figure 1-9. Reduction of resazurin (1.27) to resorufin (1.28).  
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1.3.4 Anti-inflammatory Bioassay 

Inhibition of PPAR-g activity was measured using a cell-based reporter assay. Cells were 

co-transfected with DNA plasmid and pRL reporter control. The transfected cells were treated and 

incubated. After incubation, the cells were harvested and the luciferase activity, which was 

normalized to pRL activity, was measured. The intensity of the luciferase fluorescence is directly 

related to the gene expression level of PPAR-g. Detailed procedures have been published.52 

 

1.3.5 Isolation Methods 

In order to successfully isolate natural products, a researcher must have access to a large 

number of isolation methods due to the uniqueness of each extract. Liquidïliquid partitioning, 

column chromatography, and solid phase extraction (SPE) techniques are used extensively. High 

performance liquid chromatography (HPLC) is used for final purification.  

 

1.3.6 Structure Elucidation 

In contrast to synthetic chemistry, a natural products chemist must determine the structure 

of a compound without the benefit of knowing the reactants. Mass spectrometry (MS) is used to 

determine the molecular formula, which is then used to calculate the degree of unsaturation. 1D 

and 2D NMR spectrometry is used extensively to determine the 2D structure of the compound. 

Often, 2D NMR techniques, such as NOESY, can be used to determine the relative configuration 

of the unknown compound, either with or without chemical modification. In order to determine 

the absolute configuration of a compound, techniques other than NMR must be employed, such as 

ECD, polarimetry, or Mosher ester analysis.  
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1.3.7 Problems 

A large problem with bioassay-guided fractionation is the investment of a large number of 

resources being committed to the investigation of an extract before the structures of the active 

components are identified. If the bioactive compounds are known and can be quickly identified, 

ideally early in the fractionation process, large amounts of time and other resources can be saved.  

 

1.4 Dereplication Strategies 

1.4.1 Development of Dereplication 

In the field of natural product isolation, dereplication plays a large role in the efficiency of 

investigators. Dereplication is the process of quickly identifying that the active compound in an 

extract is or is not already known. By being able to quickly and effectively dereplicate extracts, 

researchers can save valuable time and money by not isolating compounds that are already known. 

Dereplication seems to naturally associate with high throughput screening where a large number 

of fractions are screened for activity and structural data ï which can then be used to recognize 

known compounds.  

 

1.4.2 Solid Phase Extraction 

 Dereplication is more successful when compounds can be effectively separated. While SPE 

does not provide any spectroscopic data, it can take advantage of the various functional groups 

that natural products possess to quickly obtain pure compounds. SPE takes advantage of these 

differences to effectively separate compounds; for example, strong anion and strong cation 

cartridges can be used to separate carboxylic acids and amines.53 Mixed-mode polymeric reverse 
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phase (RP) anion exchange columns can retain carboxylates, phenyls, and enols and separate them 

based on relative polarity as well.53 C18 and Sephadex cartridges have also been used to separate 

compounds based on polarity and size, respectively.54 By using orthogonal separations, a pure 

compound can be obtained and further spectroscopic data can be gathered for a quick dereplication. 

 

1.4.3 Mass Spectrometry 

 MS data is readily available and can be used to obtain a molecular formula which can be 

used to search many readily available databases. This technique is commonly coupled with liquid 

chromatography to obtain spectroscopic data for pure compounds. Traditional MS can sometimes 

give false positives so tandem MS/MS is utilized in order to reduce the risk of assigning an 

incorrect mass by investigating the fragment ions as well as the parent ion. The investigation of 

fragments can create characteristic ñfingerprintsò which can be used for a much more detailed 

library search.55 

 Forward analysis MS/MS is a technique in which a sample is fragmented and the resulting 

fragment masses are added up to determine the molecular formula of the parent sample. This is 

then checked through reverse analysis in which the resulting fragment masses are verified through 

differentiation.56 This greatly reduces the risk of assigning an incorrect molecular formula while 

also giving more information about the fragments. However, MS/MS database data is limited: in 

2009 MS/MS data were available for only approximately 14,000 spectra in the NIST/EPA/NIH 

Mass Spectral Database.56 A least-squares data analysis can also be applied to match predictions 

of fragmentation with actual fragmentation to help verify the molecular weight.56 Another method 

is MS/MS/MS that can be used to obtained detailed information about the fragmentation. However, 
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the spectra are quite complicated and have a low signal to noise ratio, making them inadequate for 

accurate mass determination.55 

 Jarussophon et al.56 demonstrated that MS/MS has been very accurate when used to 

determine exact masses of compounds between 138ï1569 Da. A total of 86 of 96 compounds 

(90%) were successfully assigned an accurate molecular weight; furthermore, after a least-squares 

analysis, the success rate was raised to 97% (93 of 96 compounds). MS/MS has also been used to 

successfully assign the molecular formula of paclitaxel, C47H51NO14.
55 This demonstrates a 

potential to eliminate errors in molecular formula determination, reducing false positives and 

improving the accuracy of dereplication, and hence reducing the chances that a novel compound 

will be mistaken for an already known compound. The detailed information about fragmentation 

also eases structure determination.  

 

1.4.4 Nuclear Magnetic Resonance Spectroscopy 

 NMR is commonly used in natural product dereplication due to the wealth of structural 

information it provides. However, it is relatively insensitive, so efforts must be taken to improve 

the signal-to-noise ratio (S/N) for small amounts of sample, a common occurrence in natural 

product isolation. An issue with the small amount of sample and the need for highly sensitive 

analysis is the appearance of contaminants which can arise from sources such as solvents, 

glassware, and columns.57 This can be very difficult to avoid as one must go out of his or her way 

to prevent contamination and may have to use different protocols than are typically used in a 

synthetic laboratory. One commonly used method to improve the S/N ratio is to increase the 

number of scans; this improves the S/N ratio as a function of n1/2 (n = number of scans).57 While 
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effective, this is often impractical in shared NMR facilities as it ties up machines for long periods 

of time.  

A large amount of background noise in NMR spectra is a result of the large number of 

electronics that are used for analysis. This noise results in many and various background signals 

at room temperature. To eliminate some of this background noise, and thus improve the S/N ratio, 

one can use a cryoprobe, an NMR spectrometer in which the rf coils and the preamplifier are 

cooled to approximately 20 K. Cooling improves the S/N ratio by approximately four-fold.57

 

Figure 1-11. Comparison of 1H NMR of sucrose in D2O. (A) 172 mg in 550 µL in a 5-mm NMR tube. (B) 172 mg in 5 

µL in a 1-mm probe tube. Reprinted with permission from Anal. Chem., 2002, 74, 4464ï4471. Copyright 2002 

American Chemical Society. 
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 Another way to improve the S/N ratio is to decrease the volume of the tube. When a fixed 

amount of sample is available, a smaller tube size allows for preparation of a more concentrated 

sample due to the reduced amount of solvent need to fill the tube. This increases the effective mass 

contained within the tube, greatly increasing the S/N ratio. Molinski reports that a low volume 

capillary probe (5ï7 µL) gives a five times greater mass sensitivity compared to a traditional 5 mm 

NMR probe (Figure 1-11).57 Capillary NMR (1 mm probe) has been demonstrated to greatly 

 

Figure 1-12. Compounds isolated from Phobas sp.: 1.30: 186 mg (180 µmol) identified in 1995. 1.31, 1.32: ~1 

mg and 0.007 mg, respectively (1.5 µmol combined), identified in 2003. 1.33: ~0.09 mg (0.15 µmol), identified 

in 2009.  



17 

 

increase the S/N of sucrose by approximately 5-fold compared to a traditional 5 mm probe, as seen 

in Figure 1-11, due to a 110-fold increase in concentration.58  

Compounds isolated from Phobas sp. are examples of a natural product extract story that 

evolved with technology (Figure 1-12). In 1995, compound 1.30 was isolated and its structure 

resolved with 180 µmol of compound on a 500 MHz NMR with a room temperature probe. Later, 

in 2003, the structures of 1.31 and 1.32 were determined with 1.5 µmol of compound on a 600 

MHz NMR equipped with a 5 mm cryoprobe. Furthermore, in 2009, the structure of 1.33 was 

determined with 0.15 µmol of compound and a 600 MHz NMR equipped with a 1.7 mm 

microcryoprobe.59  

 

1.4.5 High Performance Liquid Chromatography 

 As early as 1979, HPLC was recognized as a viable method for the separation of natural 

products; this acted as a replacement for complex separation solutions.60 HPLC has advanced since 

then, increasing in speed, capacity, versatility, and resolution. In particular, the availability of 

various column types greatly improves the separation capabilities of HPLC.  

 HPLC profiling is the technique involving the coupling of HPLC analysis with activity 

testing and spectroscopy; this can be used to identify a compound through a database search 

 

Figure 1-13. A schematic outlining HPLC profiling. Adapted from: Potterat, O.; Hamburger, M. Curr. Org. 

Chem. 2006, 10, 899. 
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without isolating the compound.61 HPLC profiling (Figure 1-13) can also be used to guide 

isolations by prioritizing isolation of the active compounds within the sample instead of isolation 

of all compounds within the sample.  

 HPLC efficiency is limited by the back-pressure generated from the packing density of the 

column. While it is true that an increase in flow rate decreases time spent, it also decreases the 

resolution and generates a higher back-pressure that may be more than the HPLC pump can 

withstand. This often causes leaks and other damage to the equipment. One way to increase flow 

rate without generating high back pressures is to use a monolithic columnða column containing 

porous channels instead of particles; however, monolithic columns are not readily available or 

readily compatible when coupled with mass spectrometers.62 

Another way to improve HPLC resolution is to decrease particle size; however, this 

increases back pressures creating the need for high pressure devices (>400 bar).60 By decreasing 

the particle size, the number of theoretical plates are increased which increases resolution, although 

it is not always predictable to what extent the resolution will be increased.63 This creates a demand 

for ultra performance liquid chromatography (UPLC) machines that can take advantage of smaller 

particle size and shorter column length; allowing hours to be saved on separations.  

 When choosing a UPLC method, the most important feature to examine is the maximum 

available pressure due to the continuing decrease in particle size and the ability of higher pressure 

systems to operate at higher flow rates.60 UPLC users often have to choose between a shorter 

column or a slower flow rate, sacrificing either time or resolution; however, the resolution and 

time savings are still much improved compared to HPLC. In general, column length for UPLC is 

approximately one-third that of HPLC columns and the flow rate is approximately three times as 

fast, resulting in analysis times that are nine times faster than comparable HPLC runs.60 UPLC is 
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not without its drawbacks. Pressures as high as 5000ï7000 bar can cause solvent compression and 

generate heat from friction, causing difficulties in obtaining good separations.64  

 UPLC has been shown to decrease separation time when used in the pharmaceutical 

industry without sacrificing quality.65 A success story of UPLC is the analysis of the medicinal 

plant Gingko biloba. Eugster successfully transferred HPLC methods to a UPLC machine, 

decreasing the particle size from 5 µm to 1.7 µm and shortening the column from 4.6 mm to 2.1 

mm, thus reducing the analysis time nine-fold. Furthermore, if the column length is not shortened, 

far greater resolution is achieved and the analysis still takes significantly less time than the original 

analysis.60 

 

1.4.6 HPLC Detection Methods 

Wolfender offers a comprehensive study of HPLC detector methods, summarized in Table 

1-1. UV is the most widely coupled detection method with HPLC. While it detects many 

compounds, it will miss non-UV absorbing compounds, making it an imperfect detector. Another 

detection method is fluorescence detection (FD), which is more sensitive than UV detection, but 

most natural products do not fluoresce, making FD a limited detection method. 

Chemiluminescence (CL) is another method, similar to FD, that detects the light emission of a 

molecule in its excited state; however, most natural products do not chemiluminesce. 

Electrochemical detection (ECD) can also be coupled with HPLC and is more effective 

than FD and CL because many natural products have electrochemical activity. A drawback is 

that ECD is a destructive technique that causes reduction within the compound which can be an 

issue with natural products that are often in short supply.66  
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Table 1-1. Performance comparison of different HPLC detectors. Retyped from: J. L. Wolfender Planta Med.2009, 

75,719. 

  

Refractive index detection (RID) was first used in 1942 but is very limited in its application. 

It works well for detecting carbohydrates and sugars but suffers from a lack of sensitivity and high 

susceptibility to background noise and baseline drift. Flame ionization detection is another seldom 

used method. While it is highly sensitive, it detects all carbon containing compounds, and thus 

requires a 100% H2O mobile phase which greatly limits it utility.66 

 Originating in 1966, evaporative light scattering detection (ELSD) is a very effective 

detection method often coupled with HPLC. ELSD evaporates all volatile components and solvent 

and measures the amount to which light is scattered by the remaining particles; this technique has 

the advantage of detecting all components that are non-volatile or less volatile than the solvent. 

An attempt to replace ELSD was made in 2002 with the implantation of charged aerosol detection 

(CAD). CAD works similarly to ELSD but the particles remaining after evaporation are passed 

  
Type 

Dynamic 

Range 
Sensitivity Specificity 

Chromatographic 

Compatabilities 

Structural 

Information 

Ease of 

Use 

Widespread 

use for NPs 
Cost 

UV Spec. ***  ***  **  ***c  *  ****  ****  *  

DAD Spec. ***  ***  **  ***c  **  ****  ***  **  

FD Spec. **  ****  ***  ****  *  ***  *  **  

EC Spec. ****  ****  **  **  - **  **  *  

RID Uni. **  **  - **d,e - ****  *  *  

ELSD Uni. **a  **  - **e  - ****  *  *  

CAD Uni. ****a  ***  - **e  - ****  -g **  

MS 

Uni./

Spec. **  ****  ***  **e  ***  **  ***  ***  

MS-

MS 

Uni./

Spec. **  ****  ****  **e  ****  *  ***  ****  

NMR. Uni. **b  *  *  *f  ****  *  **  ****  
a Non-linear response. b NMR provides absolute quantification but is not used in this way in the on-flow mode. c 

Requires solvents and buffers with low UV cut-offs. d Not compatible with gradients. e Usually not compatible with 

non-volatile buffers. f Need deuterated water and deuterated modifiers in the on-flow mode. g Relatively new 

technique. 
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through a charged corona discharge needles and the resulting charge is recorded by an 

electrometer.66  

MS and NMR can also be coupled with HPLC in order to provide structural data instead 

of just indicating the presence of a compound.67 A typical setup includes separation into a 96-well 

plate for bioassay submission (Figure 1-14). By using a splitter, most of the sample can be 

separated into a container, such as a 96-well plate, which can be submitted for bioassay while a 

very small amount is sent to the mass spectrometer for analysis.68 Cordell and Shin successfully 

demonstrated this principle in 1999 when they confirmed the activity of two active compounds in 

Semecarpus anacardium while gathering mass data at the same time.68 Efficient gathering of data 

like this enables one to effectively dedicate his or her resources to isolating active compounds 

instead of blind chasing of compounds without knowing their activity. TOF MS has also been 

identified as an effective device to couple with UPLC, due to the quick mass analysis time; the 

entire separation and mass analysis takes approximately 10 minutes, compared to what would 

traditionally take 30 minutes by HPLC.69 This demonstrates that MS analysis can keep up with the 

high speed of UPLC, preventing a bottleneck in the system. 

 

Figure 1-14. An example of coupling HPLC data with bioassay data. The shaded area of the chromatogram was 

collected into a 96-well plate which was then submitted for bioassay. The bold line represents relative inhibition. 
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 Capillary NMR can also be a powerful tool to couple with HPLC. It has been shown to be 

a very effective resource to determine the structure of a compound in very small amounts. It was 

demonstrated by the isolation of chrysaibol from Sepedonium chrysosperimum which started with 

only 700 µg of crude extract, with only 33 µg being needed for the capillary NMR analysis.70 In 

another example, Schroeder et al. isolated 13 different steroids in 11 different fractions when 

starting from only 50 fireflies, used capillary NMR to identify compounds from a very small 

sample.71   

 

1.4.7 Database Searches  

In 2001, LC-UV or LC-MS or a combination of the two methods was the preferred method 

for early dereplication of natural products; however, these methods do not allow for identification 

of structure,.72 although they did allow for partial identification of the active components and the 

structure could later be determined. At this time, LC-NMR was becoming more widely used but 

the lack of published data in searchable libraries made dereplication difficult.72 Furthermore, NMR 

techniques were not as developed as they currently are, so if only a very small amount of the 

compound could be isolated, obtaining useful NMR data may have been difficult or impossible. If 

spectroscopic data can be obtained, dereplication can be accomplished with the assistance of 

various databases. Three commonly used searchable databases are the Dictionary of Natural 

Products, MarinLit, and AntiBase.73 SciFinder® can also be used when a possible structure is 

known to see if the structure is already published. These databases are only as effective as one 

makes them. One should note which structural features are searchable parameters within accessible 

databases to help guide oneôs gathering of spectral data.74  
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HPLC retention times have been demonstrated to be an effective tool in assisting 

dereplication. UV data coupled with retention times has been successfully used for database 

dereplication when using an in-house library.73 However, great care has to be taken to ensure that 

HPLC conditions remain the same so that retention times do not vary. This makes retention time 

an inefficient parameter for dereplication because of the difficulties of ensuring that HPLC 

parameters remain the same at various facilitiesðlimiting this technique to in-house libraries. 

 A dereplication method with much more transferability is the use of LC-NMR. While direct 

LC-NMR is the preferred approach, if one does not have access to an LC-NMR instrument one 

can first perform the LC separation and then obtain NMR spectra. NMR data is easily transferred 

between facilities. In order to successfully use NMR data to search databases, one must simply 

identify some easily recognizable features in the spectrum; in many cases it is not necessary to 

determine the entire structure once a database match has been made.  

 

1.5 Synthetic Approaches 

While natural products have been used for medicinal purposes, their effectiveness is 

enhanced by synthetic approaches. A synthetic route can be used to provide access to natural 

products that are in short supply. However, often the structure of the natural product is too complex 

to be synthesized so a semi-synthetic route may be used to modify a different naturally occurring 

compound (often a precursor in the biosynthetic pathway). For example, paclitaxel can be isolated 

from the bark of several yew species; however, these species are very slow growing and in order 

to meet supply demands without damaging the source, an alternative source of paclitaxel was 

sought.75-77 It was found that paclitaxel can be efficiently synthesized in three steps from 10-
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deacetylbaccatin, which can be isolated in high yield from the needles of Taxus baccata L (Figure 

1-15).78  

Bioactivities of natural products can often be improved by synthetic modification. If the 

natural product is not too complex, a study of the natural product and related compounds can be 

performed in an attempt to identify compounds with increased bioactivity (see Chapter 5). Some 

examples of natural product derivatives are shown in Figure 1-16.79 

 

 

Figure 1-16. Natural product derivatives approved by the FDA from Janurary 2013ïJune 2014. 

 

 

 

Figure 1-15. Semisynthetic route to obtain paclitaxel. 
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Chapter 2: Antiproliferative Trihydro xyalkylcyclohexenones from 

Pleiogynium timoriense 

2.1 Introduction  

2.1.1 Abstract 

Investigation of a dichloromethane (DCM) extract of the bark of Pleiogynium timoriense 

from the former Merck collection of natural product extracts for antiproliferative activity indicated 

that it was active with an IC50 value of 1.3 mg/mL against the A2780 ovarian cancer cell line. 

Bioassay-directed fractionation of this extract yielded the three new bioactive 

trihydroxyalkylcyclohexenones 2.1ï2.3. Their structures were determined by a combination of 

spectroscopic and chemical methods. Compounds 2.1ï2.3 exhibited submicromolar 

antiproliferative activity against the A2780 human ovarian cancer cell line, with IC50 values of 0.8, 

0.7, and 0.8 mM, respectively. This is a modified and expanded version of previously published 

work (Eaton, A. L.; et al. J. Nat. Prod., 2015, 78 (7), 1752ï1755).1 

 

Figure 2-1. Pleiogynium timoriense. Used under Creative Commons (CC BY-NC-ND 3.0) from 

<http://www.tropicos.org/Image/100118516>. 
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2.1.2 Author Contributions 

The author of this dissertation (Alexander L. Eaton) completed the fractionation of the 

extract and the identification of the compounds described as well as the drafting of the manuscript. 

Ms. Peggy Brodie performed the antiproliferative bioassay (A2780) on all fractions and 

compounds. Dr. Michael Goetz provided the extract from the Natural Product Discovery Institute 

(NPDI). Dr. Liva Harinantenaina obtained the ECD spectra. Dr. David G. I. Kingston was a mentor 

for this work.  

 

2.1.3 Previous Investigations of Pleiogynium timoriense 

P. timoriense, also known as the Burdekin plum, is a tree found in northeast Australia and 

Malaysia as well as locations in the south-central Pacific and southwestern Pacific.2 Its fruit is used 

to make jam,3 and its leaves have been reported to be a source of antioxidants. Twelve compounds, 

including kaempferol, gallic acid, various kaempferol, quercitin, and myricetin glycosides, and 

three galloyl derivatives have been identified from the ethanolic extract of the leaves.4 It has also 

been reported that cyanidin 3-glucoside can be found in the fruit of P. timoriense.5,6 The DCM 

fraction was selected for fractionation based on its antiproliferative activity and the lack of reported 

antiproliferative compounds from the species.  

 

2.1.4 Chemical Investigation of Pleiogynium timoriense 

As part of an investigation of the former Merck natural products extract library for 

antiproliferative constituents, now maintained by the Natural Products Discovery Institute,7 we 

identified a DCM fraction of the ethanol extract of the bark of Pleiogynium timoriense 

(Anacardiaceae) as a promising extract with an IC50 value of 1.3 mg/mL against the A2780 ovarian 
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cancer cell line. The DCM fraction (0.30 g) was fractionated using by Sephadex LH-20 column 

chromatography and two rounds of C18 HPLC to yield the three active compounds 2.1ï2.3.  

 

2.2 Results and Discussion 

2.2.1 Isolation of Compounds from Pleiogynium timoriense  

The DCM fraction of the bark of Pleiogynium timoriense was partitioned by using 

Sephadex LH-20 chromatography (Scheme 2-1). This yielded one fraction with increased activity 

that was separated further by C18 HPLC to yield semipure 2.1-2.3. Compounds 2.1-2.3 were 

purified by C18 HPLC. Compound 2.2 was obtained in the largest amount and was investigated 

first.  

 

Scheme 2-1. Fractionation of Pleiogynium timoriense. 

 

Figure 2-2. Compounds isolated from Pleiogynium timoriense. 
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2.2.2 Structure Elucidation 

13C NMR and HRESIMS data indicated that compound 2.2 had the molecular formula 

C25H44O4 ([M+H] + m/z 409.3291, calcd for C25H45O4
+ 409.3312). Its 1H NMR spectrum indicated 

the presence of an a,b-unsaturated carbonyl group (H-2, d 6.1, 1H, dd, J = 10.2, 0.7 Hz; H-3 d 

6.8, 1H, ddd, J = 10.1, 3.9, 1.3 Hz), which was confirmed by its 13C NMR spectrum (C-1, d 200.2; 

C-2, d 126.4; C-3, d 145.9). A large peak for methylene protons in the 1H NMR spectrum (d 1.22-

1.34) as well as a triplet at d 0.88 (H-19ǋ, 3H, t, J = 6.9 Hz) indicated the presence of a long alkyl 

chain in 2.2. This was consistent with the 13C NMR data, which showed 10 signals at 

approximately d 29 as well as signals at d 23.0 (C-2ǋ), 22.7 (C-18ǋ), and 14.7 (C-19ǋ). The NMR 

spectroscopic data are comparable to those of other known trihydroxyalkylcyclohexenone 

derviatives.8-11 The presence of a double bond within the alkyl chain was indicated by a signal at 

d 5.34 (2H, m) in the 1H NMR spectrum as well as by COSY correlations from d 5.34 (H-10ǋ, H-

11ǋ) to  d 2.00 (H-9ǋ, H-12ǋ).  

COSY correlations between H-3 and H-4 as well as H-4 and H-5 were used to establish the 

positions of C-4 and C-5 (Figure 2-3). The lack of other correlations in the COSY spectra indicated 

that C-5 must be attached to an oxygenated tertiary carbon (C-6). HMBC correlations of H-2 to C-

6, H-4 to C-6, and H-5 to C-1 (Figure 2-3) indicated that the structure contained a cyclic moiety, 

which is consistent with the calculated hydrogen deficiency index of four.  

 

Figure 2-3.Selected 2D NMR correlations of 2.2. 




































































































































































































































































































































































































































































































































