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Abstract 

 

 Surfactants are an integral component of the modern industrial and consumer economies. 

They perform indispensable functions and yet their production and disposal pose grave 

environmental concerns. To address these concerns, work has been undertaken for several decades 

in the burgeoning field of biosurfactants – surfactants derived from biological sources. Of the 

biosurfactants, rhamnolipids are perhaps one of the most promising. They boast superb surfactant 

performance, are structurally simple, and are, most importantly, environmentally benign. 

Chemical approaches to the production of biosurfactants have been undertaken for a number of 

years with limited industrial applicability. Recent developments from the Pemberton lab, however, 

open new, industrially relevant synthetic pathways to rhamnolipids. Until this point, even these 

state-of-the-art production methodologies have lacked the ability to control for rhamnolipid 

stereochemistry. Natural products are given in high diastereomeric purity from their correspondent 

biological sources. The lack of stereochemical control results in either impure products or 

sacrifices yield, efficiency, and green indices if diastereomeric purity is achieved. To address this 

issue, the present work reports a chemoenzymatic approach to the stereospecific and green 

synthesis of rhamnolipids. Immobilized lipase B of Candida antarctica was used to provide 

enantiomerically pure starting materials for rhamnolipid synthesis. Optimal enzyme performance 

parameters such as time, temperature, conversion efficiency, etc. were quantitatively determined, 

primarily using spectroscopic methods. Diastereomerically pure rhamnolipid products were 

subsequently synthesized and characterized by standard methods. In addition, their interfacial 

properties were investigated using surface tensiometry with a du Noüy ring, and key parameters 

such as CMC, γCMC, and Γm were determined and/or calculated. The reported work demonstrates 
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a novel advance in the field of biosurfactant production by chemical means, and a controlled 

synthesis that maintains green indices and is industrially relevant can now be achieved. 
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Chapter 1 

Introduction 

Introduction to Surfactants and Their Properties 

Surfactants are amphiphilic molecules that generally feature hydrophobic, aliphatic chains (tail) 

covalently linked to some type of hydrophilic region (head group). Surfactants are commonly classified by 

their hydrophilic region which can be ionic, amphoteric (zwitterionic), or nonionic (polar) (Figure 1.1)1. 

 

 

  

 

Ionic surfactants can be either anionic or cationic and each have several chemical classes of head 

group. Anionic surfactants are perhaps the oldest and currently most widely used surfactants; sulfates, 

sulfonates, phosphates, and carboxylates are among the most common anionic surfactant types. Cationic 

surfactants frequently feature quaternary amines as their charged headgroup and are employed in specialty 

applications for adsorption at negatively charged surfaces. Amphoteric surfactants are tunable by pH and 

are highly compatible with other surfactants. Nonionic surfactants commonly feature a fatty alcohol joined 

to a ring-opened ethylene oxide motif, the so-called “ethoxylated” surfactants. The ratio of repeating ethoxy 

units to carbons of the connected aliphatic tail determine relevant surfactant properties. Hydroxy bearing 

sugars connected to alkyl groups are increasingly common both natural and synthetic nonionic surfactants.  

Due to their amphipathic nature, surfactants adsorb at surfaces or at phase interfaces and individual 

molecules differentially partition at the interface. The hydrophilic portion of the molecule associates with 

the aqueous phase while the hydrophobic portion is directed into air at the surface or adsorbs into oil or 

onto a hydrophobic solid at the interface. This behavior disrupts the strong intermolecular organization of 

Anionic surfactant: 
Carboxylate 
n = 8-16 
X = Na 

Cationic surfactant: 
Quaternary amine 
n = 8-18 
X = Cl 

Zwitterionic surfactant: 
N-alkyl betaine 
n = 10-18 

Nonionic surfactant: 
Alcohol ethoxylate 
n = 10-18 
m = 1-20 

Figure 1.1. General structures of common types of surfactants of each major class.  
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water and lowers the contraction force, thereby reducing surface tension (Figure 1.2). Some surfactants, 

either homogenous or in heterogeneous mixtures, exhibit the property of self-assembly. One possible 

aggregate is the spherical micelle wherein the hydrophobic moieties are buried in the sphere center while 

the hydrophilic regions are displayed at the sphere surface. Micelles are able to solvate organic, non-polar 

molecules at their core and are simultaneously aqueous soluble because of the exposed hydrophilic regions2. 

In addition to micelles, surfactants can assemble into higher aggregates such as rod-like micelles, vesicles, 

lysosomes, bilayers, and lamellar stacks. The ability of surfactants to lower surface tension and to self-

assemble confer both chemically and biologically important properties such as emulsification, wetting, and 

detergency. 

 

 

 

 

 

Surfactants have a great number of industrial applications, because their surface-active properties 

are tunable by altering chain length and head group. Some of their most common uses include cleaners, 

personal care products (soaps, toothpastes, creams, shampoos), components in paint and coating 

formulations, pharmaceuticals, and agrochemicals1. Surfactants command a significant global market; it 

was estimated at approximately $9.4 billion USD in the mid-late 90s3 and has grown to $43.7 billion as of 

2017. This growth is only projected to continue according to a recent report by Allied Market Research4. 

Their wide use in daily applications renders surfactants indispensable, and yet synthetic surfactants – 

A) 

Liquid Water 

B) 

Interface 

Liquid Water 

Oil/Air 

H
ydrophobic 

tail 

Hydrophilic 
headgroup 

Figure 1.2 A) Schematic of a liquid water lattice stabilized by hydrogen bonding. Liquid water’s strong intramolecular forces 
generate a contractile force and gives rise to water’s high surface tension. B) A general surfactant adsorbed at an oil/water or 
air/water interface. The hydrophilic moieties are directed into water and engage in interactions with water molecules thereby 
disrupting the liquid water lattice and lowering surface tension. Dashed lines represent general interactions as the type of 
surfactant-water intramolecular attraction is dependent on surfactant identity. Ionic surfactants exhibit ion-dipole interactions 
with water molecules while nonionic head groups engage in dipole-dipole and/or hydrogen bonding interactions. 
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referred to henceforth herein as “conventional” surfactants – pose significant challenges to ecological health 

because of their ubiquitous employ.  

Surfactants are synthesized from either non-renewable petroleum or renewable oleo sources, and 

these standard synthetic methods contribute to air pollution and greenhouse gas formation5. Furthermore, 

surfactants themselves pose environmental threats. The effect and extent of surfactant toxicity is locale 

dependent. India, as an example, has little regulation and robust industries that utilize surfactant to a great 

extent, such as in textile production. One outcome in this setting is the overuse and poor disposal of 

phosphorous based surfactants or surfactants with phosphorus containing additives which lead to 

eutrophication of water bodies. The combination of these factors results in more pronounced environmental 

toxicity compared to regions with greater regulatory infrastructure like Europe and North America. As with 

other environmental stressors, the developing world is at greater risk; however, ecological impacts are not 

beholden to national boundaries and contamination to air and water contribute to a global problem.  

There is a wide range of chemical variability in extant surfactants and environmental responses can 

accordingly range from benign to extremely acute toxicity. Furthermore, surfactant fate and toxicity is not 

well studied on the whole. However, a greater body of toxicological data exists for sodium dodecyl sulfate 

(SDS) and linear alkylbenzene sulfonates (LAS) which are some of the most ubiquitous surfactants. They 

have been shown to have direct cellular toxicity to plant roots, bacteria, algae, and fungi5. Surfactant toxicity 

proceeds through various mechanisms but it often induces oxidative stress. Surfactants can also bind 

biomolecules, interfere with normal metabolism, and cause DNA damage6. Beyond surfactant type, direct 

toxicity depends on many factors including species, concentration, exposure time, environmental 

conditions, and more. One recent publication by Lechuga et al. attempts to generate a predictive 

mathematical model for the toxicity of anionic and ethoxylated surfactants. They found that anionic 

surfactant LC50 is a function of its octanol-water partition coefficient while the ethoxylated surfactant 

toxicity is a function of degree of ethoxylation and chain length7. Generally, however, it can be difficult to 

quantitatively assess the ecological impact of environmental surfactant exposure. In a recent review, 
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toxicological and monitoring data for major surfactant types in the marine environment was assessed8. The 

researchers strongly underscore the need for more studies concerning the fate and ecotoxicity of surfactants 

released into the marine environment.  

Despite the high removal efficiency of surfactants in wastewater treatment (95-99%)5,8, significant 

amounts of surfactant can still be deposited in natural environments due to the tremendous scale of 

surfactant use. This, paired with the lack of adequate data regarding their ecological fate – especially in the 

marine environment, the final site of deposition for many surfactants – raises legitimate concern about the 

continued use of conventional surfactants. To address these concerns, new, more environmentally benign 

surfactants must be found and developed which demonstrate competitive surfactant properties while also 

maintaining economical routes toward their production. To this end, the following work in rhamnolipid 

biosurfactants has been undertaken to further develop synthetic methodologies to enable the large-scale 

production of these biomolecules.  

Biosurfactant Types and Applications 

‘Biosurfactant’ is a broad term which may refer to any surface-active molecule which is anabolized 

as part of an organism’s natural metabolic processes. They are primarily isolated from microorganisms such 

as bacteria and/or fungal species. Biosurfactants have received growing interest in recent years due to their 

competitive surfactant performance9–11, wide range of applications12, growing accessibility13, their ability 

to be produced from renewable feedstocks14, and most significantly, their non-toxic and biodegradable 

nature15. Several major classes of biosurfactants exist which will be briefly reviewed: the phospholipids, 

polymeric biosurfactants, lipopeptides, and glycolipids.  

Phospholipids make up the predominant lipid class in the cell membranes of all cellular life. Their 

common general structure includes a phosphoric acid group (usually modified by choline or another organic 

residue) linked via glycerol to two fatty acid tails16. As cell wall components, phospholipids must be 

acquired from fractionation of biological material. Lecithin is an example of a mixed phospholipid isolation 
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produced from soy, egg yolks, and many other food products. Because lecithin is a mixture of phospholipids 

and other fats, it is a low-purity surfactant product which is most commonly used as an emulsifier in food 

products. Another common source of phospholipids is algal biomass. To isolate lipids or other valuable 

components, algae cells must be lysed which is energy intensive and cost prohibitive at scale17. 

Furthermore, as mentioned above, phosphorus containing surfactants in general have dubious 

environmental impacts as their improper disposal can lead to the eutrophication of rivers and lakes.  

Polymeric biosurfactants are often lipopolysaccharides or lipoproteins of high molecular weight 

(>1000 kDa)18 produced from microbial sources. These biosurfactants are used in the petrol industry, food 

industry, and the paint/coating industry for the stabilization of emulsions. Because of their size and 

complexity, polymeric biosurfactants are obtained exclusively through biosynthesis as extracellular extracts 

or whole cell mixtures18,19. Their naturally high viscosity may make them intractable at large scale for 

conventional surfactant replacement20.  

 The foremost lipopeptide is surfactin, first described as a “crystalline peptidelipid surfactant” by 

researchers in Tokyo in 196821. The researchers serendipitously found that culture fluids of Bacillus subtilis 

powerfully reduced fibrin clotting, and they were able to isolate and make preliminary characterizations of 

this biological protein-lipid molecule. This bacterial product was found to lower surface tension more than 

sodium lauryl sulfate and was hence named surfactin. Its accidental discovery has led to significant 

exploration and research of this biosurfactant. It has been structurally characterized as a cyclic chain of 

seven, both L- and D-, amino acids linked to a 3-hydroxyacid chain of approximately 15 carbons. Surfactin 

is biosynthesized without ribosomal but rather enzymatic catalysis22. In addition to its surfactant properties, 

surfactin also has important medicinal properties such as anti-viral, anti-microbial, anti-tumor, and 

biotechnology applications23. Surfactin batch synthesis remains the prevailing production method24–26, but 

it has also been synthesized in small quantity for both pharmaceutical and surfactant studies27,28. Although 

surfactin is powerfully surface active and possesses potential for many exciting applications, its large-scale 
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production remains dubious and cost prohibitive. For this reason, it will likely be considered a more niche 

biosurfactant not suitable for competition with conventional surfactants in a consumer market.  

 Glycolipids are produced naturally or synthetically and are known for their excellent surfactant 

qualities. They can be isolated from microorganism batch production in decent yield, exhibit surface 

activity and emulsification11,18,29, and are currently one of the most competitive candidates against 

conventional surfactants. A notable class of glycolipids are the rhamnolipids which were first described as 

oily fatty acids produced by the pathogenic bacterium Pseudomonas aeruginosa30. P. aeruginosa produce 

a variety of rhamnose-containing glycolipids as part of their normal cellular functions and although the 

physiological role(s) of rhamnolipids are still debated, they are implicated in metabolite solvation, anti-

microbial regulation, cell adhesion, biofilm production, and quorum-sensing12,31–33. Historically, 

rhamnolipids have been better characterized because of their ease of recovery and high microbial yields10. 

However, more recent studies confirm that the eminence of rhamnolipid biosurfactants has a basis in their 

surfactant performance: rhamnolipids were found to lower water surface tension to 24 mN/m at a 

concentration of 11 ppm34 (µM range), whereas similar surface tension lowering is observed in conventional 

surfactants in the mM range35. Because of their superior surfactant performance, biodegradability, 

accessibility, and potential for unique applications, this work focuses on the rhamnolipid biosurfactants. 

Specifically, new and improved approaches for chemical synthesis that build upon existing synthetic 

methods are explored to work toward economically scalable paths to large-scale rhamnolipid production.  

Rhamnolipids and Their Synthesis 

A salient feature of native synthesis is the stereospecificity of natural rhamnolipid products9. 

Rhamnose sugar favors the α-L configuration regardless of source, but the lipid chains possess secondary 

alcohol chiral centers which unanimously feature the Cahn-Ingold-Prelog (CIP) ‘R’ absolute configuration 

in all congeners – where a congener is one of the many structurally related rhamnolipid products (Figure 

1.3). These stereospecific products are a result of the handedness of enzyme-catalyzed biosynthetic 

pathways. Today, microbial batch synthesis is used for the production of many biosurfactants including 
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lipopeptides and rhamnolipids. Standard approaches for increased biosurfactant production are nutrient 

restriction11,36 and, more recently, genetic modification37. However, in the synthesis of rhamnolipids, the 

complex mixtures provided by native synthesis represent a major challenge in the production of pure 

compounds38. There are over 50 known rhamnolipid congeners11 making high purity isolations of single 

congeners uneconomically obtained, because extraction and purification are not trivial and are labor and 

cost intensive. Furthermore, microbial batch synthesis is highly condition dependent, and therefore, 

somewhat unpredictable, thus, figuring precariously for economic scalability39. In an effort to make 

biosurfactants competitive at an industrial scale and to isolate and characterize high purity rhamnolipid 

products, the chemical synthesis of these naturally occurring molecules is an attractive alternative to native 

synthesis. 

 

 

 

   

 

Rhamnolipids comprise rhamnose sugars linked to 3-hydroxyacid chains via a glycosidic linkage. 

Effective synthetic methodologies for rhamnolipids have been pioneered within the Pemberton group40–43 

thereby opening pathways for investigation and development of rhamnolipid technologies. Previous work 

in this laboratory has focused on synthesis and characterization of native rhamnolipids produced by P. 

aeruginosa and related, non-native glycolipids44 because of their surfactant properties, biodegradability, 

and synthetic accessibility. 

* 

* 

Figure 1.3. The general structure of native rhamnolipid. The tails range from six to fourteen total carbons and can have one to 
two positions of unsaturation. The chains may or may not be identical. The R3 group may be hydrogen (monorhamnolipid) or 
another rhamnose moiety (1,2-dirhamnolipid). Asterisks denote chiral centers. 

R1 & R2 = -(CH2)nCH3; n = [2,4,6,8,10] 

R1 = R2 and R1 ≠ R2 possible 

 

R3 = - H or  
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 Bauer et al. previously reported a specific and stereoselective synthetic method for the production 

of rhamnolipids in 200645.  This method is powerful yet suffers from a laborious procedure, the use of 

expensive and harmful reagents, and low yield, thereby precluding its application to the industrial 

production of rhamnolipid biosurfactants. A recent report from this laboratory by Palos et al. describes a 

synthetic pathway (Scheme 1.1), first published46 in U.S. Patent No. 9,499,575 B2, that circumvents the 

Bauer synthesis limitations. This synthetic scheme focuses on one of the major natural congeners: a 

monorhamnolipid with two saturated chains of ten carbons each (Rha-10,10). 

 In this approach, the lipid tail is first synthesized in three steps via Meldrum’s acid synthesis of a 

benzyl 3-oxydecanoate followed by sodium cyanoborohydride reduction to give the corresponding 3-

hydroxydecanoate. Because the reduction is symmetric, the newly formed chiral 3-hydroxy position affords 

a racemate. Subsequently, glycosylation at the hydroxyl is achieved by activating a peracetylated rhamnose 

donor in the presence of a minimally competent Lewis acid41,46. The seminal glycosylation work 

demonstrated that weaker Lewis acids, such as indium(III) bromide (InBr3) and bismuth(III) 

trifluoromethanesulfonate (Bi(OTf)3), were effective catalysts for glycosylation in the production of 

rhamnosides. Rhamnosides are molecules structurally related to rhamnolipids in which the lipid component 

originates from a primary alcohol rather than a 3-hydroxyalkanoic acid. This chemistry was naturally 

extended to the synthetic context of rhamnolipids, thereby opening a new synthetic pathway. The weak 

Lewis acids act by abstraction and subsequent release of an acetate group at the anomeric carbon position. 

This is contrasted by the tendency of strong Lewis acids to retain the acetate group and behave as Bronsted 

acids. Investigation of different minimally competent and Lewis acids found that Bi(OTf)3 demonstrated 

higher yields and better purity than InBr3 in the production of rhamnolipids41. The bismuth(III) salt is further 

attractive, because it is less hygroscopic, less toxic, and less expensive than InBr3
41,47.  

 The glycosylation step effects the enantiomer-to-diastereomer conversion of the benzyl ester 3-

hydroxydecanoate racemate. Because of the tendency for rhamnose to energetically favor the α-L isomer, 

stereochemistry of the sugar is not considered: a mixture of only two diastereomers is produced. Palos  
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Scheme 1.1 Scheme for the production of monorhamnolipids with lipid tails of ten carbons (Rha-10-10). This scheme is 
generally applicable to other tails requiring only that the initial acid chloride be altered.42 Separation of 4 diastereomer products 
is achieved via normal phase-liquid chromatography (NP-LC). 
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showed that after benzyl ester deprotection via Pd/C hydrogenation, the free acid diastereomer mixture can 

be separated by normal phase liquid (flash) chromatography (NP-LC). Following Rha-10 diastereomer 

separation, a second equivalent of the protected 3-hydroxydecanoate lipid tail is joined by Steglich 

esterification48 to each of the resolved free acids. This produces two new pots of diastereomers that are 

again deprotected and separated by NP-LC to give a total of four Rha-10,10 diastereomers: (RR), (R,S), 

(S,R), and (SS) (Scheme 1). The final rhamnolipid products are obtained by deacylating the rhamnose group 

under basic conditions49,50. 

 A recent report from this laboratory by Compton et al.51 (Scheme 1.2) illustrates an even more 

facile method for the production of rhamnolipids of a single tail. This method is superior in terms of the 

number of steps, greenness, is more facile, and notably avoids the use of the benzyl ester protection in favor 

a methyl ester protection on the lipid tail. This change eliminates the need for the harmful and expensive 

palladium catalyst and also improves atom economy. In the Compton method, methyl 3-hydroxyalkanoates 

(C10 & C14) were obtained in a single step via a Reformatsky condensation of an alkyl aldehyde and 

methyl bromoacetate in the presence of Zn in THF. This reaction is thermally activated (reflux), but 

Compton also investigated the use of sonication to improve yields and reduce the danger associated with 

the reflux method. Sonication is an effective means of activation because it uses mechanical energy (as 

opposed to thermal) to remove the unreactive zinc oxide surface layer. It should be noted that the 

Reformatsky condensation can be used to produce 3-hydroxyalkanoates with benzyl or other desired ester 

protections and only requires selecting the appropriate bromoacetate reagent. Methyl 3-hydroxyalkanoate 

was glycosylated with peracetylated rhamnose in the presence of Bi(OTf)3 catalyst, as done in Palos’ work, 

to obtain the protected product. Deprotection of the methyl ester and sugar acyls was elegantly achieved in 

a single step by stirring with light heating (60-80 °C) in high concentrations (2-4 M) of NaOH. Compton 

showed that the crude glycosylation product could be directly deprotected in a ‘one-pot’ methodology and 

thusly, eliminated a chromatographic separation. Surprisingly, the glycosidic linkage is not labile under the 

intensely basic conditions, and one-pot synthesis yields were good (50-55%). Although the Compton 
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methodology excels for rhamnolipids of single tails, it suffers primarily from an inability to produce dual-

tail rhamnolipids and the inability to control for stereochemistry. The methyl ester protection is not 

orthogonal to the acyl groups which is necessary for the tail coupling step. Compton achieved diastereomer 

resolution by chromatographic separation after the final deprotection in a fashion similar to Palos. 

 

 

 

 

 

 

 

 

The above approaches represent a major advance in the synthetic production of rhamnolipids and 

related glycolipid analogs including galactose, xylose, arabinose, and glucose containing compounds. The 

Palos and Compton methods utilize milder reaction conditions, can be done at preparative scale, and are 

syntheses with greater green indices than Bauer’s method. Principally, the Palos and Compton methods 

reduce derivatives relative to the Bauer method, but also improve the atom economy and employ inherently 

safter chemistry for accident prevention. These synthetic pathways, however, suffer importantly from a lack 

of diastereomeric control. In the synthesis of rhamnolipids, the 3-hydroxydecanoate racemate necessitates 

the synthesis of several glycolipid diastereomers which are troublesome to isolate. Palos and Compton were 

Scheme 1.2. Scheme for the production of single-tail rhamnolipids with lipid tails of 10 or 14 carbons.51 R and S diastereomers 
of the final product are separated by normal phase-liquid chromatography (NP-LC). 
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able to separate the diastereomers by flash chromatography; however, it should be noted that this separation 

is labor-intensive and diastereomeric purity can be an issue at large scale. Furthermore, during the 

separation the stereochemical configurations of purified products are not known a priori and can only be 

tracked by elution order and retention factor (Rf) via TLC. More advanced analysis must be used to make 

definitive configuration assignments of isolated diastereomer products. The ability to produce 

diastereomerically pure rhamnolipids is desirable because it allows for the synthesis of products 

molecularly identical to those from biological sources. Some early research shows that the various 

rhamnolipid diastereomers may have variable toxicity/biodegradability where the natural (R,R)-product is 

less toxic52.  

In conjunction with optical rotation, Palos employed Mosher’s ester analysis to deduce the absolute 

configuration of each chiral center in the four Rha-10,10 diastereomers products. The inner and outer 

rhamnolipid tails were systematically isolated for stereochemical analysis. First, the inner tails were isolated 

from resolved Rha-10 diastereomers by subjecting the products to acidic methanolysis to give exocyclic 

cleavage of the rhamnose sugar. The stereochemistry at the tail’s chiral center was left intact and each of 

the optically pure inner tails was then esterified at the 3-hydroxy position with Mosher’s acid chlorides to 

permit Mosher’s ester analysis. 

Mosher’s ester analysis is an NMR-based technique for the reliable determination of absolute CIP 

configuration of secondary alcohols53,54 (Figure 1.4). Both enantiomers of a chiral derivatizing agent 

(CDA), (R)- and (S)-α-methoxy-α-(trifluoromethyl)phenylacetic acid (R-/S-MTPA-OH or Mosher’s acid), 

are each used to esterify an enantiomerically pure alcohol of interest in the presence of a coupling agent 

such as N,N'-dicyclohexylcarbodiimide (DCC). A variant but equivalent approach is to use the 

corresponding acid chloride (R-/S-MTPA-Cl or Mosher’s acid chloride) for direct esterification, as done 

by Palos. The two resultant esters are called Mosher’s esters. For both derivatized products of a chiral sec-

alcohol, the spectrally dominant Mosher’s ester conformer contains the carbinol proton, carbonyl oxygen, 

and trifluoromethyl group coplanar and syn to one another. The carbinol substituents are eclipsed with 
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either the methoxy or phenyl group of the CDA. The substituent eclipsed by the phenyl group of the CDA 

experiences magnetic shielding and the protons in this group are upfield in the observed 1H NMR spectrum. 

For a single enantiomer of interest, each of the two corresponding derivatized Mosher’s esters will feature 

shielding at opposite carbinol substituents. Upon inspection of their respective 1H NMR spectra (19F NMR 

can also be used to the same effect for the trifluoromethyl group), a difference in chemical shift of the 

substituent protons can be measured to determine the substituents’ relative configuration. By convention, 

the difference in shifts (ΔδSR) is represented as the chemical shift of interest of the (S)-derivatized Mosher’s 

ester (δS) minus that of the (R)-derivatized Mosher’s ester (δR) (ΔδSR = δS - δR). 

 

 

 

 

 

 

 

 

 

Figure 1.4. Synthesis and interpretation of Mosher’s esters analysis via NMR for R-methyl-3-hydroxydecanoate. This method 
was used to experimentally confirm the absolute configuration of each diastereomer inner-tail. The identical procedure is done 
for (S)-metyhl-3-hydroxydecanoate; the shielding and sign of ΔδSR for each substituent is exactly opposite those of the (R)-
methyl-3-hydroxydecanoate. 
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In the specific case of (R)-3-hydroxydecanoate, the conformer is drawn so that the carbinol 

substituents are bisected by the plane of the page and the methyl ester is positioned distally (Figure 1.4). 

The (S)-MTPA derivatized ester has the phenyl group and the analyte’s methyl ester eclipsed, and therefore, 

the protons in this substituent experience magnetic shielding. Conversely, when derivatized with the (R)-

MTPA ester, the protons in the aliphatic chain are shielded upfield. Therefore, it is expected that for the 

protons in the methyl ester substituent, ΔδSR is negative while ΔδSR for the protons in the aliphatic chain 

is positive; this was confirmed experimentally by Palos. The sign of the ΔδSR value for each substituent is 

exactly opposite for (S)-3-hydroxydecanoate. Not knowing the absolute configuration beforehand, an 

enantiomer of interest is drawn as described. The protons in the distal substituent will have negative ΔδSR 

values and those in the proximal substituent will have positive ΔδSR values. Complementary enantiomers 

will have reversed ΔδSR values for their respective substituents. In this way, the relative positions are 

determined, and the absolute CIP configuration can be assigned. As a control experiment, Palos isolated 

the lipid tails of the Rha-10,10 natural product which have exclusive R configuration at the tail’s carbinol 

chiral center. As above, the tails were subsequently derivatized for Mosher’s ester analysis. Comparison of 

the signs of ΔδSR for the natural-product tail’s substituents with those of the synthetic tails validated the 

configuration assignments.   

The outer tails of each diastereomer were isolated by separately saponifying the four Rha-10,10 

products. This isolation strategy is possible because the glycosidic linkage is more stable under basic 

conditions than the tail ester linkage. Therefore, treating Rha-10,10 with base gave the outer tail, while 

acidic treatment of Rha-10 gave the inner tail. The absolute configuration of the separated outer tail was 

confirmed by comparing optical rotation measurements to literature. Additionally, asymmetric Noyori 

hydrogenation was performed which generated optically pure standards and thusly validated the 

experimentally observed optical rotation measurements.   

Palos definitively proved the stereochemistry of all four diastereomeric fractions in the chemical 

synthesis of the Rha-10,10 rhamnolipid and was able to correlate stereochemistry to their elution order. 
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However, elution order is not inherently related to product configuration. Future investigations with interest 

in rhamnolipids of variable chain length, with points of unsaturation, and especially for functionalized tails, 

necessitates synthesizing all diastereomers, separation after various protection steps, isolating the lipid tails, 

and determining their absolute configuration by analytical methods equivalent to the above. In fact, it was 

noted by Palos that it is wholly serendipitous that the enantiomer-to-diastereomer conversion, followed by 

deprotection, permitted effective resolution of the four rhamnolipid isomers. For different congeners, 

column separation may not reliably yield high purity compounds, since the diastereomers present 

challenges in their separation. Furthermore, in the Palos et al. investigation, the effect of stereochemistry 

on surfactant properties was of interest and all compounds were studied analytically. However, for any 

economically feasible, large-scale synthetic production of specific rhamnolipids, controllable synthesis – 

namely, in lipid chain length and stereochemistry – is needed. 

Chemoenzymatic Synthesis for Improved Stereochemical Control 

Toward that end, a synthetic method is developed in this work that has both facile and mild 

conditions, is controllable in chain length and stereochemistry, and retains and/or improves green indices. 

In comparison to the Palos/Compton methods for the production of single- and dual-tail monorhamnolipids, 

a chemoenzymatic method poses potential green advantages in terms of waste prevention and energy 

efficiency, atom economy, and reduced toxicity, which collectively correspond to Green Chemistry 

Principles 1, 2, 3, 6, and 1255.  

 A lipase enzyme is employed in the enantioselective, chemoenzymatic acylation of ester-protected 

3-hydroxyalkanoates for the production of optically-pure, lipid-tail starting materials. Enantioselective 

chemoenzymatic acylation has been described for many instances of both straight and cyclic sec-alcohol- 

or amine-bearing compounds56–60. There are many examples using lipase B of the yeast Candida antarctica 

(CALB, EC 3.1.1.3), which is already employed industrially61,62 because of its reliable performance and 

structural robustness63. CALB is classified as a hydrolase acting on carboxylic-ester bonds, specifically as 



 
 

37

a triacylglycerol lipase64 (Scheme 1.3). Catalysis is performed by the common catalytic triad motif of 

serine, histidine, and aspartate. 

 

 

 

 

Lipase catalyzed hydrolysis proceeds in the forward direction in aqueous environments. However, 

in anhydrous media the hydrolytic activity of CALB is reversed, making possible esterification, 

transesterification, and interesterification65. This property of CALB has been used to competitively 

acetylate single enantiomers of secondary alcohols and thereby resolve racemates66. This type of enantiomer 

resolution is termed a ‘kinetic resolution’ because the great difference between each enantiomer’s rate 

constant results in a preferred enantiomer-substrate, and a high optically purity product can often be 

achieved. This approach is attractive for the production of rhamnolipids because facile resolution of 3-

hydroxyalkaneoates negates the need for tedious synthesis and separation of multiple diastereomers as 

described above.  

Kazlauskas has proposed an empirical rule to predict the enantioselectivity of several lipases, 

including CALB67 (Figure 1.5)68. The rule is supported by the structural features of the active site69. Within 

the CALB active site, the alcohol binding pocket is subdivided into a large pocket built from hydrophobic 

residues and a medium pocket built from both hydrophobic and polar residues. The size and identity of 

substituents at the secondary alcohol determine substrate orientation within the active site. The binding 

pocket’s structure results in only a single enantiomer of a particular substrate binding correctly to give an 

effective catalytic rate. 

Triacyl glycerol Glycerol Carboxylic acid 

Scheme 1.3. Generalized reaction scheme of the triacyl glycerol lipase EC 3.1.1.3.  
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With regard to this system, determination of the enzyme’s enantiopreference was a primary line of 

inquiry. In Figure 1.5, the (S)-3-hydroxyalkanoate is predicted to be the fast-reacting enantiomer; its large 

aliphatic tail is incorporated into the large pocket while the ester occupies the medium pocket.  It should be 

noted that the identity of the ester protection likely plays a critical role in the enzyme’s enantiopreference 

and that smaller protecting groups (e.g., methyl-, ethyl-) will permit better enantioselectivity.  

Enzymatic resolution of similar sec-alcohols has already been described in several instances70,71. 

Notably, Adam et al.72 describe the resolution of 2-hydroxyacids of C4-C15, branched, aryl, ether, and 

unsaturated chains via lipase. Given their pharmaceutical importance, the resolution of a number of smaller 

or modified 2-hydroxyacids have also been described73–75. The investigation by Adam and co-workers 

agrees with the CALB enantioselectivity proposed in Figure 1.5. An investigation by Braner et al.76, 

however, showed the resolution of methyl 3-hydroxyalkanoates (C8-C16) and claims the opposite 

enantioselectivity to that of Figure 1.5. The Braner study uses no relative analytical method (such as optical 

rotation, Mosher’s ester analysis, etc.) to confirm their assignment.  

Producing optically pure 3-hydroxalkanoate tails via a chemoenzymatic method would give access 

to high purity, single-diastereomer rhamnolipid products and thereby improve green metrics compared to 

the Palos/Compton methods. Framed by the Green Chemistry Principles suggested above, the improved 

metrics would be: 1 – Prevent Waste: access to pure rhamnolipid diastereomers would eliminate waste 

produced as a) unwanted diastereomer products and b) as solvent waste required to perform the 

diastereomer separations (Schemes 1.1 and 1.2). 2 – Atom Economy: optically pure 3-hydroxyalkanoates 

starting materials would be incorporated to a greater degree in the final product when single 

monorhamnolipid diastereomers are required. 6 – Energy Efficiency: the chromatographic separation of 

rhamnolipid diastereomers is not only solvent intensive, but energy intensive as well – especially if 

automated flash chromatography instruments are used. Finally, 12 - Inherently Safer Chemistry for 

Accident Prevention: the CALB enzyme itself and the associated solvents and reaction conditions are 

entirely benign and can be performed with minimal concern for harm to humans or ecosystems. 
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Goals of This Research 

The overarching goal of this work is to establish the potential for the reliable and facile 

chemoenzymatic resolution of ester-protected 3-hydroxyalkanoate racemates in the pursuit of a controlled 

rhamnolipid synthesis. In the interest of generating a holistic method development, investigations are made 

into the enzyme enantiopreference under variable conditions inclusive of time, temperature, solvent, and 

substrate identity. To assess its potential as an industrially valuable tool, the enzyme efficiency over time 

and after several resolutions is also investigated. These studies will ultimately further the development of 

green synthetic approaches to the production of biosurfactants and establish a route to the industrially-

amenable controlled production of pure rhamnolipids. 

 

Figure 1.5. A) The general preferred enantiomer for lipase enzymes (including CALB) is given on the left according to 
Kazlauskas’ empirical rule67. It is proposed that the S enantiomer is preferred on the basis of its similarity to the general 
structure. The long aliphatic tail is the large substituent which may only bind in the large binding pocket and the ester group 
then binds the medium pocket. B) Hydrophobic surface of the CALB active site (PDB 4K6G68) showing the large pocket 
near the entrance and the shallow medium pocket deep in the enzyme. 
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Chapter 2 

Materials and Methods 

This chapter provides general procedures for the handling of solvents and chemicals and describes general 

synthetic procedures and special apparatus. It also gives details on instrumentation and protocols when 

applicable. In-depth synthetic procedures are given in subsequent chapters.  

Solvents and Their Storage  

Solvents were utilized as reaction media, for reaction work-up, as chromatographic mobile phases, 

and for sample preparation. Bulk solvents used were purchased from Fisher Chemical, ACS grade, and used 

as received without further purification unless otherwise noted. Solvents employed in chemical synthesis 

or chemoenzymatic resolution experiments (Fisher Chemical, TCI America) were ACS grade, 95% purity 

or greater. Reaction solvents were either used as purchased or for inert applications were dried with 

molecular sieves (3 Å, Sigma-Aldrich, beads, 4-8 mesh) and stored in sealed containers under inert 

atmosphere before their use. Bulk solvents were employed for preparative chromatography while solvents 

used for analytical high-performance liquid chromatography (Fisher Chemical) were purchased as HPLC 

grade or 99.99% pure. Water used for synthesis or work-up of reactions was obtained from an EMD 

Millipore Direct-Q® 3UV-R 18 MΩ water purification system; this water is referred to throughout this thesis 

as Milli-Q water. The sieves were thoroughly dried in a high temperature furnace at 350 °C for at least 24 

h, then transferred to a glass storage vessel and briefly allowed to cool. The solvent was poured over the 

sieves and the container was sealed to air by Parafilm M (Bemis Company, Inc.) and stored for 12-48 h 

before use. 

Chemical Syntheses  

Compounds listed below are chemicals utilized as reagents, catalysts, or substrates in the various 

synthetic steps of this work and were used as received unless otherwise noted. Chemical reagents used in 
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the chemical synthesis of 3-hydroxyalkanoates were: granular zinc (20-30 mesh, Aldrich Chemical); 

butanal, hexanal, octanal, decanal, or dodecanal (Acros Organics, 99%); methyl and benzyl bromoacetate 

(Acros Organics and TCI America, >98%). Chemicals used for chemoenzymatic resolution were: vinyl 

acetate (Acros Organics, 99+%); Novozym® 435 (CALB lipase immobilized on acrylic resin, Strem 

Chemicals). Chemicals used in the synthesis of benzyl protected 3-hydroxyalkanoates were LiOH (Johnson 

Matthey Catalog Company, 99.3%); potassium carbonate (EMD, anhydrous); and benzyl bromide (Aldrich, 

98%). The protection of rhamnose (Carbosynth, >99%) with acetic anhydride (Fisher Scientific, >98%) 

preceded glycosylation which utilized bismuth(III) trifluoromethanesulfonate (bismuth triflate; Bi(OTf)3; 

Strem Scientific, >98%) as catalyst. Completely deprotected rhamnosides were obtained by reaction with 

an aqueous solution of sodium hydroxide (Sigma-Aldrich, ≥97%). Steglich esterification of rhamnosides 

to give protected monorhamnolipids utilized 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (EDC, Oakwood Chemical); and 4-dimethylaminopyridine (DMAP, AKScientific, 99%). 

Debenzylation of protected monorhamnolipids utilized 10% w/w Pd/C catalyst (Acros Organics, 10% Pd). 

The final deprotection step of the acyl protected rhamnose hydroxy groups utilized potassium cyanide 

(Sigma-Aldrich, 98%). Detailed synthetic procedures are reported in subsequent chapters.  

All synthetic procedures were carried out in borosilicate glass round bottom flasks (RBFs) of 250 

to 500 mL volume and with one to three 24/40 female ground glass joints. Flasks were cleaned in hydroxide 

base bath overnight (when needful), rinsed with soap and water with final rinses of water, methanol, and 

acetone, and then dried in an oven at 200 °C prior to each use. When necessary, a reaction vessel was fitted 

with an ice-water cooled Liebig condenser for refluxing or vigorous reactions.  

Some reactions were conducted under inert atmosphere conditions and the following protocols 

were employed. Glassware for inert atmosphere reactions included 50 mL 2- or 3-neck round bottom flasks 

and a Liebig condenser with a 14/20 mail joint and 24/40 female joint. All glassware was thoroughly 

cleaned before use using soap and water, methanol, and acetone and was then dried with pressurized air 

before thorough drying in a 350° C furnace. Upon removal from the furnace, all reagents needed for the 
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particular synthesis and a stir bar were added to the RBF, the condenser was fitted to the central joint, and 

the remaining RBF necks were capped with rubber septa. All joint connections were secured with Teflon 

tape and a Keck clip. A three-way stopcock adapter with two hose connections was joined to the top of the 

condenser. To one hose connection was fitted a rubber balloon filled with either an inert gas (N2 or Ar) or 

H2 gas dependent upon the reaction. The RBF and condenser system headspace was then evacuated under 

vacuum, and the headspace was replenished with the aforementioned gas. Several cycles of pumping were 

repeated. The appropriate dry solvent (stored under nitrogen) was added via syringe to the reaction vessel 

through the rubber septa. The reaction was allowed to stir under positive pressure of the chosen inert gas or 

H2.  

For chemoenzymatic syntheses, Novozym® 435 CALB resin was stored in a 20° C refrigerator 

upon receipt and between uses. When used, the resin was removed from the fridge, massed, and 

immediately added to the reaction vessel. The racemate to be resolved was then added with vinyl acetate 

and the appropriate solvent. The reaction vessel was secured in a Glas-Col heating mantle and allowed to 

react while shaking on an orbital shaker. To monitor reaction temperature, a VWR alcohol thermometer 

was placed into the reaction solution periodically. 

Analytical instrumentation for the massing of compounds was the Mettler Toledo MF204S mass 

balance and precise volume delivery of liquids were VWR single-channel high performance micropipettes.  

For certain iterations of the Reformatsky condensation and to promote dissolution of certain 

compounds, a Branson 1210 water-bath sonicator was employed.  

Compound Characterizations 

Reaction progress and crude mixtures were assessed by the use of qualitative thin layer 

chromatography (TLC). TLC plates used were glass backed, Silica Gel 60 F254 (from EMD Millipore) with 

a silica layer of 250 µm thickness and 10-12 µm average particle size. TLC mobile phase solvents used 

were bulk solvent hexanes and ethyl acetate. TLC plates were developed in sealed glass jars and stained 
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with a cerium molybdate stain (Hanessian's) and were vigorously heated by heat gun to develop spots. 

Retention factors (Rf values) for each compound spot were determined as a measured ratio of the distance 

from the spotting baseline to the center of the spot by the distance from the baseline to the solvent front.  

Crude mixtures were purified using a Biotage Isolera One automated flash chromatograph. 

Columns were packed with SilicaFlash® P60 silica gel (Silicycle, Québec, Canada) with 40-63 µm particle 

size and 60 Å pore size.  

Chromatographic fractions that contained the compound of interest were identified by TLC and 

collected in single-neck 24/40 ground glass joint round bottom flasks. The solvent was removed by rotary 

evaporation at reduced pressure (600 mmHg) using a Büchi Rotavapor R-210. Compounds were dried 

under high vacuum (<0.1 Torr) for several hours. 

Proton (1H) and carbon (13C) nuclear magnetic resonance (NMR) spectra were obtained on Bruker 

AVII-400 (400 MHz), Bruker DRX-500 (500 MHz), Bruker NEO-500 (500 MHz), or Bruker DRX-600 

(600 MHz) NMR instruments. Small (15-25 mg) amounts of pure samples were solvated in a minimal 

amount of CDCl3 (Cambridge Isotope Laboratories, D 99.8%, 0.05% TMS) or MeOD (Acros Organics, D 

99.8%, 0.03% TMS) and transferred to a 7”, 5 mm o.d. glass NMR tube. For quantitation of enantiomer 

excess, the chiral shift reagent europium tris[3-(trifluoromethylhydroxymethylene)-(+)-camphorate] 

(ETHM; Sigma-Aldrich) was added in 0.5 molar equivalence. Enantiomerically pure standards of methyl 

(R)-(-)- and (S)-(+)-3-hydroxybutyrate (Alfa Aesar, 98%) were used for method validation. All spectra 

were processed and analyzed using MestReNova software.  

Analytical reversed-phase liquid chromatography (RPLC) was performed on a Bioanalytical 

Systems 202B HPLC system paired with a Polymer Laboratories PL-EMD 960 evaporative light scattering 

(ELS) detector and a Waters XSelect® CSHTM 5 µm, 50 x 4.6 mm reversed phase C18 column. Analytical 

separations of chiral molecules were also performed with a Phenomenex LuxTM Cellulose-1 5 µm, 250 x 

4.6 mm column. ELS detection is necessitated due to the lack of chromophores in the molecules of interest 
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thereby precluding UV detection. All separations were performed using an isocratic method. Mobile phases 

were prepared with HPLC grade solvents (>99% purity) and Milli-Q water; 0.1% v/v trifluoroacetic acid 

was added to mobile phases. Chromatograms were collected and analyzed with the PeakSimple 

Chromatography software. 

Mass spectrometry and liquid chromatography-mass spectrometry was performed at the University 

of Arizona Mass Spectrometry Core Facility. Simple spectra were obtained with the AmaZon SL Ion Trap 

(Bruker) in both positive and negative modes. This instrument was paired with the UltiMate 3000 HPLC 

(Dionex) for LC-MS application. Samples were prepared by solvation in HPLC grade acetonitrile.  

Optical rotation was used to qualitatively assess diastereomeric purity of post-chemoenzymatic 

resolved samples. Optical rotation was measured on an Autopol III (Rudolph Research Analytical) 

automatic polarimeter with a path length of 50 mm and at a wavelength of 589 nm from a Na lamp. 

Interfacial Properties  

 For final rhamnolipid products, critical micelle concentrations (CMC) values in aqueous solution 

were determined by measurement of surface tension (γ) as a function of concentration using a Pt:Ir du Noüy 

ring on a Biolin Scientific Sigma 700 automatic tensiometer. All solutions were made using water purified 

by a Milli-Q-UV system (Millipore) to a resistivity of 18.2 MΩ and a total organic carbon content < 6 ppb. 

Water purity and instrument calibration were confirmed before each CMC trial by ensuring γ values 

measured for pure water were between 71-72 mN/m. All rhamnolipid sample containers were made from 

Teflon to prevent adsorption. All containers were thoroughly washed with soap and water, methanol, and 

acetone before use and were dried using pressurized N2. Rhamnolipid samples were massed into clean 

Teflon vials and Milli-Q water was added to make the appropriate dilution. The rhamnolipid solutions were 

sonicated with heat (~40° C) for 25 minutes to ensure complete dissolution and were then adjusted to either 

pH 4 or 8, as needed. Solutions used to adjust the sample pH were either 1 M HCl or 1.25 M NaOH. The 

HCl and NaOH solutions were made by diluting concentrated 12 M HCl (Macron Fine Chemicals) and 
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dissolving solid NaOH (Sigma-Aldrich, ≥97%) into Milli-Q water, respectively. The diluted solutions of 1 

M HCl or 1.25 M NaOH were then filtered through Acrodisc 25 mm syringe filter with 0.45 µm pore size 

(Supor membrane) prior to use. Rhamnolipid solutions adjusted for pH were allowed to equilibrate while 

stirring for a minimum of 12 h. Rhamnolipid solutions were filtered after equilibration through an Acrodisc 

25 mm syringe filter with 0.45 µm pore size (Supor membrane) and allowed to equilibrate an additional 3 

h minimum.  

Rhamnolipid solutions (10 mL) were transferred to a clean Teflon cell for tensiometry 

measurements. Surface tension measurements were first made at high concentration and the sample solution 

was diluted using two Titronic Universal automatic dosing pumps. Milli-Q water adjusted to the correct pH 

was used to make incremental dilutions. This was repeated many times by the automated instrument to 

cover the desired range of solution concentrations. Between each surface tension measurement, the solution 

was stirred for 6 min and allowed to rest for 6 min to equilibrate. For each dilution, subsequent surface 

tension measurements were taken until three values were obtained with a maximum deviation of 0.2 mN/m. 

Instrument parameters were input to dictate the initial concentration, the desired endpoint concentration, 

and the number of points per concentration decade. CMC values were determined by linear regression of 

the two regions near the flattening of the surface tension vs. concentration curve. The x-intercept of the two 

best-fit lines was taken to be the CMC value in units of moles per liter. For each reported CMC value, three 

independently prepared samples were measured, and the CMC is given as an average with standard 

deviation reported.  
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Chapter 3 

Chemoenzymatic Resolution of 3-hydroxyacids and Their Use in the Synthesis 

of Rhamnolipids 

In the chemical synthesis of rhamnolipid biosurfactants, the lack of diastereomer control is 

currently one of the last major limitations. Synthetic accessibility has been established jointly by the work 

of Palos42 and Compton51 wherein the former established a route that was feasible on a large scale while 

the latter advanced the methodology’s scalability and ease for single-tail monorhamnolipids. However, both 

of these methodologies lack the ability to synthesize diastereomerically pure rhamnolipids. The first step in 

the synthesis of rhamnolipid biosurfactants is production of an ester protected 3-hydroxyalkanoate tail and 

was first reported by Palos as a three-step Meldrum’s acid synthesis followed by reduction. It was recently 

given by Compton et al. as a Reformatsky condensation of an aldehyde and a bromoacetate in the presence 

of Zn metal catalyst in a single step51. Either method affords the tail as a racemic mixture and ultimately 

accounts for the lack of diastereomeric control. In the synthesis of single- and dual-tail monorhamnolipids, 

two or four diastereomers are possible, respectively. The rhamnose group always favors the α-L 

configuration, and thus, stereochemistry is dictated by the carbinol position(s). The tail racemate 

necessitates the synthesis and separation of all rhamnolipid diastereomers, and the lack of diastereomeric 

control is not only problematic from a purity standpoint, but the separation of the diastereomers is solvent 

and labor intensive and can therefore be considered to dramatically hamper the industrial applicability and 

greenness of the synthesis; namely, in terms of Green Principles 1, 2, 3, 6, and 12. 

Additionally, both of the above investigations established that the various rhamnolipid 

diastereomers of single and two-tails feature distinct surfactant properties. Specifically, the critical micelle 

concentration and minimum surface tension in water is significantly different between the various 

rhamnolipid diastereomers. Furthermore, it is known that native rhamnolipid products produced by 

Psuedomonas aeruginosa are diastereomerically pure; the tail carbinol position exclusively possesses the 
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Cahn-Ingold-Prelog (CIP) (R)- configuration. To access native rhamnolipids without the tedium and cost 

of microbial batch production, or other rhamnolipid diastereomers as demanded by the application or 

research, an asymmetric synthetic methodology that maintains green indices is needed. In this work, the 

monorhamnolipids of both single and dual tails were produced in high diastereomeric purity and with 

varying chain lengths (Figure 3.1). Specifically, single-tails of lengths C10 and C14 and dual-tails of length 

C10 were produced in this work; these same compounds were produced in the work of Compton and Palos 

work, respectively, which served as touchstone for the new chemoenzymatic approach. The greenness of 

this new approach can be framed by some of the 12 principles of green chemistry, specifically: prevention, 

atom economy, reduced solvent usage, and green catalysis. The chemoenzymatic approach prevents waste 

production and improves atom economy by direct access to desired rhamnolipid diastereomers. Eliminating 

the need for separation also dramatically reduces the amount of harmful solvents used.  

 

 

 

 

 

Figure 3.1. Target compounds: (R)-Rha-10 (1a), (S)-Rha-10 (1b), (R)-Rha-14 (2a), (R,R)-Rha-10,10 (3a), (R,S)-Rha-10,10 
(3b), (S,R)-Rha-10,10 (3c), (S,S)-Rha-10,10 (3d). 
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Finally, the use of an immobilized enzyme is an eco-friendly catalytic method to achieve controlled 

synthesis. These are the primary green metrics considered when framing the green nature of this improved 

synthesis. 

RESULTS AND DISCUSSION 

Optimization of Ester Protected 3-Hydroxyalkanoate Synthesis 

In this investigation, ester protected 3-hydroxyalkanoates were synthesized (Figure 3.2) for the 

production of rhamnolipids. Namely, chain lengths of 6, 8, 10, 12, and 14 were synthesized and ester 

protections of both methyl- and benzyl- were used. Reformatsky condensations to produce chain lengths of 

10 and 14 were explored more deeply due to their prominence in native rhamnolipid products and because 

the existing work in this group has focused on these lengths.  

 

 

 

 

 

 

 

 

 

 

Figure 3.2. 3-hydroxydecanoates (‘tails’) produced in the synthesis of rhamnolipid biosurfactants. All entries are considered 
racemic unless otherwise noted in the text. 
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A general procedure77 for the refluxing Reformatsky condensation was as follows (Scheme 3.1): 

Zn metal gratings were added to refluxing THF, and after 20 min, an aldehyde and a bromoacetate were 

simultaneously added. The mixture violently boiled for several minutes and was left to stir at room 

temperature for 3-4 h. 

A benzyl ester protection with a chain length of 10 carbons was first explored (benzyl 3-

hydroxydecanoate, C10Bn, 4). Yields of 56-60% were achieved at a 4.0 g scale of starting octyl aldehyde. 

Benzyl ester protected tails of chain lengths other than 10 were not explored in any depth due to the 

difficulties in its enzymatic resolution (see below). Work by Compton at al.51 demonstrated that methyl 

ester protection is a more green and synthetically efficient means of protection. The methyl ester is more 

readily deprotected under mild base-catalyzed conditions obviating the need for expensive and harmful 

reagents. In addition, because of the small size of the methyl, it is also superior from an atom economy 

perspective. It should be noted that methyl ester protection is only conducive to the synthesis of single-tail 

monorhamnolipids. To achieve this ester protection, the benzyl bromoacetate is simply substituted for 

methyl bromoacetate (MBA) in the Reformatsky condensation reaction.  

 

 

 

 

For methyl ester 3-hydroxyalkanoates (referred to herein as CnMe) synthesized using the refluxing 

method, yields averaged around 40% for multi-gram scale reactions. For C6Me, the yields using the 

refluxing method were very low (1-5%). C10Me yields ranged from 20%-50% with 35-40% being a range 

close to the average yield. C12Me yields ranged from 31-42% and C14Me yields ranged from 41-44%. In 

these investigations, it was found that this reaction produces a significant number of side products. This is 

Scheme 3.1. Generalized scheme for the Reformatsky condensation of an aldehyde of chain length 2, 4, 6, 8, or 10 with an 
ester (methyl or benzyl) bromoacetate to produce ester 3-hydroxyalkanoates. 
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not surprising given that the bromoacetate is an extremely reactive reagent which complexes with the Zn 

metal, bromoacetate, and two molecules of THF78. It may therefore be explained that the yields for the 

methyl 3-hydroxyhexanoate (C6Me) are lower given that the shorter chain length is predisposed to greater 

reactivity and other side reactions can dominate. For the majority of the above reactions with listed yields, 

the scale was 4 g of the starting aldehyde. The scale was limited because the Reformatsky condensation via 

refluxing THF is an extremely exothermic and vigorous reaction. All reagents are added quickly to 

refluxing THF and the reaction can frequently boil extremely violently and present a considerable risk. To 

overcome this synthetic drawback, an activation method using sonication was established by Compton et 

al51.  

Zn activation via sonication was explored in the present work for compounds 5-9: C6Me, C8Me 

C10Me, C12Me, and C14Me. A general procedure consisted of sonication of Zn metal and aldehyde in dry 

THF (5-10 mL dependent upon scale) for 10-25 min. While continuing sonication, the methyl bromoacetate 

was subsequently added, normally in a dropwise fashion. Sonication usually continued for an hour or more 

after MBA addition, and the crude product was obtained after aqueous acidic work-up. In this methodology, 

a vigorous reaction is observed 20-40 min after addition of all reagents. However, in contrast to the reflux 

method, the sonicated reaction is of considerably less volume and is not being externally heated. These two 

factors minimize the potential for uncontrolled reactions and significantly reduce danger. Furthermore, the 

sonication method is logistically simpler, more rapidly set-up, and less laborious than the reflux method. A 

variety of molar ratios of MBA to aldehyde were explored ranging from 2.0 to 1.1 equiv. Similarly, the 

molar ratio of Zn metal to aldehyde was explored, ranging from 4.0  to 1.0 equiv Zn. In addition, the 

variables of reaction scale (referencing the starting mass of aldehyde), reagent addition order, addition 

speed, sonication bath temperature, and Zn addition were explored to some extent.  

For the C6Me compound, sonication with 1.2 equiv of methyl bromoacetate and 4.0 equiv of Zn 

gave a 42% yield, significantly improved from the reflux method. For C8Me, using the same molar 

equivalents as above, a 62% yield was achieved. C10Me gave a 70% yield at a 1 g-scale and gave 20-50% 
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yield at larger scales. The optimized C14Me sonication reaction had an average yield of 55%. C10Me was 

needed in greater quantities for the remainder of the present experimental work, and therefore, a majority 

of condition variables were explored for its sonication-activated Reformatsky condensation. The most 

successful conditions are given in Detailed Synthetic Procedures below but were generally: in a 20 mL 

glass scintillation vial, octyl aldehyde  was sonicated in a few mL of dry THF with 4 equiv of Zn metal. 

After 20 min sonication, 1.2 equiv of methyl bromoacetate were added dropwise over 5 min and the reaction 

was left to sonicate. After ~20 min, the reaction violently boiled to produce a cloudy, gel-like solution 

which was treated with an aqueous acid work up and extracted to give a clear oil. The crude oil was noted 

to have very minor impurities (confirmed by 1H NMR). The oil was purified via flash chromatography to 

give the product as a clear oil in 70% yield. This methodology was repeated several times and an average 

yield of 60-70% was established. This high yield procedure was only successful for C10Me at the 1 g scale 

of aldehyde. Numerous reaction variables were systematically altered (Table 3.1) to attempt to establish 

this sonication methodology at a larger scale.  

Table 3.1: Reaction Conditions and Yields for Large-Scale, Sonicated C10Me Reformatsky 
Synthesis  

 

 

 

 

 

 

 

 

Scale of octyl 
aldehyde 

Zinc 
Equiv.a 

MBA 
Equiv. 

MBA 
Addition 

Zinc High- 
Temp. 

Activationb 

Iced 
Sonication 

Bath 
% Yield 

2 g 2.0 1.2 Slow No No 46% 
3 g 4.0 1.2 Slow No No 36% 
4 g 1.0 1.2 Slow No No 33% 
4 g 1.0 1.2 Slow No Yes 21% 
4 g 1.24 1.2 Slow No Yes 33% 
4 g 1.24 1.2 Slow Yes Yes 33% 
6 g 1.5 1.1 Slow Yes Yes 28% 
6 g 1.5 1.1 Fast Yes Yes 22% 
6 g 1.5 + 0.33 1.1 Slow No No 19% 
6 g 2.0 + 1.0 1.5 Slow Yes No 28% 

 

aZn equiv notated with # + # indicate that two portions of zinc were added. The first portion is sonicated with the zinc and aldehyde 
and the second portion is added after the hallmark vigorous reaction takes place. bHigh-temperature activation of zinc indicates that 
the zinc was baked in a 300° C furnace for 15 min. before its addition to the reaction vessel containing THF and the aldehyde. 
Sonication was still used to carry these reactions forward.  
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As noted above in the reflux methodology, the crude Reformatsky products are found to frequently 

contain numerous, significant side products, confirmed by qualitative thin layer chromatography (TLC). 

These runaway side reactions are likely a result of the reactivity of the methyl bromoacetate reagent. To 

optimize the reaction progress, the variables explored in Table 1 were selected for their potential to either 

inhibit or promote reactivity. It was hoped that a correct combination of variables would be achieved that 

balanced inhibition of the reactivity of the MBA to thereby eliminate unwanted side reactions but to also 

maintain sufficient reactivity for product formation. For the 1 g scale successful sonication, the reaction 

goes to completion nearly instantaneously. The side products are limited because the scale is small, and a 

high yield is achieved. At larger scale, the side products can dominate, likely formed during the extremely 

exothermic reaction period. The variables of molar equivalency of aldehyde to MBA/Zn allow either an  

increase or decrease in reactivity as appropriate. The MBA addition was modulated to be either slow 

(dropwise) or fast (all-at-once addition). The Zn metal was activated by either sonication alone or was baked 

at 300° C prior to sonication to remove adsorbed organics and thereby increase reactivity. Finally, the 

sonication water bath temperature was left unregulated or had ice added to reduce the reaction speed. These 

variables were employed alone or in combination at different scales in an attempt to balance the factors 

influencing reactivity and to ultimately decrease side products and improve yields.  

A clear trend from the analysis of these reaction variables and their yields is that perhaps the most 

important variable of those explored is the scale of the reaction. Despite combinations of the various 

reaction conditions given above, the reaction yield consistently decreases as the scale of the aldehyde is 

increased. It is also observed between trials of the same scale that yield generally increases with greater 

equiv of Zn. The methyl bromoacetate (MBA) was generally added slowly in a dropwise fashion, but it was 

noted that, where it was added more quickly or all-at-once, the effect on the reaction yield was either neutral 

or negative. For some reactions, the Zn was pre-baked in a high temperature furnace before carrying out 

the general sonication reaction procedure as given above. For similar reaction conditions the pre-bake of 

Zn had either a neutral or slightly positive effect on reaction yield. The final column in Table 1 indicates 
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whether or not the sonication bath was cooled to 0° C with ice. This condition was thought to decrease 

reactivity; unregulated, the sonication bath temperature rises as high as 50° C over the course of the reaction 

which is greater than would be expected with sonication alone. At a 4 g scale where MBA and Zn ratios 

were the same, the ice bath alone caused the reaction yield to decrease from 33% to 21%. The yield could 

be rescued back to 33% with the ice bath by increasing the equivalency of Zn from 1.0 to 1.24. The Zn pre-

bake, however, did not increase the yield beyond 33%. At a 6 g scale, the yields ranged from 19-28%. Fast 

addition of MBA was found to decrease the yield. Finally, a methodology was employed where Zn was 

added in two distinct portions. The first portion of Zn was added at the start of the reaction as indicated 

above, and the second portion was added after the vigorous bubble forming reaction was observed. After 

this vigorous reaction step, the Zn metal becomes sticky and darkly colored. The crude product is thought 

to be occupying the surface due to complexation, and thus, reduces the amount of available catalytic Zn. 

The addition of this second portion of Zn gratings was thought to add more available Zn catalyst after the 

initial portion has been rendered unreactive. For this methodology, at 6 g scale of aldehyde, 1.1 equiv. of 

MBA, and 1.5 + 0.33 equiv. of Zn, the yield was 19%. The two-portion methodology was employed again 

at the 6 g scale with greater molar equiv of Zn (2.0 and 1.0) in conjunction with Zn pre-bake to give a 28% 

yield.  

In the sonicated Reformatsky reaction for methyl 3-hydroxydecanoate, the yield begins to suffer 

greatly as the scale of the reaction is increased beyond 1 g of the starting aldehyde. The yield is thought to 

decrease as side reactions begin to dominate the reaction progress. Variables to increase reactivity included 

the fast addition of MBA, increasing the equivalence of Zn, adding Zn at multiple points of the reaction, or 

pre-baking the Zn. Variables used to decrease reactivity included slow addition of MBA, low molar 

equivalents of MBA, and adding ice to the sonication bath. These were applied alone or in combination in 

an attempt to balance the overly-reactive nature of this condensation. From Table 1 it can be concluded that 

the variables employed independently generally decreased the reaction yield. The decrease in yield for the 

positive variables is due to the supremacy of side reactions whereas the decrease in yield from the negative 
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variables is due to the limitation of the needed reactivity. It was observed that, when opposing variables 

were employed in combination, the reaction yield was rescued to the nominal value but not improved. From 

the data presented, the single greatest factor in determining the reaction yield still remains the scale of the 

reaction. Further studies for C10Me may employ more sophisticated analysis methods (like design of 

experiments) to establish a route to a large-scale, high-yield sonication method. However, this method was 

preferentially employed in this work, because 1) the reaction yields are comparable to the reflux method at 

modest scale, and 2) the sonication method is significantly easier to perform as discussed above.  

Variables for the sonication methodology were also explored for the C14Me compound, and it was 

found that at a ~5 g scale of dodecyl aldehyde, a 55% average yield could be achieved using the same 

general reaction procedure as C10Me to give a white solid in 58% yield (see Detailed Synthetic Procedures 

below). One possible explanation for why the C14Me reaction was more easily scaled up is the decreased 

reactivity of the dodecyl aldehyde. This would in turn limit the side reactions and allow the target product 

to prevail.  

In the synthesis of ester-protected 3-hydroxyalkanoates, a sonication method was found to be 

synthetically less laborious, and in some cases, better yielding than a reflux-activation method. For the two 

products of focus, C10Me and C14Me, the C10Me could be produced in high yield at low scale while the 

C14Me could be produced in decent yields (greater than the reflux method) at larger scales. Various reaction 

variables were explored for the production of C10Me, but it was found that chain-length and scale of the 

aldehyde are the prevailing factors determining yield where longer chain-length and smaller scale generally 

provided better yields. 

Design of a Chemoenzymatic Method 

In the design of a stereo-controlled synthesis of rhamnolipids, several approaches for the production 

of enantiopure 3-hydroxyalkanoate tails were considered. Asymmetric synthesis can first be considered; in 

the case of these molecules, asymmetric hydrogenation (reduction) of the corresponding 3-keto ester or 
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asymmetric condensation of two carbonyl containing compounds to give the 3-hydroxy ester are the most 

straightforward approaches. Noyori hydrogenation of the corresponding 3-keto ester is a well-established 

method79. This method, however, requires the use of harmful and expensive reagents, specialized apparatus, 

is laborious, dangerous, and is not widely applicable to industrial settings. Therefore, herein a method to 

separate or resolve the constituent enantiomers of an ester 3-hydroxyalkanoate racemate is expounded. This 

enantiomer resolution must maintain high green indices and must scale for industrial relevancy. Thus, a 

biocatalyst was employed to meet the above criteria. Isolations of enzymes or immobilized enzymes have 

become increasingly popular in organic and inorganic synthetic procedures80. This is due to the increasing 

ease of their production, the ability to tune their synthetic output and substrate input, and for many 

improvements in related technologies such as protein engineering and immobilization technologies.  

There are many available biocatalysts which represent a wide range of possible synthetic 

transformations and substrates. In this investigation, the biocatalyst was used to effect an organic 

transformation which would allow the resolution of constituent enantiomers. Biocatalysts are extremely 

specific, often in both regio- and stereoselectivity. A racemate is resolved by this strategy whereby when 

exposed to the enzyme, one enantiomer will be very susceptible to organic transformation while the other 

will not be. This “susceptibility” to transformation is more completely described in terms of reaction 

kinetics. Equations (1) and (2) show the relevant reaction equilibria for the formation of the enzyme-

substrate complex and the subsequent breakdown to free enzyme and product for both an R and S 

enantiomer of a particular racemic compound. Each step is governed by its own rate constant indicated 

above and below the reaction arrows. It follows that when k2 >> k4 ⊕ k2 << k4 then, the enzyme catalyzed 

conversion to product can be considered an enantioselective process.  

 

 

k1 k2 

k-2 k-1 
(1) 
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If an enzyme is appropriately enantioselective (see below), then there are two primary experimental 

designs for racemate resolution. The first is called a dynamic kinetic resolution (DKR) and is characterized 

by complete conversion of the substrate to a single and highly enantiopure compound. In a DKR, the 

biocatalyst is accompanied in the reaction media by some heterogeneous racemization catalyst. As the 

enzyme converts its preferred enantiomer substrate to product, the racemization catalyst is continually 

replenishing the supply of the preferred enantiomer by racemizing the substrate. A DKR was not ideal in 

this investigation, because both enantiomers were needed to enable the selective synthesis of rhamnolipid 

diastereomers (see Chapter 5, Future Directions). Thus, the second type of resolution was selected for this 

work, the so-called kinetic resolution. A kinetic resolution (KR) is identical to a dynamic kinetic resolution 

but simply lacks the racemization catalyst. If then, for example, in a particular enzyme-substrate system k2 

<< k4, then at the reaction endpoint, there will be a mixture of substrate ‘R’ and product ‘Q’ which are then 

separated by some method to provide two distinct populations that, for a perfectly enantioselective enzyme, 

are enantiomerically pure. 

The enantioselectivity of an enzyme is governed by the relative rates of each product-forming step 

(as given in equations (1) and (2); i.e., k2 vs. k4), and is often quantified by measurement of the enantiomer 

ratio, E, given by equation (3)81, 

𝐸 =  
𝑉 /𝐾 ,

𝑉 /𝐾 ,
 

where A and B are the fast and slow reacting enantiomers, respectively, V is the maximal reaction velocity, 

and KM is the Michaelis constant for a given enantiomer. E can also be given by the difference in free 

k3 k4 

k-4 k-3 

(2) 

(3) 
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energy of each enantiomer-enzyme transition state or the difference in the free energy of activation (G‡), 

equation (4)82. 

𝐸 =  𝑒

∆∆ ‡

 

Equations (3) and (4) have important implications for the kinetic resolution experiment. The ability 

of the enzyme to discriminate between two enantiomers is effectively based on the free energy required to 

reach the transition state for each of those enantiomers. Enzyme active sites are handed (non-symmetrical 

or chiral) and one enantiomer will have the correct orientation for enzyme-catalyzed transformation, thus 

lowering its activation energy relative to its corresponding enantiomer, which does not. This ‘correct’ 

orientation often means that the preferred enantiomer, when incorporated into the active site, has the 

reactive, chiral moieties near the enzyme’s catalytic residues while the rest of the molecule is experiencing 

positive and stabilizing interactions with the other amino acid residues in the active site. The unpreferred 

enantiomer must sacrifice either proximity to the catalytic residues or the stabilizing effects of correct 

orientation in the active site. The magnitude of this energetic penalty is proportional to the enzyme’s 

enantiopreference or E.  

While equations (3) and (4) are useful for a conceptual understanding of a KR, they are neither 

practically useful nor trivial to measure. Writing in the 1980s, Chen and co-workers developed equations 

for E that enable facile measurement and are routinely employed. E is given in terms of reaction conversion 

(c) and enantiomeric excess of either substrate (ee(S)) or product (ee(P))83,84, 

𝐸 =  
ln [(1 − 𝑐)(1 − 𝑒𝑒(𝑆))]

ln [(1 − 𝑐) 1 + 𝑒𝑒(𝑆) ]
 

 

𝐸 =  
ln [1 − 𝑐(1 + 𝑒𝑒(𝑃))]

ln [1 − 𝑐 1 − 𝑒𝑒(𝑃) ]
 

(5) 

(6) 

(4) 
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Equations (5) and (6) can be used interchangeably to quantify E dependent on the experimental ease of 

measuring the enantiomeric excess of either the substrate or product. Enantiomeric excess for any 

enantiomer pair is given by,  

𝑒𝑒 =  
𝐼 − 𝐽

𝐼 + 𝐽
 

where I and J are two enantiomers in a non-racemic mixture of a compound enriched in enantiomer I. For 

example, a 90:10 ratio of I:J would give an enantiomeric excess of 80% in I. Equations (5) and (6) rely on 

the assumptions that the reaction is irreversible, and that the reaction is either first or pseudo-first order. 

These assumptions hold for many enzyme-catalyzed reactions of both biological and organic molecules. A 

kinetic resolution can only be successful if an enzyme is sufficiently enantioselective, or the respective rates 

of the product formation step are significantly different. An E value of 20 or higher is generally considered 

to represent an enzyme with a  sufficient enantioselectivity for a given transformation of a chiral substrate85.  

For this system, ester protected 3-hydroxyalkanoates feature a stereogenic center at the 3-sec-

alcohol position. Therefore, an enzyme was selected that possessed good selectivity for secondary alcohols 

while simultaneously having wide substrate promiscuity. The latter criterion is necessitated by the range of 

chain lengths and ester protections employed in this investigation.  

Lipase B of the yeast Candida antarctica (CALB) has been employed industrially for several 

decades, via immobilization on a polymer resin (Lewatit VP OC 1600), under the product name Novozym 

435®58,86 (N435). CALB catalyzes the hydrolysis of triglycerides and is classified with the Enzyme 

Commission number 3.1.1.3 as “a hydrolase acting on carboxylic esters”. The hydrolysis activity of CALB 

is its native catalytic mode, and it has evolved to accept a large number of substrates due to the wide 

structural variability of triglyceride substrates in the cell87. This catalytic promiscuity of CALB is one of 

the major advantages offered to the organic chemist and permits substrates of both natural and unnatural 

origin. Critical to the popularity and utility of CALB is its ability to catalyze the reverse reaction. In 

nonaqueous media, the native hydrolytic activity of CALB is reversed and asymmetric esterification and 

(7) 



 
 

59

transesterification become possible65,88. CALB is commonly employed in kinetic resolutions of secondary 

alcohols to achieve enantiomerically pure or enriched products60,89. Transesterification of a sec-alcohol 

substrate is achieved by incubation of the lipase with the substrate in the presence of an acyl donor either 

with or without additional organic solvent. The acyl donor binds the enzyme first to give the acyl-enzyme 

complex that can then react with the substrate alcohol to give the acetoxy product. The acyl donor should 

be selected as to avoid product inhibition or competition. A suitable choice is vinyl acetate90 (VA) which 

upon formation of the acyl-enzyme produces an equivalent of vinyl alcohol. Vinyl alcohol rapidly and 

preferentially tautomerizes into acetaldehyde (bp 20 °C) which is not a substrate for CALB and is readily 

removed. This facile and green methodology was applied to the production of rhamnolipid biosurfactants 

to report for the first time their synthesis with a means to control for diastereomeric purity.  

Kinetic Resolution of the Ester Protected 3-hydroxyalkanoate System 

 For the kinetic resolution of ester-protected 3-hydroxyalkanoates by CALB, the enantiopreference 

of the enzyme was first determined. Kazlauskas and co-workers have proposed an empirical rule for the 

prediction of lipase enantiopreference for a given substrate67. The rule states that the preferred enantiomer 

of a racemic substrate has the general form given in Figure 1.5A. The preferred enantiomer is the one that, 

when the secondary alcohol is drawn proximally, or ‘up’, the larger substituent is on the right-hand side. 

This empirical rule implies that simple CIP designation of substrate will not allow determination of 

enantiopreference, and a spatial analysis must be done. The rule is explained by the active site of the lipase 

structure which is subdivided into an acyl binding pocket, a large binding pocket, and a medium binding 

pocket. The acyl binding pocket is where the canonical serine-histidine-aspartate catalytic triad residues 

reside which perform hydrolysis/esterification91. The large and medium binding pockets incorporate the 

substituents at the secondary alcohol and serve to discriminate between the two enantiomers of a given 

substrate. As the names imply, the large pocket binds larger substituents and comprises largely hydrophobic 

amino acids while the medium binding pocket is shallower and comprises threonine, serine, and tryptophan 

residues. The preferred enantiomer (Figure 1.5) allows for matched binding between substituent and pocket.  



 
 

60

 In the case of ester protected 3-hydroxyalkanoates, it was hypothesized that the (S)-enantiomer 

would be the preferred enantiomer according to the above (Scheme 3.2). To test this hypothesis, resolution 

of racemic benzyl-3-hydroxydecanoate (C10Bn) was first attempted using the following general synthetic 

procedure (see Detailed Synthetic Procedures below): C10Bn, dissolved in a dry organic solvent (either 

ACN, hexanes, or toluene), was combined with an equal mass of CALB immobilized on resin and vinyl 

acetate, acyl donor. These equal-mass conditions were replicated from literature60. The reaction was 

allowed to proceed while covered at room temperature while agitating on an orbital shaker for 48-72 h and 

was monitored by TLC and/or NMR; the endpoint was determined when the conversion to product had 

ceased. 

 

 

 

 

For this substrate, it was found that conversion to the acetoxy product (C10Bn-Ac) was only 

achieved in poor yield (0-13%). The reaction solvent had a dramatic impact on the yields, with hexanes 

being the worst (0%), acetonitrile being marginal (5%), and toluene being the best (13%). For several 

attempted resolutions with this substrate, the low percent conversion could not be improved despite several 

attempts to optimize conditions, including altering the equivalents of vinyl acetate, amount of N435, and 

reaction time. Of the solvents explored, it was found that kinetic resolutions conducted in a solvent of 

moderate hydrophobicity (toluene) tended to give better conversion yields under similar conditions. 

Hexanes have an extremely low polarity (relative to H2O) of only 0.009 whereas toluene and ethers have a 

relative polarity of ~0.1 and ACN has a relative polarity of 0.4692. These results suggest that CALB 

Scheme 3.2. Generalized scheme for the resolution of an ester 3-hydroxyalkanoate by CALB with vinyl acetate acyl donor. 
Ester protection and chain length are variable and were explored over the course of this investigation. 
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transesterification of this system is disfavored by extremely hydrophobic solvents (hexanes) and moderately 

polar solvents (ACN) alike, and that conversion yields are favored in hydrophobic solvents that exhibit 

sparing polarity.  

 As discussed above, the enzyme active site has steric and spatial restrictions that determine its 

ability to bind substrates. Researchers have found that the medium pocket has difficulty binding anything 

larger than an ethyl group93. The benzyl protected ester has two groups which may be considered large, and 

the conversion yields suggest that, indeed, the enzyme struggles to incorporate and catalyze the 

transesterification reaction with this substrate. A summary of kinetic resolutions with the benzyl ester 

substrate are given in Table 3.2.  

Table 3.2 Kinetic resolution of benzyl 3-hydroxydecanoate with CALB 

 

The conversion yields given in Table 3.2 are not adequate to establish an efficient resolution 

strategy, and a methyl ester protection was subsequently explored. As mentioned previously, the synthetic 

methodology for the production of Rha-C10 rhamnolipids (single-tail) from a methyl ester-protected tail 

are well developed51 and this was the impetus for their exploration in the present work. Racemates of methyl 

3-hydroxydecanoate (C10Me, 7) were first explored because of the relevance of C10 systems in previous 

work. General conditions for the resolution of the C10Me racemate were: methyl 3-hydroxy decanoate was 

dissolved in toluene and combined with an equal mass of N435 and an excess of vinyl acetate. The reaction 

was allowed to proceed at room temperature for 72 h and was monitored by TLC and NMR. The results are 

summarized in Table 3.3. 

aMaximum % conversion for an ideal kinetic resolution of a racemic substrate is 50%. 

Solvent C10Bn (mmol) CALB Mass 
Vinyl Acetate 
Equivalents 

C10Bn-Ac 
Product 
(mmol) 

% Conversiona 

Acetonitrile 3.59 mmol 1.0 g 1.9  0.19 mmol 5.0 % 
Hexanes 2.51 mmol 0.40 g 10.8  0 mmol - 
Toluene 2.51 mmol 1.0 g 10.8  0.35 mmol 13.7 % 
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Table 3.3. Kinetic Resolution of methyl 3-hydroxydecanoate with CALB 

 

 

 The results obtained from the kinetic resolution of methyl 3-hydroxydecanoate were encouraging 

though not conclusive. The endpoint conversion of 45% suggested that the enzyme was performing an 

enantioselective kinetic resolution of the substrate racemate, as an ideal kinetic resolution has a maximum 

percent conversion of 50%. From this preliminary result, methyl ester protection was decided to be used in 

further studies. While the benzyl ester protection was too bulky for efficient conversion, the methyl ester 

Figure 3.3. A) 1H NMR spectrum of methyl 3-hydroxydecanoate. B) 1H NMR spectrum of methyl 3-acetoxydecanoate. 

aMaximum % conversion for an ideal kinetic resolution of a racemic substrate is 50%. 

Solvent 
C10Me 
(mmol) 

CALB 
Mass 

Vinyl Acetate Eq. 
C10Me-Ac 

(mmol) 
% Conversiona 

Toluene 4.94 mmol 1.0 g 12  2.22 mmol 45.0% 
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clearly was not. Next, the reaction progress at room temperature was monitored to better understand the  

resolution time course. Quantitative reaction monitoring was accomplished by NMR spectroscopy. Small 

(~10 µL) aliquots of the reaction mixture were removed throughout the resolution, the solvent was 

evaporated, and the remaining oil was dissolved in a suitable deuterated solvent (e.g. CDCl3) for acquisition 

of 1H NMR spectra.  

In Figure 3.3 the 1H NMR spectra of racemic C10Me (7) and C10Me-Ac (11) are given. 

Resonances of interest for these compounds include those from the methine proton at the stereogenic center 

(a) and the methyl protons in the methyl ester protection (b). For C10Me, the methine proton produces a 

multiplet centered at 4.00 ppm while the methyl protons give a strong singlet centered at 3.71 ppm. As for 

Figure 3.4. Stacked 1H NMR spectra (3.62 ppm – 3.81 ppm) for the resolution of 500 mg of C10Me with 500 mg N435 and 
2.13 g (10 eq.) vinyl acetate in 10 mL diisopropyl ether (DIPE) at room temperature. The downfield peak is associated with 
the methyl ester protons of C10Me (substrate) while the upfield peak is associated with methyl ester protons C10Me-Ac 
(product). The time elapsed from the initial mixing of reagents until the removal of the reaction aliquot is given at the top left 
of each spectrum. The percent conversion calculated from the shown peak integrals is given at the top right. 
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C10Me-Ac, the methine proton shows a multiplet at 5.20 ppm and the methyl protons show a singlet at 

3.67. Fortunately, even in a mixture, these peaks are distinct and not overlapped. Reaction conversion was 

conveniently quantified by comparing the respective integrals for either the methine proton signals or the 

methyl singlets. Figure 3.4 shows 1H NMR spectra of the methyl region for a kinetic resolution at several 

discrete time points. 

Monitoring past 64 h showed that the conversion yield did not increase significantly beyond 50% 

and that the resolution time in diisopropyl ether (DIPE) at room temperature is approximately 2.5 days. The 

differential rate of conversion over the course of the resolution can be estimated algebraically by the 

following: 

𝜕𝑐

𝜕𝑡
≅

𝑐 − 𝑐

𝑡 − 𝑡
 

where ci is the percent conversion at time ti. The plot of rate of conversion versus time is given in Figure 

3.5. 
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Figure 3.5. Rate of conversion versus time for a kinetic resolution of C10Me by N435 with vinyl acetate acyl donor and 
DIPE reaction media. Vertical line indicates timepoint of approximately 50% conversion. 
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The rate of conversion is given as the percent initial substrate population (C10Me) converted to 

product (C10Me-Ac) per hour. The rate of conversion by N435 for this system decreases exponentially 

with time consistent with a first order reaction. For a resolution using 500 mg of C10Me starting substrate, 

the rate at 20 h is 1%/hr or ~6 mg of product formed per hour. After 20 h, the overall conversion yield is 

28% and the reaction has passed the halfway mark for a typical kinetic resolution. This data suggests that 

the initial velocity of the enzyme is quite high, fed by a large substrate population, and quickly drops. The 

time from halfway to endpoint is more than double the time from start to the halfway mark. The rate drops 

precipitously as the reaction nears 50% conversion, yet it is non-zero, and even at 88 h, the rate is ~0.1%/hr 

or 0.6 mg product/hr (for 500 mg starting C10Me). It is concluded from the conversion rate with time that 

the enzyme shows enantioselectivity toward the substrate, evidenced by its resistant, sluggish conversion 

rates past 50% total conversion. However, the conversion beyond 50% does not become zero, and the time 

at which the reaction is stopped will likely influence the enantiomeric purity of the recovered substrate and 

product.  

The next goal was to determine the reusability of a portion of N435 resin: after a KR such as Figure 

3.4, does that portion of resin become exhausted or can it be used to resolve additional substrate? The 

general procedure (see Detailed Synthetic Procedures below) for the N435 reuse study was as follows: 

C10Me was dissolved in DIPE and was combined with vinyl acetate (excess) and an equal mass of N435. 

The resolution was agitated on an orbital shaker at room temperature. The NMR-monitored reaction was 

halted at the endpoint by filtering the reaction through filter paper, washing the resin with organic solvent, 

and allowing it to air dry. The dried resin was reused in a kinetic resolution identical to the above for a total 

of five resolutions. A summary of quantitative conversion tracking is given in Table 3.4.  
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Table 3.4. Reuse Study for a Single Portion of N435 Resin over Three KR’sa 

 

 

 

 

 From Table 3.4, a single portion of the N435 resin retains its ability to produce C10Me-Ac for 

three independent kinetic resolutions. In fact, the second resolution (middle column) shows somewhat 

accelerated conversion at individual timepoints compared to the first and third resolutions. The third 

resolution (last column) shows comparable conversion values to the first resolution at each timepoint. 

Subsequent resolutions (4 & 5) using the same N435 resin failed to give conversion yields greater than 12-

15% demonstrating that under these conditions, three resolutions is the limit. For this system then, N435 

resin is able to resolve at least 3-times its mass of C10Me substrate before exhaustion. The manufacturer 

stated activity of N435 is 10,000 PLU/g which is the amount of enzyme activity that generates 10,000 µmol 

of propyl laurate per minute per 1 g of resin. In the reuse study, 500 mg of N435 resin were used which is 

equivalent to 5000 PLU. This activity should be sufficient for many grams of substrate; however, the 

precipitous loss in activity in the 4th resolution is attributed to thermal degradation. The reuse study also 

confirms that the 50% conversion mark is reached somewhere near 2.5 days and that even at long resolution 

times, the total percent conversion does not greatly exceed 50%, the theoretical limit. This study was 

conducted at room temperature in an organic solvent over the time course of 10 days and yet, the enzyme 

resin generally retains its ability to convert substrate to product with efficiency comparable to virgin resin. 

This finding speaks to the robustness of N435 as a catalyst for organic transformations and also to the 

applicability of N435 as an industrially-relevant tool in the large-scale synthesis of rhamnolipids. It is also 

Time (hours) Resolution 1 Resolution 2 Resolution 3 

16 23% -- -- 
20 28% -- -- 
24 30% 34% 30% 
48 44% 46% 42% 
52 -- 49% -- 
64 49% -- 48% 
72 51% 56% 52% 
88 -- 55% 55% 

 
aMaximum % conversion for an ideal kinetic resolution of a racemic substrate is 50%. 
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noted, however, that N435 used in a kinetic resolution and then subsequently stored at 4 °C for several days 

was not reusable. For the system of interest, N435 resin must be used continuously after removal from 

refrigerated storage to maximize its reuse. 

 Although N435 catalyzes the conversion of C10Me to C10Me-Ac in an enantioselective fashion at 

the multi-gram scale, the time for this conversion at room temperature is quite long. Various studies report 

the use of N435 at elevated temperatures94 because of its great stability. Common temperatures in 

nonaqueous media range from 30-60 °C. To shorten the resolution time and improve efficiency, the KR of 

C10Me was explored at 50 °C. The general procedure was the same as above except that the reaction vessel 

was capped and externally covered with aluminum sheet to ensure even heating; the reaction temperature 

was monitored with an alcohol thermometer periodically. The resolution was also monitored by TLC and 

NMR as described above. The 1H NMR spectra of the resolution at four discrete timepoints are given in 

Figure 3.6. Impressively, the resolution nears 50% completion at just 24 h, and at 33 h, the conversion has 

not exceeded 52%. The overall completion time is 2.5 times faster than that at room temperature. The rate 

of reaction is dramatically improved at elevated temperature and indeed, even at t = 0 (just after initial 

mixing), evidence of enzyme-catalyzed conversion can be seen in the NMR spectra.  Because elevated 

temperature increases the rate of conversion, 40 °C was selected as an ideal temperature to avoid accidental 

conversion to product of the disfavored enantiomer and thereby lose enantiomeric purity.  

 Finally, resolution scalability and alternative substrate addition schemes were explored. The reuse 

study shown in Figure 3.5 was at a 500 mg substrate scale and each subsequent reuse involved filtration 

and resin washing. A more facile means to introduce substrate is by resolution in batches where new 

(racemic) substrate is simply added to the reaction mixture at intervals. The procedure for this study was as 

follows: vinyl acetate without additional solvent was placed in a 250 mL round bottom flask and brought 

to 40 °C on a heating mantle while shaking. To the warmed vinyl acetate was added 7 (1.0 g) and N435 

(500 mg). The reaction vessel was capped and covered with aluminum sheet to ensure even heating and the 

reaction temperature was monitored with an alcohol thermometer periodically. After 8 h had elapsed, an 
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additional 1.0 g of 7 was added to the reaction vessel. An aliquot was taken just before and after addition. 

After 32 h, another 1.0 g of 7 was added and similarly two aliquots were taken before and after addition. 

The reaction was allowed to proceed for a total of 120 h. Monitoring by NMR was accomplished as above; 

the 1H NMR spectra are given in Figure 3.7. 

 

 

Figure 3.6. Stacked spectra for the resolution at 50 °C of 300 mg of C10Me with 750 mg CALB resin in 10 mL vinyl acetate 
without additional solvent. The time elapsed from the initial mixing of reagents until the removal of the reaction aliquot is given 
at the top left of each spectrum. The percent conversion calculated from the shown peak integrals is given at the top right. 
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 It is seen that 500 mg of N435 CALB resin is able to resolve 6-times its mass of the C10Me 

substrate. This is a 2-fold increase in loading efficiency as compared to the methodology employed for the 

reuse study (Figure 3.5). This synthetically more facile method allows C10Me substrate to be resolved on 

the multigram scale and achieve nearly 50% conversion in 5 days. This study demonstrates a methodology 

that can be scaled to resolve larger amounts of C10Me substrate. The enzyme efficiency is also maintained 

throughout the resolution time.  From the percent conversion just before the final addition (27.5 %), it is 

expected that the % conversion at t’’ = 0 be 18.3%. 

2.0 𝑔 𝐶10𝑀𝑒

202.29
𝑔

𝑚𝑜𝑙

= 9.887 𝑚𝑚𝑜𝑙 

9.887 𝑚𝑚𝑜𝑙 ∗ 0.275 = 2.719 𝑚𝑚𝑜𝑙 𝐶10𝑀𝑒𝐴𝑐 

Figure 3.7. Stacked 1H NMR spectra for the batch resolution of 3 g of 7 by 500 mg N435 resin. The time is given on the left-
hand side and the % conversion at that time is given on the right-hand side for each spectrum. t represents time from the 
initial reaction start; t’ represents time from the addition of the second 1.0 g of substrate; t’’ represents time from addition of 
the third 1.0 g of substrate. 

(9) 
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(9.887 𝑚𝑚𝑜𝑙 − 2.719 𝑚𝑚𝑜𝑙) +
1.0 𝑔 𝐶10𝑀𝑒

202.29
𝑔

𝑚𝑜𝑙

= 12.111 𝑚𝑚𝑜𝑙 

2.719 𝑚𝑚𝑜𝑙

2.719 𝑚𝑚𝑜𝑙 + 12.111 𝑚𝑚𝑜𝑙
= 18.3% 

At t’’ = 0 the % conversion is 20.6% which shows that the expected percent conversion is obtained within 

the expected error and is evidence of the initial high conversion rate of CALB seen in other studies (Figures 

3.4, 3.5, and 3.6). This again speaks to its robustness and possible applicability in industrial settings.  

To more fully understand the effect of substrate loading on the enzyme resin and to further expand 

the resolution scale, two kinetic resolutions were run in parallel in which resolution A used a batch addition 

(as in Figure 3.7) and resolution B had substrate added all at once. The procedures were as follows: A, 

vinyl acetate (10 mL, 108.5 mmol) without additional solvent was placed in a 250 mL round bottom flask 

heated to 45 °C while shaking. To the warmed vinyl acetate was added 2.0 g of C10Me and 1.0 g N435 

resin. The reaction vessel was capped and externally covered with aluminum and the reaction temperature 

monitored periodically. After 48 h, an aliquot was removed and an additional 2.0 g of C10Me was added 

to the reaction vessel. Another aliquot was removed at 72 h. The reaction was allowed to proceed for a total 

of 144 h. For B, all conditions were identical except that 4.0 g of C10Me substrate was added at t = 0.  

Figure 3.8 gives the results of these resolution experiments as 1H NMR spectra at discrete time points. 

The results from Figure 3.8 substantiate the importance of initial conditions on the CALB catalyzed 

kinetic resolution. In both A and B, the general metrics are the same: one gram of N435 is used to resolve 

4.0 g of C10Me, the reaction is performed in 10 mL of the acyl donor, vinyl acetate, without additional 

solvent, and are conducted at 45 °C. The difference between the two is the mode of substrate addition. In 

A, the substrate was added in batches; specifically, half the substrate mass was added at the very start of 

the reaction and the other half was added just after 48 h had elapsed. In B, 4.0 g C10Me were added at the 

very beginning. At 48 h, A has gone to completion and even converted 4% beyond the KR endpoint whereas 

reaction B has only reached 32% conversion. Surprisingly, at 72 h B had only converted an additional one 
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percent of substrate from the 48 h mark showing a significantly retarded conversion rate. At the endpoint 

(144 h), A had reached 51% conversion while B only reached 41.5% conversion. 

  

 

It can be concluded that over-saturation of the enzyme with substrate (as in B) causes the conversion rate 

to be severely hampered. From previous studies, it is known that the initial conversion rate is large and then 

decreases exponentially, becoming quite small after the halfway (25% c) point. It may be that in B, the 

substrate concentration becomes too dilute to give suitable rates of conversion, and thus, the reaction does 

not reach completion in the given time. In the case of A, the initial substrate pool is small enough to reach 

complete conversion (sometime before 48 h), and the addition of new substrate causes the still-active 

enzyme to begin to convert again at a fast rate allowing for complete conversion of the entire substrate pool. 

Interestingly, the recovered methyl 3-hydroxydecanoate substrate from A had greater enantiomer purity 

(ee(S)A = 78.6%) than that of B (ee(S)B = 55.0%). This finding is significant; not only does the batch 

addition allow resolution of greater amounts of substrate by the same resin mass, it also results in a more 

Figure 3.8. Stacked 1H NMR (3.92 ppm – 5.29 ppm; excision of baseline 4.07 ppm – 5.11 ppm) for time points from two 
kinetic resolutions of C10Me with 1.0 g N435 resin in 10 mL vinyl acetate without additional solvent at 45 °C. A) 2.0 g 
C10Me added at t = 0 and 2.0 g additional C10Me added after 48 h. B) 4.0 g C10Me added at t = 0. 
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enantioselective resolution. Thus, the ideal scenario is where the enzyme reaches 50% conversion as 

quickly as possible; when optimized, replenishment of the substrate pool is allowed. In the case of this 

system, a substrate mass twice that of the resin at a temperature 37-45 °C fulfills the above requirement. 

To this point, investigations have been conducted on the kinetic resolution of ester protected 3-

hydroxyalkanoates by N435 with respect to ester identity, solvent, resin reusability, resolution time course, 

rate, temperature, and scalability. It was found that a methyl ester protection is ideal for the resolution of 3-

hydroxdecanoates due to the spatial restrictions of the CALB medium binding pocket. Furthermore, 

hydrophobic solvents with sparing polarity (toluene and ethers) generally give higher conversion yields 

compared to extremely hydrophobic solvents (hexanes). It was also demonstrated that kinetic resolutions 

can be carried out in reaction media of neat vinyl acetate (the acyl donor). Finally, it was found that adding 

C10Me substrate in batches allowed resolution of 6-times the resin mass in 120 h at 40 °C. Batch resolution 

was able to bring 4.0 g of C10Me to 51% conversion in 144 h at 45 °C whereas all-at-once addition under 

identical conditions did not exceed 41.5%. The enantiomeric purity of the batch resolution was also 

significantly greater than that of the all-at-once resolution. These results established suitable methodologies 

for efficient resolution of C10Me racemate at large scale. Moreover, the various studies above consistently 

imply good enantioselectivity, evidenced by the severe decline of conversion rate at 50% and the  resistance 

to exceed 50% conversion. However, definitive data were required to prove 1) the proposed 

enantiopreference (Figure 1.5) and 2) the enzyme enantioselectivity (E value) for this system.  

Optical Considerations in the N435 Catalyzed KR of Ester 3-hydroxyalkanoates  

 To prove enantioselectivity of the enzyme, that is, to prove that the (S)-enantiomer of a methyl 3-

hydroxyalkanoate is the preferred substrate for CALB catalyzed esterification, polarimetry was used. After 

a kinetic resolution, substrate and product pools are readily separated via flash chromatography. In a 20% 

ethyl acetate (EA):80% hexanes mobile phase, 7 has an Rf = 0.38 and 11 has an Rf = 0.52. This large 

difference in retention factor on silica results in a routine separation of the two compounds. From two 

resolutions, samples of the recovered C10Me substrate were isolated, dissolved in chloroform, and the 
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optical rotation measured as summarized in Table 3.5. Both samples gave a negative sign of rotation for 

plane polarized light. Comparison of this result with the seminal work from Palos42 as well as other literature 

values confirms that the (R)-enantiomer of methyl 3-hydroxydecanoate rotates plane polarized light in the 

negative direction. This finding proves the hypothesis that the (S)-enantiomer is the preferred substrate of 

CALB in accordance with Kazlauskas’ empirical rule. While the polarimetry data is necessary to confirm 

this hypothesis, it is not a quantitative measure of diastereomeric purity, i.e., the negative sign of rotation 

only confirms that the measured sample is not racemic and is at least enriched in the (R)-enantiomer but 

not necessarily 100% pure. 

Table 3.5 Optical Rotation Measurements for Post-Resolution C10Me Substrate 

This Study Palos Pacheco, R. at al.;  J. Am. Chem. Soc. 
2017, 139 (14), 5125-5132. 

Other Literature Values95–97 

Conc. 0.535 g/100 mL 
[𝛼] = −4.837° 

Conc. 0.87 g/100 mL 
[𝛼] = −8.58° 

Conc. 0.75 g/100 mL 
[𝛼] = −12.9° 

Conc. 1.59 g/100 mL 
[𝛼] = −5.667° 

Conc. 0.52 g/100 mL 
[𝛼] = −6.7° 

Conc. 1.17 g/100 mL 
[𝛼] = −15.5° 

  Conc. neat 
[𝛼] = −4.5° 

 

To quantify N435 enantioselectivity, a means for reliable determination of enantiomeric excess for 

substrate and/or product was needed (see equations (5) & (6)). Chiral chromatography is common for 

determining enantiomeric excess. Analytical normal-phase liquid chromatography was first attempted with 

either a 50 x 4.6 mm or 250 x 4.6 mm Phenomenex LuxTM Cellulose-1, 5 µm column and a heptanes:2-

propanol mobile phase. Evaporative light scattering (ELS) was used for detection because methyl 3-

hydroxyalkanoates are not chromophoric. Figure 3.9 shows two sample chromatograms obtained for 

racemic methyl 3-hydroxydecanoate. In the upper chromatogram, baseline resolution is not achieved with 

a 90:10 heptanes:2-propanol mobile phase under the given conditions. Mobile phase optimization permitted 

near baseline resolution in the lower chromatogram and the relative enantiomer ratios could be calculated 

from the peak areas. For the racemic standard, both peaks are expected to have identical areas. While 
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satisfactory baseline resolution and enantiomer quantification of a racemic sample were achieved, not 

shown in Figure 3.9 are the significant difficulties that were encountered during method optimization. First, 

as mentioned above, UV detection is not possible. This necessitates some universal detection method such 

as ELS which was cumbersome in the available set-up. Next, it is difficult to predict analyte compatibility 

with the chiral column. Phenomenex and other suppliers have many stationary phase chemistries available, 

and trial and error is the most conclusive means to determine how well an analyte will be resolved. 

Figure 3.9. Chromatograms obtained for NPLC of racemic C10Me in mobile phases of heptanes:2-proponol; 90:10 (upper) and 95:5 
(lower). Retention times and calculated peak areas are given in tabular form while relative peak ratios are given as percentages. A 50 
x 4.6 mm Phenomenex LuxTM Cellulose-1, 5 µm column was used.  ELS detection was performed with nitrogen purge gas at 75 °C. 
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Acquiring and testing multiple chiral columns is cost-prohibitive. Many instrument hours were spent in 

arriving at the correct mobile phase concentrations shown in the lower panel of Figure 3.9. Even small 

(<1%) changes in mobile phase concentration impacted the resolution of enantiomer peaks and by extension 

their ability to be quantified. Finally, a longer column was used (250 mm) in an attempt to improve 

resolution and while baseline resolution was achieved, peak broadening (not shown) became an issue and 

quantification of a racemic standard gave an error >6% which was unacceptable. Furthermore, the HPLC 

instrument pump system was located in a teaching laboratory, and it was not feasible to routinely access 

and use the facility.  

To overcome the challenges presented by chiral chromatography and develop a rapid and 

convenient method for the quantitation of enantiomer excess, an NMR spectroscopy method was pursued. 

Specifically, the chiral lanthanide shift reagent (CLSR) europium tris[3-

(trifluoromethylhydroxymethylene)-(+)-camphorate] (ETHM; Sigma-Aldrich) was employed. CLSRs have 

been used for over three decades for reliable quantification of enantiomeric excess of a variety of analytes 

including alcohols, amines, and carboxylic acids98. The shift reagent is a diastereomerically pure 

paramagnetic compound which forms diastereomeric complexes with each enantiomer of a given analyte 

and thereby produces a variable chemical environment for each. The resultant NMR spectrum of a racemic 

sample shows formerly discrete single peaks split into two – one for each enantiomer. ETHM was selected 

for its reported success in quantifying enantiomers of similar molecules and especially for secondary 

alcohols99,100. It should be noted that ETHM was only successful in quantifying enantiomer ratios for the 

hydroxy substrate. The acetoxy product demonstrated poor baseline resolution – likely because the acetoxy 

modification blocks the CLSR’s complexation site – and this method was used to quantify enantiomer ratios 

for 3-hydroxyalkanoates. Although ETHM had been used for this purpose in the past, the accuracy of NMR 

quantitation was a concern. To validate this method, optically pure standards of methyl 3-hydroxbutyrate 

(C4Me) were obtained and used to create NMR samples of known enantiomer ratios with addition of 18 

mM ETHM. The native C4Me spectrum and the validation spectra are given in Figures 3.10 & 3.11 
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respectively. The addition of ETHM has a considerable impact on the qualitative appearance of the NMR 

spectrum. Firstly, many peaks of interest, such as the methyl ester protons and the methine proton, 

experience significant deshielding and are shifted downfield. The methyl ester protons are shifted from 3.72 

to ~4.2 ppm at this particular concentration of ETHM. Indeed, the amount of ETHM determines the extent 

of spectral shift and an ideal amount must be added: too little and enantiomer peaks will not separate while 

too much and line broadening from fast-exchange paramagnetic relaxation will prevail. For these 

molecules, the methyl ester protons are a convenient signal, because 1) it is spectrally isolated and 2) it is 

a strong singlet that when split by the CLSR provides two well resolved singlets. The methyl ester singlet 

peaks for each known enantiomer ratio (Figure 3.11) are integrated and the experimental enantiomer 

composition is thusly calculated (Table 3.6). 

 

 

 

 

 

 

 

 

 

Figure 3.10. 1H NMR spectrum of methyl 3-hydroxybutyrate; 1:1 mix of (R)- and (S)- standards. 
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Table 3.6 Non-Racemic C4Me Standards Quantified by NMR and Associated Error 

 

 

Ratio 
(R:S) 

Integrated Peak Area  Percent R % Error in R Percent S % Error in S 

 R S     

99:1 6576 85.55 98.72% 0.29% 1.28% 28.42% 

90:10 6612 661.6 90.90% 1.01% 9.10% 9.05% 

50:50 5042 4838 51.03% 2.06% 48.97% 2.06% 

10:90 816.9 8226 9.03% 9.66% 90.97% 1.07% 

1:99 327.7 21800 1.48% 48.12% 98.52% 0.49% 

Figure 3.11. Stacked 1H NMR spectra for known enantiomer ratios of methyl 3-hydroxbutyrate with 18 mM ETHM chiral 
lanthanide shift reagent. Enantiomer ratios given at left-hand side. Peaks highlighted within the red rectangle correspond to 
the methyl ester protons (circled in red on the molecule at upper right). Of the highlighted peaks, the downfield singlet 
corresponds to the S enantiomer while the upfield singlet corresponds to the R enantiomer. 
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The error reported in Table 3.6 is percent error: 

%𝐸 𝑖𝑛 𝑅 𝑜𝑟 𝑆 =  
|%𝑅 𝑜𝑟 %𝑆(𝐾𝑛𝑜𝑤𝑛) − %𝑅 𝑜𝑟 %𝑆(𝐸𝑥𝑝𝑡. )|

%𝑅 𝑜𝑟 %𝑆(𝐾𝑛𝑜𝑤𝑛)
 

For quantification of enantiomers in the 1:99 ratio, the absolute error ranges from 0.28-0.48% from the true 

value. For the ratios 10:90, 50:50, and 90:10, the experimentally determined value is at most ±1% from the 

expected value. Thus, from the greatest error measured, this NMR method is able to quantify enantiomer 

ratios within ±1% of the true value. In other words, a 1:99 enantiomer ratio can be reliably discerned from 

a 5:95 ratio, but the ratios 10:90 and 11:89 could not be discerned. With this method validation, the NMR 

quantification method was used to determine the enantioselectivity of CALB for this system.  

To confirm that the chiral lanthanide shift-reagent behaves well with the molecules of interest, it was 

added to a racemic sample of C10Me, and the subsequent spectrum is given in Figure 3.12. Peak fitting using a 

Lorentzian model (the free induction decay measured in NMR is exponential) of the methyl ester region in Origin 

confirmed that the enantiomer peaks are baseline resolved and that the experimentally determined enantiomer 

ratio falls within 0.0005% of the true value (50:50). Next, the ideal analyte:ETHM molar ratio that gives provide 

baseline resolution without line broadening was explored. Molar ratios of 2:1, 1:1, and 1:2 (C10Me:ETHM) 

were made in CDCl3 and the resultant spectra are given in Figure 3.13. As discussed, increasing amounts of 

ETHM cause line broadening and other spectral aberrations to become more severe. Increasing amounts of 

ETHM also cause several peaks to experience significant downfield shifts compared to the native C10Me 

spectrum. In particular, the methine proton (Hb in Figure 3.13) shifts from 4.00 ppm (native) to 6.25 ppm (1:2 

ETHM) and despite pronounced line broadening, does exhibit a distinct peak for each enantiomer. The methyl 

ester protons (red box) split into two distinct singlets at a C10Me:ETHM of 2:1 with a difference in chemical 

shift (Δδ) of 0.11 ppm. At 1:1 C10Me:ETHM, Δδ = 0.16 ppm and the peaks are completely baseline resolved. 

Finally, at 1:2 C10Me:ETHM, Δδ = 0.22 ppm but other peaks previously upfield begin to invade the methyl 

ester signal region and overlap, thus obscuring the baseline.  

  

(10) 
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Figure 3.13. Stacked 1H NMR spectra of racemic C10Me with successively greater molar ratios of the chiral lanthanide shift reagent, 
ETHM. No addition of ETHM (‘native’ spectrum) is the top panel. 

Figure 3.12. The left panel shows a 1H NMR spectrum for a racemic sample of C10Me with 17 mM ETHM. MestReNova integrations are 
given in the expansion window. The region 3.75 ppm – 3.95 ppm of the spectrum was imputed to Origin where peak fitting (left panel) to a 
Lorentzian model gave a S:R ratio of 49.95:50.05 (integrated area). The adjusted R2 was 0.9995, the χ2 was 5.95, degrees of freedom were 
930, and there were 937 data points. 
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Based on these studies, values of C10Me:ETHM of either 2:1 or 1:1 were used, since they result in a 

resolved baseline. A value of 2:1 was used when peak broadening was a concern, especially for 

quantification of low enantiomer ratios. 

With an NMR method in-hand for the convenient determination of both percent conversion and 

enantiomeric excess, it was applied to determine the E value of two kinetic resolutions of 7 and thereby 

discriminate condition-specific efficiency. Specifically, two side-by-side KRs were performed in which the 

solvent system and equivalents of vinyl acetate were explored. The general procedures were nearly 

identical: both used 2.0 g of C10Me and 1.0 g N435 resin, heating to 40 °C, and agitated on an orbital 

shaker in capped containers covered with aluminum sheet. An aliquot was sampled after 24 and 48 h, and 

the reaction was halted after 48 h. In A, 10 mL of 9:1 toluene: vinyl acetate was used and in B, the reaction 

was performed in 10 mL of vinyl acetate only.  

 

 

Figure 3.14. Stacked 1H NMR spectra (detail of 3.92 ppm – 5.31 ppm, excision of baseline 4.09 ppm – 5.13 ppm) of reaction mixture from a 
kinetic resolution of C10Me at 24 h (left) and at the 48 h endpoint (right). The upper spectra correspond to Rxn A carried out in 10 mL of a 
9:1 toluene to vinyl acetate mixture. The lower spectra correspond to Rxn B carried out in 10 mL of vinyl acetate. In the upper right of each 
spectrum is given the percent conversion calculated from the given peak integrals.   
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The results from these parallel kinetic resolutions are given in Figures 3.14 & 3.15. Figure 3.14 

shows that at 24 h, Rxn A has 38% conversion while Rxn B is 45% converted. Both reactions near 49% 

conversion at the endpoint. The greater reaction velocity of B is likely due to the excess of acyl donor and 

can be explained by a Le Chatelier principle argument. More intriguing is that the ee(S) (Figure 3.15) at 

24 h is 63% for A and 75% for B. After completion however, the ee(S) for A is higher at 87% while that of 

B is 83.5%. From the values at the endpoint, equation (5) gives the E value for Rxn A as 65 where for B it 

gives 44. Both of these values significantly exceed 20; thus, it can be said that the enzyme is sufficiently 

enantioselective toward the 3-hydroxyalkanoate system. Indeed, both substrate and product fractions have 

enantiomeric purities in excess of 90% for both A & B.  

 

 

 

Figure 3.15. Stacked 1H NMR spectra (detail of 3.77 ppm – 4.04 ppm) of recovered C10Me substrate with addition of 1:1 
molar ETHM after kinetic resolutions A & B. Enantiomeric excess of the substrate was determined from the given peak 
integrals.  
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 Ee(S) or enantiomeric excess of the substrate is determined by isolating the unconverted methyl 3-

hydroxydecanoate (C10Me) after exposure to N435 resin and combining the unconverted substrate with 

ETHM chiral lanthanide shift reagent as shown in Figure 3.15. Ee(S) is then determined by: 

𝑒𝑒(𝑆) =
𝑅 − 𝑆

𝑅 + 𝑆
 

Where ‘R’ and ‘S’ represent the respective normalized peak areas of the corresponding enantiomer peaks 

(blue numbers at spectra bottom, Figure 3.15). For example, for Rxn A at 48 h, ee(S) is  

𝑒𝑒(𝑆) =
1.00 − 0.07

1.00 + 0.07
= 87% 

One might conclude from these conversion values that reaction A results in a higher E value at the 

endpoint due to a slower reaction rate; reaction B nears completion at 24 h and is thus exposed to the 

substrate for a longer time which would allow the slow reaction (disfavored enantiomer) to take place in 

sparing amounts and thereby reduce the enantiomeric purity. However, in this case the enantiomeric purity 

of the product would suffer and ee(S) should improve. It is clear then that in B, either reversibility or some 

other phenomenon is occurring to reduce the enantioselectivity of CALB. The E value can be calculated 

using the values at 24 h to give E24 = 100 for A and = 46 for B showing that the enzyme is indeed more 

enantioselective in A. This may arise because the large excess of acyl donor drives catalysis whereas when 

conversion rate is limited the discrimination between R and S is improved. As an aside, the optimal time 

for Rxn A is clearly 48 h whereas B may have an optimal E value somewhere before or after 24 h. A 

summary of reactions A and B is given in Table 3.7.  

Table 3.7 Summary of %c, ee(S), and E for Parallel Kinetic Resolutions of C10Mea 

Rxn % Conversion ee(S) E value 

Time h 24 48 24 48 24 48 

A 39.4 48.7 62.6 87.0 100 65 

B 45.4 48.5 75.4 83.5 46 44 
aMaximum % conversion for an ideal kinetic resolution of a racemic substrate is 50%. 

(11) 

(12) 
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 The insights gained from these KR studies of 7 were applied to methyl 3-hydroxytetradecanoate 

(C14Me, 9). The racemic compound was resolved with the following batch procedure: A 9:1 toluene:vinyl 

acetate mixture was heated to 40 °C while shaking. To the warmed solvent was added 2.0 g (7.74 mmol) 

of C14Me and 1.0 g N435 resin. The reaction vessel was capped and covered with aluminum sheet. After 

24 and 48 h,  analytical aliquots were removed. After 48 h, an additional 2.0 g of C14Me was added to the 

enzyme resin after filtration and washing. Aliquots were again removed after 24 and 48 h and the resin was 

separated and washed. Another 2.0 g of C14Me were added to the same portion of resin (total = 6.0 g). The 

reaction was halted 122 h after the final addition by filtering through filter paper (Whatman) and washing 

the resin several times with ethyl acetate and hexanes. Table 3.8 provides a summary of the % conversion, 

enantiomeric excess, E value, and other metrics at the endpoint for each 2.0 g batch. Figures 3.16 & 3.17 

show the NMR spectra used for the determination of % conversion and ee(S) values, respectively, given in 

Table 3.8.   

Table 3.8 Kinetic Resolution of C14Me with Substrate Addition via Batches 

 

From Table 3.8, it is seen that the E value decreases across subsequent kinetic resolution batches 

(nearly halving each batch) and falls from a high value of 66 on the first batch to a value of 18 (not sufficient 

Timepoint 
C14Me 
(mmol) 

Ac-
C14Me 
(mmol) 

% 
Conversionb 

R-
C14Me 
(mmol)c 

S-
C14Me 
(mmol)c 

ee(S)b E 
R-C14Me 
Converted 
(mmol)d 

R-
Converted 

% of 
Totale 

Batch 1a          
t = 48 h 

(end) 
4.025 3.715 48% 3.723 0.3019 85% 66 0.147 4.0% 

Batch 2a          
t = 48 h 

(end) 
5.186 2.554 33.3% 3.760 1.426 45% 30 0.11 4.3% 

Batch 3a          
t = 122 h 

(end) 
4.412 3.328 43% 3.552 0.8603 61% 18 0.318 9.6% 

aEach ‘batch’ represents the resolution of 2.0 g (7.74 mmol) of C14Me by a single 1.0 g portion of N435 resin. bValues 
experimentally determined via NMR spectroscopy (as discussed above). All other table values are derived from these 
experimental measurements. cAmount determined from the amount of C14Me (first column) and the measured enantiomeric 
excess of the substrate (sixth column). dR-C14Me converted refers to the non-specific enzyme catalysis of C14Me substrate 
with the (R)- CIP configuration to the acetoxy product. The amount was calculated by subtracting the moles of R-C14Me 
(fourth column) from 3.87 mmol which is the expected amount of (R)-C14Me in 7.74 mmol of racemic substrate. eValue 
determined by dividing the moles of R-C14Me converted (eighth column) by the moles of Ac-C14Me formed (second column).   
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to provide optically pure products) for the third and final batch. The drop in enantioselectivity can be 

explained by a drop in enzyme conversion efficiency. In batch 1, nearly 50% conversion was reached in 48 

h (also notable is the high enantiomeric excess of the substrate, 85%). In batch 2, only 33.3% conversion 

was reached in 48 h. Because of the lower percent conversion, the enantiomeric excess of substrate is also 

expected to be low. In the final batch, only 43% conversion could be achieved after 122 h. For each batch, 

approximately ~2.0% of the converted product per 24 h is from non-specific conversion of the R-C14Me 

substrate (Table 3.8, column nine). Because the overall conversion rate falls, and more time is required to 

achieve 50% conversion, the persistent non-selective conversion accumulates and disrupts the 

enantioselectivity metrics. 

 

Figure 3.16. Stacked 1H NMR spectra (detail of 3.85 ppm – 5.40 ppm) of C14Me KR reaction mixtures at the endpoint for 
three batches. The peak centered at 4.00 ppm corresponds to the methine proton of methyl 3-hydroxytetradeconate (C14Me) 
substrate while the peak at 5.20 ppm corresponds to the methine proton of methyl 3-acetoxytetradeconate (Ac-C14Me) product. 
Note that these spectra take no account of stereochemistry and enantiomeric enrichment is not reflected here. Percent 
conversion was determined by summing the normalized peak areas (normalized to the C14Me peak) and dividing the peak area 
of the Ac-C14Me product by the sum.  
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 This result inspired the design of iterative enzymatic resolutions where substrates already enriched 

in a single enantiomer (such as substrate and/or product from batch 2 or 3, Table 3.8) were combined with 

fresh N435 resin to provide products with ≥95% enantiomeric purity in large quantity. The general 

procedure for iterative kinetic resolution was as follows: 10 mL of 9:1 toluene:vinyl acetate was placed in 

a 250 mL round bottom flask and heated to 40 °C while shaking. To the warmed mixture was added 2.0 g 

of substrate enriched in (R)-7, (R)-9, (S)-7, or (S)-9 and 1.0 g N435 resin (four independent reactions). 

After 24 and 48 h, respectively, an analytical aliquot was removed of the crude mixture. The solvent was 

removed under reduced pressure and a 1H NMR spectrum was obtained. After 48 h, the reaction was halted 

Figure 3.17. Stacked 1H NMR spectra (detail of 3.61 ppm – 4.28 ppm) of recovered C14Me substrate after KR at the endpoint 
for three batches. ETHM chiral shift reagent was added in a 1:2 ratio to the analyte. Slight differences in chemical shift are 
accounted for by small variations in the shift reagent:analyte ratio. Both peaks correspond to the methyl protons of methyl 3-
hydroxytetradecanoate. The upfield peak is given by the methyl protons from the R-C14Me-ETHM complex while the 
downfield peak is given by the methyl protos of the S-C14Me-ETHM complex. Enantiomeric excess was determined by 
summing the peak areas and dividing the peak area of the (S)-enantiomer’s peak by the sum. 
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by filtering through filter paper (Whatman) and the resin was washed several times with ethyl acetate and 

hexanes. After removing the solvent under reduced pressure, the resultant crude oil was subjected to 

chromatographic separation on a Biotage Isolera One automated flash chromatograph. For samples initially 

enriched in the (R)-enantiomer, the recovered methyl 3-hydroxyalkanoate substrate was isolated. For 

samples initially enriched in the (S)-enantiomer, the methyl 3-acetoxyalkanoated product was isolated and 

subsequently deacetylated under acidic methanolysis conditions. Analytical aliquots of the isolated 

products above were combined with ETHM in a 2:1 molar ratio and enantiomeric excess was measured via 

NMR spectroscopy. Figure 3.18 shows a schematic representation of the iterative enzymatic resolution 

process. Table 3.9 provides a summary of the % conversion and enantiomeric excess for iterative enzymatic 

resolutions of already enantiomerically enriched substrates. 

 

 

 

 

 

 

 

 

Figure 3.18. Schematic representation of the iterative enzymatic resolution process. The initial substrate is already enriched in 
either the R or S enantiomer (relative amounts are qualitatively represented by font size). For both substrate types, CALB’s 
enantiopreference is unchanged: the (S)-enantiomer is the preferred substrate enantiomer. For substrates enriched in the (R)-
enantiomer, the target compound is the recovered substrate which has had the (S)-enantiomer contaminant converted to product 
and removed by NP-LC to give (R)-methyl 3-hydroxyalkanoate in high enantiomeric excess. For substrates enriched in the 
(S)-enantiomer, the target compound is the converted, acetoxy-product which has been converted and purified from the (R)- 
contaminant. After separation from the substrate via NP-LC, the product is deacetylated by acidic methanolysis to give (S)-
methyl 3-hydroxyalkanoate in high enantiomeric excess. NP-LC signifies Normal Phase-Liquid Chromatography, performed 
on a Biotage Isolera One automated flash chromatograph. 
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Table 3.9 Iterative Kinetic Resolution of Already Enantiomerically Enriched Substratesa 

 

On occasion, unoptimized or large scale reactions led to poor enantiomeric purities (e.g., Table 

3.8) of either substrate, product, or both. It was determined that the enantiomeric purity of the resolved tail 

should be at least 90% or higher to reliably produce rhamnolipids of high diastereomeric purity. Iterative 

enzymatic resolution allowed us to achieve this metric whereby already resolved compounds are exposed 

to virgin N435 resin.  

After an enzymatic resolution, substrate and product are separated via column chromatography. 

The recovered substrate is enriched in the (R)-C10Me/C14Me enantiomer and, if necessary, can be directly 

combined with N435, which then catalyzes the transesterification reaction on the (S)-enantiomer impurity 

and after a final column separation yields a highly pure (R)-methyl-3-hydroxyalkanoate. Similarly, the 

isolated product of a primary KR is enriched in the (S)-C10Me-Ac/C14Me-Ac enantiomer and is iteratively 

resolved after deprotection of the acetoxy group. In this case, the desired compound is the (S)-enantiomer 

and therefore, the converted product from the iterative resolution is collected while the substrate (R 

enantiomer) is left behind as impurity and a final acetoxy deprotection yields highly pure (S)-methyl-3-

Entry 
Initial Enantiomeric 

Excessb 
Initial 

R:S Ratio 
% Conversionc 

Final Enantiomeric 
Excessd 

                     C10Me    
(R)-C10Me 56% 78:22 21% 93% 

(S)-C10Me 70% 15:85 84% 94% 

                      C14Me    

(R)-C14Me 46% 73:27 30% 97% 

(S)-C14Me 78% 11:89 87% 99% 

a”Iterative” refers to exposing already resolved and thusly enantioenriched substrates to fresh N435 resin to produce products 
of high enantiomeric purity via “iterative” resolution. bInitial enantiomeric excess is given for the entry compound in column 
one. The initial R:S ratio is derived from the measured initial enantiomeric excess.  cPercent conversions of iterative resolutions 
are not expected to be 50% (as with racemic substrates) and are instead expected to match the % composition of the favored 
(S)-enantiomer in the case of methyl 3-hydoxyalkanoates. d’Final enantiomeric excess’ is given for the entry compound in 
column one after purification and isolation.  
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hydroxyalkanoates. The % conversion values in Table 3.9 represent the % composition of the (S)-

enantiomer in the substrate. (R)-enriched substrates have percent conversion less than 50% because the 

preferred enantiomer is in the minority while the situation is reversed for (S)-enriched substrates. For all 

entries, the final % conversion values closely match the initial percent of (S)-enantiomer in the substrate.  

In total, the determined E values and high enantiomeric excesses measured confirm that N435 is a 

suitable catalyst for the KR of methyl 3-hydroxyalkanoates and that these resolved compounds have 

sufficient enantiomeric purity for the stereo-controlled synthesis of monorhamnolipids. 

Synthesis of Diastereomerically Pure Rhamnolipids 

 The kinetic resolution of the C10 and C14 methyl 3-hydroxyalkanoates provides mixtures of (R)-

7/9 and (S)-11/12. After separation, (R)-7/9 can be directly used in subsequent rhamnolipid synthesis steps, 

but (S)-11/12 require deprotection to remove the acetoxy group and recover the sec-alcohol. Three acetoxy 

deprotection strategies were attempted: CALB catalyzed deprotection, an acid catalyzed deprotection, and 

a base catalyzed deprotection. In the first, the native hydrolytic activity of CALB was exploited by exposing 

(S)-11 to an equal mass of N435 in pH 7.4 phosphate buffer (see Detailed Synthetic Procedures below). 

The reaction was conducted at 40 °C while shaking for 24 h after which the resin was filtered and the crude 

oil extracted. The crude oil was found to be a ~3:1 mixture of hydroxy:acetoxy compounds indicating that 

24 h was not sufficient time to reach complete deprotection. However, it was also found that the methyl 

ester had been completely deprotected in both compounds to give the free acid forms. This prompted the 

reprotection of the free acid via Fischer esterification in acidic methanol. The crude oil was dissolved in 

excess methanol at reflux and a few drops of 18 M H2SO4 were added. The refluxing reaction was allowed 

to stir overnight and was subsequently neutralized with saturated NaHCO3 and extracted. The resultant oil 

did indeed have its methyl ester protection back in place, but the critical discovery was that the crude 

compound was no longer a mixture of hydroxy/acetoxy and had been entirely converted to the hydroxy 

form. This finding led to the discovery that the post-resolution acetoxy products (i.e., 11 & 12) could be 

directly deprotected under Fischer esterification conditions (refluxing methanol with catalytic acid) to 
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obtain their sec-alcohol (hydroxy) counterparts. This deprotection strategy is elegant in its simplicity and 

ease; the acyl group is removed as acetic acid while the acidic methanol conditions strongly favor 

preservation of the methyl ester. The base catalyzed deprotection of 11 was unsuccessful and not further 

explored due to its tendency to give an unsaturated product via β-elimination of the alcohol. 

Once high enantiomeric purity methyl ester tails of both C10 and C14 were obtained, the synthesis 

of high diastereomeric purity rhamnolipids of single- and dual-tails was pursued. Intermediates formed in 

the production of rhamnolipids 1-3 are given in Figure 3.16. Compounds 1-251 could be achieved in 3-4 

steps  (Scheme 3.3) (3 steps for (R)- and 4 for (S)-). Compounds 13-16 were isolated before deprotection, 

but it was found by Compton that the crude glycosylation products could also be taken directly to base 

catalyzed deprotection eliminating one purification step and improving overall efficiency. Overall yields 

(beginning with enantiopure 7/9) were 22% (1a), 32% (1b), 25% (2a), and 33% (2b). These yields are 

much greater than the equivalent synthetic procedure which required chromatographic separation of 

diastereomers. It was observed in several independent syntheses that the glycosylation step provided better 

yields for the (S)-enantiomer for both C10 and C14, thus contributing to the slightly higher overall yields 

of 1b and 2b. The final deprotection step, however, did not appear to favor either diastereomer, and yields 

of ~50% were uniform. The diastereomeric purity of final compounds 1-2 was in excess of 90%. 

Dual-tail monorhamnolipids were synthesized using a modified procedure (Scheme 3.4 & 3.5) of 

that reported by Palos42. The tail coupling step proceeds via Steglich esterification and requires the single-

tail rhamnolipid be in the free acid form while the sugar remains per-O-acetylated. To achieve this, the 

methyl ester protection must be swapped for a benzyl ester protection on the 3-hydroxyalkanoate tail 

because the methyl ester is not orthogonal to the sugar acyl groups. No deprotection strategy for the 

glycosylation product could be developed which selectively removed the methyl ester while keeping O-

acylation intact. With a benzyl ester in place, however, the acid can be selectively deprotected by Pd/C-

facilitated hydrogenation while leaving the sugar acyl groups intact. As discussed above, the benzyl-3-

hydroxydecanoate racemate could not be reliably resolved by CALB. Thus, to give the enantiomerically 
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pure benzyl ester protected tail, both enantiomers of 7, after enzymatic resolution (and deprotection for (S)), 

were treated with LiOH followed by BnBr in the presence of K2CO3 to conveniently arrive at enantiopure 

4 in quantitative yield. 

Each enantiomer of 4 could then be used to synthesize high diastereomeric purity diastereomers of 

monorhamnolipid without the tedium of chromatographic diastereomer separation. It is also noteworthy 

that the glycosylation step with 4 has similar yields to Scheme 3.3 where the (S)-diastereomer is produced 

at ~60% yield while the (R)-diastereomer is given at about ~50% yield. This is additional evidence that 

there is discrimination in glycosylation efficiency between the two diastereomers. The subsequent steps do 

not appear to show discrimination in yield between diastereomers; the apparent yield discrepancies for 

certain products (i.e., 3) arose from differences in synthetic methodology and more efficient purification 

strategies were developed which improved yields (vide infra). The two debenzylation steps gave products 

in nearly quantitative yields. After the first debenzylation, another equivalent of 4 (either enantiomer) is 

esterified at the free acid position with the 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) 

coupling reagent in the presence of 4-dimethylaminopyridine (DMAP) catalyst (Scheme 3.4 & 3.5). This 

step provided products in generally good yields ranging from 54-88%. 24 was obtained in lower yield (54%) 

than the other diastereomers because a chromatographic fraction was excluded due to some diastereomeric 

impurities. The yields then of this step can be considered to be quite good on average. 

 

 

 

 

 

 



 
 

91

Figure 3.19. Intermediates produced in the synthesis of diastereomerically pure rhamnolipids.  
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Scheme 3.3. Stereo-controlled synthesis of single-tail monorhamnolipids in 3-4 steps. 
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Scheme 3.4. Stereo-controlled synthesis of dual-tail C10 monorhamnolipids in 7 steps starting from (R)-methyl 3-
hydroxydecanoate. 
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Scheme 3.5. Stereo-controlled synthesis of dual-tail C10 monorhamnolipids in 7 steps starting from (S)-methyl 3-
hydroxydecanoate. 
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Beginning with enantiopure 7, the final products were obtained in 7 synthetic steps with 5 

chromatographic separations. The initial deprotection of the methyl ester required only a single purification 

after addition of the benzyl protection. Each subsequent intermediate was isolated, but the final products 

were obtained by O-deacetylation with KCN without further purification. Compounds 25-28 were stirred 

with KCN (2 eq.) in methanol at rt over 48 h. The reaction was monitored by TLC and when complete, the 

optimized procedure involved adding silica gel directly to the reaction mixture and stirring for several hours 

to remove excess KCN101. The mixture was filtered through a silica pad and the pad was washed many 

times with ethyl acetate and sparring amounts of methanol to give the final products in near quantitative 

yield >80%). An unoptimized procedure at this step resulted in yields closer to ~50%; thus, it is unlikely 

that the various rhamnolipid diastereomers demonstrate any difference in efficiency in the final deprotection 

step. Overall yields were 14% (3a), 15% (3b), 27% (3c), and 18% (3d). A summary of rhamnolipid yields 

and their purity is given in Table 3.10. 

Table 3.10 Summary of Final Rhamnolipid Yields and Purity 

 

 

 

 

 

 

 

 

 

Entry Yielda Diastereomeric Purity 

               Single-Tail  

1a 22% 91% 

1b 32% 93% 

2a 25% 90% 

2b 33% 94% 

                 Dual Tail  

3a 14% 94% 

3b 15% 93% 

3c 27% 96% 

3d 18% 92% 

aYield is calculated beginning with the enantiomerically pure methyl-3-hydroxyalkanoate for all entries.  
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CONCLUSIONS 

This investigation has yielded important insights into the suitable conditions for both the production 

and kinetic resolution of methyl 3-hydroxyalkanoates. It was found that a Reformatsky condensation of 

methyl bromoacetate and an aldehyde activated by sonication in the presence of Zn metal catalyst was a 

suitable means to produce rac-7 and -9 at the gram scale. Subsequently, these racemates were resolved into 

their constituent enantiomers through the use of CALB immobilized on acrylic resin, Novozym 435. It was 

proved by optical rotation measurements that the (S)-enantiomer is the preferred CALB substrate; this 

finding is consistent with Kazlauskas’ empirical rule. Subsequently, it was found that the racemates of 7 

and 9 are ideally resolved in a solvent system of 9:1 toluene:vinyl acetate (with a ~1.0 molar equivalent of 

vinyl acetate), at a temperature of ~40 °C, and over 48 h time. Large quantities of substrate could be resolved 

by adding substrate in batches; particularly, additional substrate added to the KR reaction mixture after 48 

h had elapsed from the previous substrate addition was found to be ideal. A single portion of N435 was 

found to resolve approximately 6-times its mass of substrates 7 and 9 over three batches. Resolved products 

that were found to possess inadequate diastereomeric purity (due to loading inefficiency, unoptimized 

conditions, or random variables) were subjected to iterative enzymatic resolution to give high 

diastereomeric purity compounds. 1H NMR was employed extensively to track resolution progress, 

determine final % conversion (c), and quantify enantiomeric excess. These values allow calculation of the 

E value, or enantioselectivity, of CALB for both 7 (E = 65) and 9 (E = 68). The determined E values and 

high enantiomeric excesses measured confirm that N435 is a suitable catalyst for the KR of methyl 3-

hydroxyalkanoates and that these resolved compounds have sufficient enantiomeric purity for the stereo-

controlled synthesis of monorhamnolipids. Moreover, the production of enantiomerically pure 3-

hydroxyalkanoates was conducted with an extremely facile, industrially relevant, and green methodology. 

The green metrics are improved in the downstream synthesis of diastereomerically pure rhamnolipids which 

do not require chromatographic separation of diastereomers.  
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Compton51 reported a “one-pot” synthesis for single-tail monorhamnolipids which described a 

liquid-liquid extraction technique that took advantage of pH manipulation and differences in polarity of 

products and starting materials. This one-pot methodology eliminates the need to purify intermediates after 

the Reformatsky condensation; chromatography was only needed to separate rhamnolipid diastereomers. 

Thus, the combination of this work with Compton’s defines a pathway to a separation-free synthetic method 

for the production of diastereomerically pure single-tail monorhamnolipids. This critical development 

establishes this synthetic method as industrially amenable for producing large amounts of 

diastereomerically pure rhamnolipids while crucially maintaining green metrics. The synthesis of dual-tail 

monorhamnolipids, while greatly improved by the presented work, still requires chromatographic 

separation of certain intermediates. The tail-coupling step (compounds 19-20 to 21-24, Scheme 3.4), for 

example, coincidentally gives a product which has a very similar Rf value (<0.1 Δ Rf) as the benzyl protected 

tail (4) which requires careful optimization of reagent equivalences and conscientious purification to give 

the protected rhamnolipids 21-24. It was also found that a purification was required after the second 

debenzylation step (compound 21-24 to 25-29) to remove unwanted byproducts present both in TLC and 

NMR. Now that diastereomer isolation is no longer an issue, the dual-tail synthesis only requires isolation 

optimization strategies such as liquid-liquid or solid phase extraction to establish that route in a similar 

position as the single-tail route. Despite the continued need for a few purification steps, this work greatly 

improves the ability to produce diastereomerically pure dual-tail rhamnolipids in large quantities (multi-

gram) and again, the green metrics are improved. Thus, this work as a whole improves the methodology 

for the controlled – respective to chain length and stereochemistry – chemical synthesis of rhamnolipid 

biosurfactants which have been traditionally difficult to isolate from natural formulations. The potential 

impact of this work is to contribute to the legitimate contestation of the surfactant market by rhamnolipids 

and thusly challenge the eminence of conventional surfactants. 
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EXPERIMENTAL 

Detailed Synthetic Procedures for all products and intermediates made during the course of this work are 

provided below. Supporting spectral data for all syntheses appear in Appendix A. 

Peracetylated rhamnose (Figures A1-A2): L-rhamnose (10.0 g, 55.5 mmol) and a stir bar were placed in 
a 250 mL RBF and the flask was placed in an ice bath to chill. Separately, acetic anhydride (31.5 mL, 333 
mmol) and 0.7 M H2SO4 (4 drops) were combined and placed in an addition funnel. The acidified acetic 
anhydride solution was added dropwise to the L-rhamnose with stirring. After 15 min, the flask was 
removed from the ice bath and submerged in a 60 °C oil bath; the reaction was allowed to proceed for 24 
h. Completion was determined by TLC and the reaction was neutralized with saturated NaHCO3 (150 mL) 
and was extracted with EA (5x 35 mL). The organic fraction was washed with NaCl brine (45 mL) and the 
brine was back extracted with EA (1x 30 mL). The combined organic layer was dried with MgSO4, filtered 
through Whatman filter paper (25 µm pore), and concentrated under reduced pressure to give peracetylated 
rhamnose as a clear, very viscous liquid; yield 62%; TLC: Rf: 0.55 (50% EA:hexanes); 1H NMR (500 
MHz, CDCl3) δ 5.98 (d, J = 1.9 Hz, 1H), 5.27 (dd, J = 10.2, 3.5 Hz, 1H), 5.22 (dd, J = 3.5, 2.0 Hz, 1H), 
5.09 (t, J = 10.0 Hz, 1H), 3.95 – 3.86 (m, 1H), 2.14 (s, 3H), 2.12 (s, 3H), 2.03 (s, 3H), 1.97 (s, 3H), 1.20 (d, 
J = 6.3 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 170.1, 169.9, 169.9, 168.4, 90.7, 70.5, 68.8, 68.8, 68.7, 
21.0, 20.8, 20.8, 20.7, 17.5. 

Benzyl 3-hydroxydecanoate (4) (Figures A3-A4): Zn metal gratings (8.16 g, 125 mmol, 30-40 mesh) and 
dry THF (200 mL) were added to a three-necked, 250 mL RBF. A condenser circulating chilled water was 
attached to the central neck (the other necks were capped with rubber septa) and the mixture was brought 
to reflux while stirring. Octyl aldehyde (4.00 g, 31.2 mmol) and benzyl bromoacetate (14.3 g, 62.4 mmol) 
were added simultaneously. The violent reaction was allowed to proceed for 20-30 min at 70 °C and was 
brought to rt while stirring for 3-4 h. The reaction mixture was concentrated by rotary evaporation and 
aqueous 1 M HCl was added (150 mL), stirred for 20 min and transferred to a separatory funnel. The 
reaction mixture was extracted with EA (3x 25 mL). The organic fraction was washed with saturated NaCl 
(brine, 30 mL) and the brine was back-extracted with EA (1x 20 mL). The combined organic layer was 
dried with MgSO4, filtered through Whatman filter paper (25 µm pore), and concentrated under reduced 
pressure to give a crude dark-yellow/green oil. The crude product was purified by silica flash 
chromatography (20% EA:hexanes gradient) to give 4 as a clear oil; yield 56%; TLC: Rf: 0.41 (20% 
EA:hexanes); 1H NMR (400 MHz, CDCl3) δ 7.38 – 7.32 (m, 5H), 5.16 (s, 2H), 4.02 (s, 1H), 2.87 (s, 1H), 
2.57 (dd, J = 16.5, 3.2 Hz, 1H), 2.47 (dd, J = 16.4, 8.9 Hz, 1H), 1.59 – 1.48 (m, 1H), 1.42 (td, J = 13.1, 
11.1, 7.0 Hz, 2H), 1.36 – 1.20 (m, 9H), 0.89 (t, J = 7.2, 6.6 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 173.0, 
135.3, 128.7, 128.7, 128.6, 128.5, 128.4, 68.2, 66.6, 41.5, 36.7, 31.9, 29.6, 29.3, 25.6, 22.8, 14.2. 

Benzyl (R)-3-hydroxydecanoate (R-4) (Figures A5-A6): R-7 (250 mg, 1.24 mmol) was placed in a 250 
mL RBF and while stirring, a 2.5 M solution of LiOH (2.3 mL), THF (2.5 mL), and MeOH (1.25 mL) were 
added. The reaction was allowed to proceed at rt overnight (12 h). The reaction became a white slurry which 
was worked up with aqueous 1 M HCl (15 mL) and extracted with EA (3x 15 mL). The organic layer was 
washed with saturated NaCl, and the brine was back extracted with EA (1x 15 mL). The combined organic 
layer was dried with MgSO4, filtered through Whatman filter paper (25 µm pore) into a 250 mL RBF, and 
concentrated under reduced pressure to give a colorless, glassy solid. Dimethyl formamide (DMF, 5 mL) 
was added directly to the free acid and the mixture was placed on an ice bath while stirring. Once chilled, 
K2CO3 (183 mg, 1.32 mmol) and BnBr (227 mg, 1.33 mmol) were added, and the stirring mixture was left 
overnight (12 h). The reaction was worked up by adding MilliQ water (15 mL) and extracting with diethyl 
ether (3x 15 mL). The organic layer was washed with saturated NaCl, and the brine was back extracted 
with EA (1x 15 mL). The combined organic layer was dried with MgSO4, filtered through Whatman filter 
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paper (25 µm pore), and concentrated under reduced pressure to give a slightly yellow oil. The crude 
product was purified by silica flash chromatography (20% EA:hexanes gradient) to give R-4 as a clear oil; 
yield 94%; TLC: Rf 0.41 (20% EA:hexanes); 1H NMR (500 MHz, CDCl3) δ 7.33 – 7.16 (m, 5H), 5.04 (s, 
2H), 3.90 (tt, J = 7.6, 3.9 Hz, 1H), 2.73 (d, J = 4.0 Hz, 1H), 2.44 (dd, J = 16.5, 3.1 Hz, 1H), 2.34 (dd, J = 
16.5, 9.0 Hz, 1H), 1.44 – 1.36 (m, 1H), 1.35 – 1.27 (m, 2H), 1.23 – 1.11 (m, 9H), 0.76 (t, J = 6.8 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 173.0, 135.7, 128.8, 128.8, 128.5, 128.4, 128.4, 68.2, 66.6, 41.5, 36.7, 31.9, 
29.6, 29.4, 25.6, 22.8, 14.2. 

Benzyl (S)-3-hydroxydecanoate (S-4) (Figures A7-A8): S-7 (250 mg, 1.24 mmol) was placed in a 250 
mL RBF and while stirring, a 2.5 M solution of LiOH (2.3 mL), THF (2.5 mL), and MeOH (1.25 mL) were 
added. The reaction was allowed to proceed at room temperature overnight (12 h). The reaction became a 
yellow slurry which was worked up with aqueous 1 M HCl (15 mL) and extracted with EA (3x 15 mL). 
The organic layer was washed with saturated NaCl, and the brine was back extracted with EA (1x 15 mL). 
The combined organic layer was dried with MgSO4, filtered through Whatman filter paper (25 µm pore) 
into a 250 mL RBF, and concentrated under reduced pressure to give a yellow, glassy solid. Dimethyl 
formamide (DMF, 5 mL) was added directly to the free acid and the mixture was placed on an ice bath 
while stirring. Once chilled, K2CO3 (183 mg, 1.32 mmol) and BnBr (227 mg, 1.33 mmol) were added, and 
the stirring mixture was left overnight (12 h). The reaction was worked up by adding MilliQ water (15 mL) 
and extracting with diethyl ether (3x 15 mL). The organic layer was washed with saturated NaCl, and the 
brine was back extracted with EA (1x 15 mL). The combined organic layer was dried with MgSO4, filtered 
through Whatman filter paper (25 µm pore), and concentrated under reduced pressure to give a slightly 
yellow oil. The crude product was purified by silica flash chromatography (20% EA:hexanes gradient) to 
give S-4 as a slightly yellow oil; yield 92%; TLC: Rf 0.41 (20% EA:hexanes); 1H NMR (500 MHz, CDCl3) 
δ 7.41 – 7.30 (m, 5H), 5.16 (s, 2H), 4.06 – 3.98 (m, 1H), 2.82 (d, J = 4.1 Hz, 1H), 2.56 (dd, J = 16.4, 3.1 
Hz, 1H), 2.46 (dd, J = 16.5, 9.0 Hz, 1H), 1.54 – 1.47 (m, 1H), 1.47 – 1.37 (m, 2H), 1.27 (td, J = 8.8, 8.3, 
4.8 Hz, 9H), 0.88 (t, J = 6.9 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 173.0, 135.7, 128.8, 128.8, 128.5, 
128.4, 128.4, 68.2, 66.6, 41.5, 36.7, 31.9, 29.6, 29.4, 25.6, 22.8, 14.2. 

Methyl 3-hydroxyhexanoate (5) (Figures A9-A10): Reflux Method: Zn metal gratings (14.5 g, 223 
mmol, 30-40 mesh) and dry THF (200 mL) were added to a three-necked, 250 mL RBF. A condenser 
circulating chilled water was attached to the central neck (the other necks were capped with rubber septa) 
and the mixture was brought to reflux while stirring. Butyraldehyde (4.00 g, 55.5 mmol) and methyl 
bromoacetate (17.0 g, 111 mmol) were added simultaneously. The violent reaction was allowed to proceed 
for 20-30 min at 70 °C and was brought to rt while stirring for 3-4 h. The reaction mixture was concentrated 
by rotary evaporation and aqueous 1 M HCl was added (150 mL) and stirred for 20 min and transferred to 
a separatory funnel. The reaction mixture was extracted with EA (3x 25 mL). The organic fraction was 
washed with saturated NaCl (brine, 30 mL) and the brine was back-extracted with EA (1x 20 mL). The 
combined organic layer was dried with MgSO4, filtered through Whatman filter paper (25 µm pore), and 
concentrated under reduced pressure to give a crude dark-yellow oil. The crude product was purified by 
silica flash chromatography (20% EA:hexanes gradient) to give 5 as a clear oil; yield 5%; TLC: Rf 0.35 
(20% EA:hexanes). Sonication Method: Butyraldehyde (500 mg, 6.93 mmol), Zn metal gratings (1.81 g, 
27.8 mmol, 30-40 mesh), and dry THF (5 mL) were added to a thin-walled 200 mL RBF. The flask was 
lowered into a sonication bath and after 20 minutes of sonication, methyl bromoacetate (1.27 g, 8.32 mmol) 
was added dropwise over 5 minutes and the reaction was left to sonicate 1 h. The reaction produced a 
cloudy, gel-like solution with a dark grey/green color. 1 M HCl was added to the mixture (15 mL) and 
stirred for 15 min. The reaction was extracted with EA (3x 15 mL), and the organic layer was separated and 
washed with brine (20 mL). The brine was back extracted with EA (1x 15 mL) and the combined organic 
layer was dried with MgSO4, filtered through Whatman filter paper (25 µm pore), and concentrated under 
reduced pressure to give a clear oil. The crude product was purified by silica flash chromatography (20% 
EA:hexanes gradient) to give 5 as a clear oil; yield 42%; TLC: Rf 0.35 (20% EA:hexanes); 1H NMR (400 
MHz, CDCl3) δ 4.05 – 3.95 (m, 1H), 3.69 (s, 3H), 2.93 (d, J = 4.0 Hz, 1H), 2.50 (dd, J = 16.6, 3.3 Hz, 1H), 
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2.40 (dd, J = 16.2, 8.9 Hz, 1H), 1.56 – 1.44 (m, 2H), 1.44 – 1.31 (m, 2H), 0.92 (t, J = 7.3 Hz, 3H). 13C NMR 
(101 MHz, CDCl3) δ 173.6, 67.8, 51.8, 41.3, 38.8, 18.8, 14.0. 

Methyl 3-hydroxyoctanoate (6) (Figures A11-A12): Hexanal (1.00 g, 9.98 mmol), Zn metal gratings 
(2.61 g, 39.9 mmol, 30-40 mesh), and dry THF (7 mL) were added to a thin-walled 200 mL RBF. The flask 
was lowered into a sonication bath and after 20 min of sonication, methyl bromoacetate (183 g, 12.0 mmol) 
was added dropwise over 5 min and the reaction was left to sonicate 1 h. The reaction produced a cloudy, 
gel-like solution with a dark grey/green color. 1 M HCl was added to the mixture (15 mL) and stirred for 
15 min. The reaction was extracted with EA (3x 15 mL), and the organic layer was separated and washed 
with brine (20 mL). The brine was back extracted with EA (1x 15 mL) and the combined organic layer was 
dried with MgSO4, filtered through Whatman filter paper (25 µm pore), and concentrated under reduced 
pressure to give a clear oil. The crude product was purified by silica flash chromatography (20% 
EA:hexanes gradient) to give 6 as a clear oil; yield 62%; TLC: Rf 0.38 (20% EA:hexanes); 1H NMR (400 
MHz, CDCl3) δ 4.00 (dddd, J = 8.9, 7.6, 4.5, 3.3 Hz, 1H), 3.68 (s, 3H), 2.49 dd, J = 16.3, 3.3 Hz, 1H), 2.39 
(dd, J = 16.4, 8.9 Hz, 1H), 1.75 – 1.15 (m, 8H), 0.91 (t, J = 6.9 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 
173.6, 67.9, 51.8, 41.3, 38.8, 38.8, 36.2, 18.8, 14.0. 

Methyl 3-hydroxydecanoate (7) (Figures A13-14): Reflux Method: Zn metal gratings (8.16 g, 125 mmol, 
30-40 mesh) and dry THF (200 mL) were added to a three-necked, 250 mL RBF. A condenser circulating 
chilled water was attached to the central neck (the other necks were capped with rubber septa) and the 
mixture was brought to reflux while stirring. Octyl aldehyde (4.00 g, 31.2 mmol) and methyl bromoacetate 
(9.54 g, 62.4 mmol) were added simultaneously. The violent reaction was allowed to proceed for 20-30 min 
at 70 °C and was brought to rt while stirring for 3-4 h. The reaction mixture was concentrated by rotary 
evaporation and aqueous 1 M HCl was added (150 mL) and stirred for 20 min and transferred to a separatory 
funnel. The reaction mixture was extracted with EA (3x 25 mL). The organic fraction was washed with 
saturated NaCl (brine, 30 mL) and the brine was back-extracted with EA (1x 20 mL). The combined organic 
layer was dried with MgSO4, filtered through Whatman filter paper (25 µm pore), and concentrated under 
reduced pressure to give a crude dark-green or yellow oil. The crude product was purified by silica flash 
chromatography (20% EA:hexanes gradient) to give 7 as a clear oil; yield 38%; TLC: Rf 0.40 (20% 
EA:hexanes). Sonication Method: Octyl aldehyde (1.00 g, 7.80 mmol), Zn metal gratings (2.04 g, 31.2 
mmol, 30-40 mesh), and dry THF (5 mL) were added to a 20 mL scintillation vial which was placed into a 
sonication bath and sonicated 20 min. Methyl bromoacetate (1.43 g, 9.36 mmol) was added dropwise over 
25 minutes and the reaction was left to sonicate an additional 1 h. An exothermic production of bubbles 
was observed at 20 min, and the reaction produced a cloudy, gel-like solution with a dark grey/green color. 
1 M HCl was added to the mixture (15 mL) and stirred for 15 min. The reaction was extracted with EA (3x 
15 mL), and the organic layer was separated and washed with brine (20 mL). The brine was back extracted 
with EA (1x 15 mL) and the combined organic layer was dried with MgSO4, filtered through Whatman 
filter paper (25 µm pore), and concentrated under reduced pressure to give a clear oil. The crude product 
was purified by silica flash chromatography (20% EA:hexanes gradient) to give 7 as a clear oil; yield 70%; 
TLC: Rf 0.40 (20% EA:hexanes); 1H NMR (600 MHz, CDCl3) δ 4.03 – 3.96 (m, 1H), 3.70 (s, 3H), 2.88 (d, 
J = 3.8 Hz, 1H), 2.50 (dd, J = 16.4, 3.0 Hz, 1H), 2.40 (dd, J = 16.4, 9.1 Hz, 1H), 1.57 – 1.47 (m, 1H), 1.45 
– 1.39 (m, 2H), 1.33 – 1.22 (m, 9H), 0.87 (t, J = 7.0 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 173.5, 68.0, 
51.7, 41.1, 36.5, 31.8, 29.5, 29.2, 25.5, 22.6, 14.1. ESI-MS (neg.): m/z: 201.25 [M – H]-.  

Methyl (R)-3-hydroxydecanoate (R-7) (Figures A15-A16): Enzymatic Resolution: 10 mL of 9:1 
toluene:vinyl acetate was placed in a 250 mL round bottom flask and brought to 40 °C on a heating mantle 
while shaking. To the warmed solvent was added 7 (2.00 g, 9.89 mmol) and N435 resin (1.00 g). The 
reaction vessel was capped and externally covered with aluminum sheet to ensure even heating; the reaction 
temperature was monitored with an alcohol thermometer periodically. After 24 h and 48 h had elapsed, an 
aliquot was removed. The reaction was halted after 48 h and filtered through Whatman filter paper (25 µm 
pore), and the resin was washed with EA (3x 30 mL) and hexanes (3x 30 mL). The reaction mixture was 
concentrated by rotary evaporation to give a slightly yellow oil. The crude product was purified by silica 
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flash chromatography (20% EA:hexanes gradient) to give R-7 as a clear oil; yield 51%; ee = 93%; E = 65; 
TLC: Rf 0.40 (20% EA:hexanes); 1H NMR (400 MHz, CDCl3) δ 4.09 – 3.96 (m, 1H), 3.73 (s, 3H), 2.96 (s, 
1H), 2.54 (dd, J = 16.4, 3.2 Hz, 1H), 2.43 (dd, J = 16.3, 9.0 Hz, 1H), 1.59 – 1.50 (m, 1H), 1.45 (dq, J = 6.2, 
3.3, 2.6 Hz, 2H), 1.38 – 1.25 (m, 9H), 0.90 (t, J = 6.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 173.6, 68.2, 
51.9, 41.2, 36.7, 31.9, 29.6, 29.4, 25.6, 22.8, 14.2. 

Methyl (S)-3-hydroxydecanoate (S-7) (Figures A17-A18): (S)-11 (1.228 g, 5.024 mmol) and 4-6 drops 
of 18 M H2SO4 were added to methanol (65 mL) in a 250 mL flask. The reaction vessel was attached to a 
condenser circulating chilled water and the mixture was brought to reflux while stirring and was allowed 
to proceed for 72 h. The reaction was monitored with TLC. Upon completion, all but 5-10 mL of solvent 
were removed under reduced pressure. The concentrated reaction mixture was neutralized with saturated 
NaHCO3 and extracted with EA (3x 25 mL). The organic layer was washed with brine, dried with MgSO4, 
and the combined organic layer was concentrated by rotary evaporation. (S)-7 was obtained without further 
purification as a clear oil; yield 88%; ee = 94%; TLC: Rf 0.40 (20% EA:hexanes); 1H NMR (400 MHz, 
CDCl3) δ 4.02 (s, 1H), 3.73 (s, 3H), 2.90 (s, 1H), 2.54 (dd, J = 16.4, 3.2 Hz, 1H), 2.43 (dd, J = 16.4, 9.0 Hz, 
1H), 1.60 – 1.50 (m, 1H), 1.45 (dt, J = 6.2, 3.6 Hz, 2H), 1.38 – 1.25 (m, 9H), 0.90 (t, J = 6.7 Hz, 3H). 13C 
NMR (101 MHz, CDCl3) δ 173.6, 68.2, 51.9, 41.3, 36.7, 31.9, 29.6, 29.4, 25.6, 22.8, 14.2. 

Methyl 3-hydroxydodecanoate (8) (Figures A19-A20): Zn metal gratings (6.69 g, 102 mmol, 30-40 
mesh) and dry THF (200 mL) were added to a three-necked, 250 mL RBF. A condenser circulating chilled 
water was attached to the central neck (the other necks were capped with rubber septa) and the mixture was 
brought to reflux while stirring. Decanal (4.00 g, 25.6 mmol) and methyl bromoacetate (7.83 g, 51.2 mmol) 
were added simultaneously. The violent reaction was allowed to proceed for 20-30 min at 70 °C and was 
brought to rt while stirring for 3-4 h. The reaction mixture was concentrated by rotary evaporation and 
aqueous 1 M HCl was added (150 mL) and stirred for 20 min and transferred to a separatory funnel. The 
reaction mixture was extracted with EA (3x 25 mL). The organic fraction was washed with saturated NaCl 
(brine, 30 mL) and the brine was back-extracted with EA (1x 20 mL). The combined organic layer was 
dried with MgSO4, filtered through Whatman filter paper (25 µm pore), and concentrated under reduced 
pressure to give a crude dark-brown oil. The crude product was purified by silica flash chromatography 
(20% EA:hexanes gradient) to give 8 as a clear oil; yield 42%; TLC: Rf 0.41 (20% EA:hexanes); 1H NMR 
(400 MHz, CDCl3) δ 4.02 (tq, J = 7.4, 3.4 Hz, 1H), 3.73 (s, 3H), 2.90 (d, J = 3.9 Hz, 1H), 2.53 (dd, J = 
16.4, 3.2 Hz, 1H), 2.43 (dd, J = 16.4, 9.0 Hz, 1H), 1.60 – 1.50 (m, 1H), 1.50 – 1.42 (m, 1H), 1.37 – 1.24 
(m, 14H), 0.90 (t, J = 6.6 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 173.6, 68.2, 51.8, 41.3, 36.7, 32.0, 29.7, 
29.7, 29.6, 29.4, 25.6, 22.8, 14.2. 

Methyl 3-hydroxytetradecanoate (9) (Figures A21-A22): Reflux Method: Zn metal gratings (5.68 g, 
86.8 mmol, 30-40 mesh) and dry THF (200 mL) were added to a three-necked, 250 mL RBF. A condenser 
circulating chilled water was attached to the central neck (the other necks were capped with rubber septa) 
and the mixture was brought to reflux while stirring. Dodecanal (4.00 g, 21.7 mmol) and methyl 
bromoacetate (3.98 g, 26.0 mmol) were added simultaneously. The violent reaction was allowed to proceed 
for 20-30 min at 70 °C and was brought to rt while stirring for 3-4 h. The reaction mixture was concentrated 
by rotary evaporation and aqueous 1 M HCl was added (150 mL) and stirred for 20 min and transferred to 
a separatory funnel. The reaction mixture was extracted with EA (3x 25 mL). The organic fraction was 
washed with saturated NaCl (brine, 30 mL) and the brine was back-extracted with EA (1x 20 mL). The 
combined organic layer was dried with MgSO4, filtered through Whatman filter paper (25 µm pore), and 
concentrated under reduced pressure to give a crude dark-green or yellow oil. The crude product was 
purified by silica flash chromatography (20% EA:hexanes gradient) to give 9 as a clear oil; yield 41%; 
TLC: Rf 0.42 (20% EA:hexanes). Sonication Method: Dodecanal (5.30 g, 28.75 mmol), Zn metal gratings 
(3.76 g, 57.5 mmol, 30-40 mesh), and dry THF (10 mL) were added to a thin-walled 200 mL RBF which 
was placed into a sonication bath and sonicated 20 min. Methyl bromoacetate (8.80 g, 57.5 mmol) was 
added dropwise over 15 min and the reaction proceeded under continued sonication. Approximately 20 min 
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after MBA addition, an exothermic production of bubbles was observed and the reaction became cloudy 
and gel-like, and the Zn metal was sticky and not free flowing. An additional portion of Zn (3.76 g, 57.5 
mmol), which had previously been in a 350 °C furnace for 20 min, was added to the flask and the reaction 
was sonicated an additional 1 h. Afterwards, 1 M HCl was added to the mixture (45 mL) and stirred for 15 
min. The reaction was extracted with EA (3x 35 mL), and the organic layer was separated and washed with 
brine (40 mL). The brine was back extracted with EA (1x 25 mL) and the combined organic layer was dried 
with MgSO4, filtered through Whatman filter paper (25 µm pore), and concentrated under reduced pressure 
to give a clear oil. The crude product was purified by silica flash chromatography (20% EA:hexanes 
gradient) to give 9 as a clear oil; yield 58%; TLC: Rf 0.42 (20% EA:hexanes); 1H NMR (400 MHz, CDCl3) 
δ 4.00 (td, J = 8.1, 3.7 Hz, 1H), 3.71 (s, 3H), 2.89 (s, 1H), 2.52 (dd, J = 16.4, 3.1 Hz, 1H), 2.41 (dd, J = 
16.4, 9.0 Hz, 1H), 1.59 – 1.48 (m, 1H), 1.46 – 1.39 (m, 2H), 1.36 – 1.22 (m, 17H), 0.88 (t, J = 6.8 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 173.7, 68.2, 51.9, 41.2, 36.7, 32.1, 29.8, 29.8, 29.7, 29.7, 29.7, 29.5, 25.6, 
22.8, 14.3.  

Methyl (R)-3-hydroxytetradecanoate (R-9) (Figures A23-A24): Enzymatic Resolution: 10 mL of 9:1 
toluene:vinyl acetate was placed in a 250 mL round bottom flask and brought to 40 °C on a heating mantle 
while shaking. To the warmed solvent was added 9 (2.00 g, 7.74 mmol) and N435 resin (1.0 g). The reaction 
vessel was capped and externally covered with aluminum sheet to ensure even heating; the reaction 
temperature was monitored with an alcohol thermometer periodically. After 24 h and 48 h had elapsed, an 
aliquot was removed. The reaction was halted after 48 h and was filtered through Whatman filter paper (25 
µm pore) and the resin was washed with EA (3x 30 mL) and hexanes (3x 30 mL). The reaction mixture 
was concentrated by rotary evaporation to give a slightly yellow oil. The crude product was purified by 
silica flash chromatography (20% EA:hexanes gradient) to give (R)-9 as a clear oil; yield 52%; ee = 97%; 
E = 68; TLC: Rf 0.42 (20% EA:hexanes); 1H NMR (400 MHz, CDCl3) δ 4.00 (td, J = 8.3, 4.3 Hz, 1H), 3.71 
(s, 3H), 2.51 (dd, J = 16.4, 3.2 Hz, 1H), 2.41 (dd, J = 16.4, 9.0 Hz, 1H), 1.58 – 1.48 (m, 1H), 1.47 – 1.39 
(m, 2H), 1.26 (d, J = 7.9 Hz, 17H), 0.87 (t, J = 6.7 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 173.6, 68.2, 
51.9, 41.2, 36.7, 32.0, 29.8, 29.8, 29.7, 29.7, 29.6, 29.5, 25.6, 22.8, 14.2. 

Methyl (S)-3-hydroxytetradecanoate (S-9) (Figures A25-A26): (S)-12 (1.5 g, 5.0 mmol) and 4-6 drops 
of 18 M H2SO4 were added to methanol (65 mL) in a 250 mL flask. The reaction vessel was attached to a 
condenser circulating chilled water and the mixture was brought to reflux while stirring and was allowed 
to proceed for 72 h. The reaction was monitored with TLC. Upon completion, all but 5-10 mL of solvent 
were removed under reduced pressure. The concentrated reaction mixture was neutralized with saturated 
NaHCO3 and extracted with EA (3x 25 mL). The organic layer was washed with brine, dried with MgSO4, 
and the combined organic layer was concentrated by rotary evaporation. (S)-9 was obtained without further 
purification as a clear oil; yield 91%; ee = 98%; TLC: Rf 0.42 (20% EA:hexanes); 1H NMR (400 MHz, 
CDCl3) δ 3.99 (tt, J = 7.9, 3.6 Hz, 1H), 3.70 (s, 3H), 2.89 (s, 1H), 2.51 (dd, J = 16.4, 3.2 Hz, 1H), 2.40 (dd, 
J = 16.4, 9.0 Hz, 1H), 1.57 – 1.48 (m, 1H), 1.46 – 1.38 (m, 2H), 1.34 – 1.21 (m, 17H), 0.87 (t, J = 6.8 Hz, 
3H). 13C NMR (101 MHz, CDCl3) δ 173.6, 68.2, 51.8, 41.3, 36.7, 32.0, 29.8, 29.8, 29.7, 29.7, 29.6, 29.5, 
25.6, 22.8, 14.2. 

Benzyl (S)-3-acetoxydecanoate (10) (Figures A27-A28): In a 250 mL RBF, 4 (1.00 g, 3.59 mmol; 0.700 
g, 2.51 mmol; 0.700 g, 2.51 mmol) was dissolved in 15 mL of a dry organic solvent (acetonitrile; hexanes; 
toluene). Immobilized CALB resin (Novozym® 435 (N435), 1.0 g; 0.40 g; 1.0 g) and vinyl acetate (0.620 
g, 7.20 mmol; 2.60 g, 26.7 mmol; 2.60 g, 26.7 mmol) were added to the flask which was then capped with 
a rubber septum and agitated on an orbital shaker for 48-72 h at room temperature. The reaction was 
monitored by TLC and NMR and the endpoint was determined when the conversion to product had ceased. 
The reaction was filtered through Whatman filter paper (25 µm pore) and the resin was washed with EA 
(3x 20 mL) and hexanes (3x 20 mL). The reaction mixture was concentrated by rotary evaporation to give 
a slightly yellow oil. The crude product was purified by silica flash chromatography (20% EA:hexanes 
gradient) to give 10 as a clear oil; yield 5%; 0%; 14%; TLC: Rf 0.63 (20% EA:hexanes); 1H NMR (400 
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MHz, CDCl3) δ 7.45 – 7.31 (m, 5H), 5.25 (tt, J = 7.3, 5.5 Hz, 1H), 5.14 (s, 2H), 2.70 – 2.56 (m, 2H), 1.98 
(s, 3H), 1.68 – 1.56 (m, 2H), 1.29 (d, J = 9.4 Hz, 10H), 0.91 (t, J = 6.8 Hz, 3H). 13C NMR (101 MHz, 
CDCl3) δ 170.5, 170.4, 135.9, 128.7, 128.5, 128.5, 128.4, 128.4, 70.7, 66.6, 39.4, 34.2, 31.9, 29.4, 29.3, 
25.2, 22.8, 21.2, 14.2. 

Methyl 3-acetoxydecanoate (11) (Figures A29-A30): Racemic Standard: Acetic anhydride (4.63 g, 45.3 
mmol) and 7 (500 mg, 2.47 mmol) were added to a 20 mL scintillation vial. The vial was buried (up to the 
liquid level) in a sand bath at 55 °C and left to stir overnight (12 h). The reaction was neutralized with 
saturated NaHCO3 and extracted with EA (3x 15 mL). The combined organic fraction was dried with 
MgSO4 and concentrated by rotary evaporation to give a crude slightly yellow oil. The crude product was 
purified by silica flash chromatography (20% EA:hexanes gradient) to give rac-11 as a clear oil; yield 58%; 
TLC: Rf  0.58 (20% EA:hexanes); 1H NMR (400 MHz, CDCl3) δ 5.22 (tt, J = 7.2, 5.5 Hz, 1H), 3.70 (s, 3H), 
2.67 – 2.46 (m, 2H), 2.06 (s, 3H), 1.70 – 1.51 (m, 2H), 1.42 – 1.20 (m, 10H), 0.90 (t, J = 6.9 Hz, 3H). 13C 
NMR (101 MHz, CDCl3) δ 171.1, 170.6, 70.7, 51.9, 39.2, 34.2, 31.9, 29.4, 29.3, 25.3, 22.8, 21.2, 14.2.  

Methyl (S)-3-acetoxydecanoate (S-11) (Figures A31-A32): Enzymatic Resolution: 10 mL of 9:1 
toluene:vinyl acetate was placed in a 250 mL round bottom flask and brought to 40 °C on a heating mantle 
while shaking. To the warmed solvent was added 7 (2.00 g, 9.89 mmol) and N435 resin (1.00 g). The 
reaction vessel was capped and externally covered with aluminum sheet to ensure even heating; the reaction 
temperature was monitored with an alcohol thermometer periodically. After 24 h and 48 h had elapsed an 
analytical aliquot was removed. The reaction was halted after 48 h and was filtered through Whatman filter 
paper (25 µm pore) and the resin was washed with EA (3x 30 mL) and hexanes (3x 30 mL). The reaction 
mixture was concentrated by rotary evaporation to give a slightly yellow oil. The crude product was purified 
by silica flash chromatography (20% EA:hexanes gradient) to give S-11 as a clear oil; yield 49%; E = 65; 
TLC: Rf 0.58 (20% EA:hexanes); 1H NMR (400 MHz, CDCl3) δ 5.23 (tt, J = 7.2, 5.6 Hz, 1H), 3.70 (s, 3H), 
2.67 – 2.51 (m, 2H), 2.06 (s, 3H), 1.70 – 1.54 (m, 2H), 1.30 (d, J = 8.0 Hz, 10H), 0.90 (t, J = 6.8 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 171.1, 170.6, 70.7, 51.9, 39.2, 34.2, 31.9, 29.4, 29.3, 25.3, 22.8, 21.2, 14.2.  

Methyl (S)-3-acetoxytetradecanoate (12) (Figure A33): Enzymatic Resolution: 10 mL of 9:1 
toluene:vinyl acetate was placed in a 250 mL round bottom flask and brought to 40 °C on a heating mantle 
while shaking. To the warmed solvent was added 9 (2.00 g, 7.74 mmol) and N435 resin (1.0 g). The reaction 
vessel was capped and externally covered with aluminum sheet to ensure even heating; the reaction 
temperature was monitored with an alcohol thermometer periodically. After 24 h and 48 h had elapsed, an 
aliquot was removed. The reaction was halted after 48 h and was filtered through Whatman filter paper (25 
µm pore) and the resin was washed with EA (3x 30 mL) and hexanes (3x 30 mL). The reaction mixture 
was concentrated by rotary evaporation to give a slightly yellow oil. The crude product was purified by 
silica flash chromatography (20% EA:hexanes gradient) to give 12 as a clear oil; yield 48%; E = 68; TLC: 
Rf 0.62 (20% EA:hexanes); 1H NMR (400 MHz, CDCl3) δ 5.22 (tt, J = 7.2, 5.5 Hz, 1H), 3.70 (s, 3H), 2.69 
– 2.50 (m, 2H), 2.06 (s, 3H), 1.65 – 1.58 (m, 2H), 1.28 (s, 18H), 0.90 (t, J = 6.7 Hz, 3H). 

Methyl (R)-3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)decanoate (13) (Figures A34-A35): A clean 
and dry RBF (two-necked, 50 mL, 14/20), Liebig condenser (100 mm, 14/20), and ground glass adapter 
(24/40 female to 14/20 male) were placed in a 350 °C furnace for 30 min. The glassware was removed, 
cooled, and assembled such that the condenser was fitted to the RBF, the adapter to the condenser, and a 
24/40 three-way valve to adapter. To the valve’s inlet was attached a balloon filled with N2 gas and the 
glass assembly was purged by breaching the rubber septum capping the RBF’s second neck with a 
hypodermic needle. Each joint was sealed with Teflon tape and secured with a Keck clip. Under positive 
pressure of N2, R-7 (1.00 g, 4.94 mmol), peracetylated rhamnose (2.46 g, 7.42 mmol), bismuth(III) 
trifluoromethanesulfonate (Bi(OTf)3) (240 mg, 0.370 mmol), and a Teflon stir bar were quickly added to 
the RBF through the second neck which was immediately re-capped with a rubber septum. The assembly 
was subjected to three cycles of pump (0.1 torr) and purge (N2) by alternatively turning the valve between 
N2 balloon and vacuum line leading to a rotary vane pump. Light heating delivered by heat gun was applied 
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to the RBF during the pumping phases. After a final pump of 20 min, the assembly was filled with N2, and 
the vacuum line was disconnected. Dry acetonitrile (5 mL) was added to the reaction through the septum 
via syringe. The flask was secured and lowered into an oil bath at 80 °C and was allowed to react while 
stirring for 4 h. The reaction was periodically monitored by removing small aliquots (via syringe) and 
performing TLC. The reaction was quenched by added saturated NaHCO3 solution (15 mL) at which point 
a thick, intractable precipitate crashed out. The mixture was filtered through Whatman filter paper (25 µm 
pore) and extracted with EA (5x 25 mL). The organic layer was separated and washed with brine (40 mL). 
The brine was back extracted with EA (1x 25 mL) and the combined organic layer was dried with MgSO4, 
filtered through Whatman filter paper (25 µm pore), and concentrated under reduced pressure to give 
viscous brown liquid. The crude product was purified by silica flash chromatography (20% EA:hexanes 
gradient) to give 13 as a clear oil; yield 46%; TLC: Rf 0.42 (30% EA:hexanes); 1H NMR (500 MHz, CDCl3) 
δ 5.24 (dd, J = 10.1, 3.4 Hz, 1H), 5.13 (ddd, J = 17.4, 3.5, 1.9 Hz, 1H), 5.04 (td, J = 9.9, 6.0 Hz, 1H), 4.85 
(dd, J = 17.0, 1.8 Hz, 1H), 4.13 – 4.07 (m, 1H), 3.96 – 3.84 (m, 1H), 3.69 (s, 3H), 2.64 – 2.44 (m, 2H), 2.14 
(s, 3H), 2.03 (s, 3H), 1.97 (s, 3H), 1.61 – 1.44 (m, 2H), 1.34 – 1.23 (m, 10H), 1.19 (d, J = 6.3 Hz, 3H), 0.87 
(t, J = 7.0 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 171.9, 170.3, 170.1, 170.1, 96.1, 75.1, 71.2, 70.4, 69.2, 
66.8, 51.8, 40.1, 33.5, 31.9, 29.6, 29.2, 24.9, 22.7, 21.2, 20.9, 20.9, 17.4, 14.3. 

Methyl (S)-3-O-(2,3,4-Tri-O-acetyl-α-L-rhamnopyranosyl)decanoate (14) (Figures A36-A37): A 
clean and dry RBF (two-necked, 50 mL, 14/20), Liebig condenser (100 mm, 14/20), and ground glass 
adapter (24/40 female to 14/20 male) were placed in a 350 °C furnace for 30 min. The glassware was 
removed, cooled, and assembled such that the condenser was fitted to the RBF, the adapter to the condenser, 
and a 24/40 three-way valve to adapter. To the valve’s inlet was attached a balloon filled with N2 gas and 
the glass assembly was purged by breaching the rubber septum capping the RBF’s second neck with a 
hypodermic needle. Each joint was sealed with Teflon tape and secured with a Keck clip. Under positive 
pressure of N2, S-7 (0.800 g, 3.95 mmol), peracetylated rhamnose (1.97 g, 5.93 mmol), bismuth(III) 
trifluoromethanesulfonate (Bi(OTf)3) (190 mg, 0.300 mmol), and a Teflon stir bar were quickly added to 
the RBF through the second neck which was immediately re-capped with a rubber septum. The assembly 
was subjected to three cycles of pump (0.1 torr) and purge (N2) by alternatively turning the valve between 
N2 balloon and vacuum line leading to a rotary vane pump. Light heating delivered by heat gun was applied 
to the RBF during the pumping phases. After a final pump of 20 min, the assembly was filled with N2, and 
the vacuum line was disconnected. Dry acetonitrile (4 mL) was added to the reaction through the septum 
via syringe. The flask was secured and lowered into an oil bath at 80 °C and was allowed to react while 
stirring for 4 h. The reaction was periodically monitored by removing small aliquots (via syringe) and 
performing TLC. The reaction was quenched by adding saturated NaHCO3 solution (15 mL) at which point 
a thick, intractable precipitate crashes out. The mixture was filtered through Whatman filter paper (25 µm 
pore) and extracted with EA (5x 25 mL). The organic layer was separated and washed with brine (40 mL). 
The brine was back extracted with EA (1x 25 mL) and the combined organic layer was dried with MgSO4, 
filtered through Whatman filter paper (25 µm pore), and concentrated under reduced pressure to give 
viscous brown liquid. The crude product was purified by silica flash chromatography (20% EA:hexanes 
gradient) to give 13 as a clear oil; yield 60%; TLC: Rf  0.40 (30% EA:hexanes); 1H NMR (500 MHz, CDCl3) 
δ 5.23 (dd, J = 10.1, 3.4 Hz, 1H), 5.16 – 5.09 (m, 1H), 5.04 (t, J = 9.9 Hz, 1H), 4.87 (d, J = 1.8 Hz, 1H), 
4.08 – 4.00 (m, 1H), 3.97 – 3.89 (m, 1H), 3.68 (s, 3H), 2.54 (dd, J = 15.5, 7.5 Hz, 1H), 2.46 (dd, J = 15.5, 
5.1 Hz, 1H), 2.13 (s, 3H), 2.03 (s, 3H), 1.96 (s, 3H), 1.64 – 1.48 (m, 2H), 1.34 – 1.23 (m, 10H), 1.19 (d, J 
= 6.3 Hz, 3H), 0.87 (t, J = 6.7 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 171.9, 170.3, 170.2, 170.2, 97.8, 
76.5, 71.4, 70.4, 69.3, 66.9, 51.9, 39.5, 35.2, 31.8, 29.5, 29.2, 25.2, 22.7, 20.9, 20.8, 20.7, 17.4, 14.1. 

Methyl (R)-3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)tetradecanoate (15) (Figures A38-A39): A 
clean and dry RBF (two-necked, 50 mL, 14/20), Liebig condenser (100 mm, 14/20), and ground glass 
adapter (24/40 female to 14/20 male) were placed in a 350 °C furnace for 30 min. The glassware was 
removed, cooled, and assembled such that the condenser was fitted to the RBF, the adapter to the condenser, 
and a 24/40 three-way valve to adapter. To the valve’s inlet was attached a balloon filled with N2 gas and 
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the glass assembly was purged by breaching the rubber septum capping the RBF’s second neck with a 
hypodermic needle. Each joint was sealed with Teflon tape and secured with a Keck clip. Under positive 
pressure of N2, R-9 (1.00 g, 3.87 mmol), peracetylated rhamnose (1.93 g, 5.80 mmol), bismuth(III) 
trifluoromethanesulfonate (Bi(OTf)3) (190 mg, 0.290 mmol), and a Teflon stir bar were quickly added to 
the RBF through the second neck which was immediately re-capped with a rubber septum. The assembly 
was subjected to three cycles of pump (0.1 torr) and purge (N2) by alternatively turning the valve between 
N2 balloon and vacuum line leading to a rotary vane pump. Light heating delivered by heat gun was applied 
to the RBF during the pumping phases. After a final pump of 20 min, the assembly was filled with N2, and 
the vacuum line was disconnected. Dry acetonitrile (5 mL) was added to the reaction through the septum 
via syringe. The flask was secured and lowered into an oil bath at 80 °C and was allowed to react while 
stirring for 4 h. The reaction was periodically monitored by removing small aliquots (via syringe) and 
performing TLC. The reaction was quenched by added saturated NaHCO3 solution (15 mL) at which point 
a thick, intractable precipitate crashes out. The mixture was filtered through Whatman filter paper (25 µm 
pore) and extracted with EA (5x 25 mL). The organic layer was separated and washed with brine (40 mL). 
The brine was back extracted with EA (1x 25 mL) and the combined organic layer was dried with MgSO4, 
filtered through Whatman filter paper (25 µm pore), and concentrated under reduced pressure to give 
viscous brown liquid. The crude product was purified by silica flash chromatography (20% EA:hexanes 
gradient) to give 13 as a clear oil; yield 49%; TLC: Rf  0.45 (30% EA:hexanes); 1H NMR (500 MHz, CDCl3) 
δ 5.20 (dd, J = 10.1, 3.4 Hz, 1H), 5.11 (dd, J = 3.5, 1.8 Hz, 1H), 5.00 (t, J = 10.0 Hz, 1H), 4.80 (d, J = 1.8 
Hz, 1H), 4.07 (ddt, J = 10.4, 8.1, 5.1 Hz, 1H), 3.86 (dq, J = 9.7, 6.2 Hz, 1H), 3.66 (s, 3H), 2.54 (dd, J = 
15.3, 8.1 Hz, 1H), 2.45 (dd, J = 15.4, 4.5 Hz, 1H), 2.10 (s, 3H), 2.00 (s, 3H), 1.94 (s, 3H), 1.55 (ddt, J = 
14.8, 10.0, 5.9 Hz, 1H), 1.45 (ddd, J = 14.7, 9.1, 6.1 Hz, 1H), 1.28 – 1.19 (m, 18H), 1.15 (d, J = 6.3 Hz, 
3H), 0.84 (t, J = 6.9 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 171.8, 170.2, 170.1, 170.0, 96.0, 75.0, 71.2, 
70.4, 69.1, 66.8, 51.7, 40.0, 33.4, 32.0, 29.7, 29.7, 29.6, 29.6, 29.5, 29.4, 24.8, 22.7, 21.0, 20.9, 20.8, 17.3, 
14.2. 

Methyl (S)-3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)tetradecanoate (16) (Figures A40-A41): A 
clean and dry RBF (two-necked, 50 mL, 14/20), Liebig condenser (100 mm, 14/20), and ground glass 
adapter (24/40 female to 14/20 male) were placed in a 350 °C furnace for 30 min. The glassware was 
removed, cooled, and assembled such that the condenser was fitted to the RBF, the adapter to the condenser, 
and a 24/40 three-way valve to adapter. To the valve’s inlet was attached a balloon filled with N2 gas and 
the glass assembly was purged by breaching the rubber septum capping the RBF’s second neck with a 
hypodermic needle. Each joint was sealed with Teflon tape and secured with a Keck clip. Under positive 
pressure of N2, S-9 (1.50 g, 5.80 mmol), peracetylated rhamnose (2.89 g, 8.71 mmol), bismuth(III) 
trifluoromethanesulfonate (Bi(OTf)3) (290 mg, 0.435 mmol), and a Teflon stir bar were quickly added to 
the RBF through the second neck which was immediately re-capped with a rubber septum. The assembly 
was subjected to three cycles of pump (0.1 torr) and purge (N2) by alternatively turning the valve between 
N2 balloon and vacuum line leading to a rotary vane pump. Light heating delivered by heat gun was applied 
to the RBF during the pumping phases. After a final pump of 20 min, the assembly was filled with N2, and 
the vacuum line was disconnected. Dry acetonitrile (7.5 mL) was added to the reaction through the septum 
via syringe. The flask was secured and lowered into an oil bath at 80 °C and was allowed to react while 
stirring for 4 h. The reaction was periodically monitored by removing small aliquots (via syringe) and 
performing TLC. The reaction was quenched by adding saturated NaHCO3 solution (15 mL) at which point 
a thick, intractable precipitate crashed out. The mixture was filtered through Whatman filter paper (25 µm 
pore) and extracted with EA (5x 25 mL). The organic layer was separated and washed with brine (40 mL). 
The brine was back extracted with EA (1x 25 mL) and the combined organic layer was dried with MgSO4, 
filtered through Whatman filter paper (25 µm pore), and concentrated under reduced pressure to give 
viscous brown liquid. The crude product was purified by silica flash chromatography (20% EA:hexanes 
gradient) to give 13 as a clear oil; yield 67%; TLC: Rf  0.43 (30% EA:hexanes); 1H NMR (500 MHz, CDCl3) 
δ 5.24 (dd, J = 10.1, 3.4 Hz, 1H), 5.12 (dd, J = 3.4, 1.8 Hz, 1H), 5.05 (t, J = 9.9 Hz, 1H), 4.88 (d, J = 1.8 
Hz, 1H), 4.05 (dq, J = 7.5, 6.0 Hz, 1H), 3.94 (dq, J = 9.8, 6.3 Hz, 1H), 3.69 (s, 3H), 2.58 – 2.52 (m, 1H), 
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2.47 (dd, J = 15.5, 5.1 Hz, 1H), 2.14 (s, 3H), 2.04 (s, 3H), 1.98 (s, 3H), 1.67 – 1.58 (m, 1H), 1.55 – 1.49 
(m, 1H), 1.35 – 1.23 (m, 18H), 1.20 (d, J = 6.3 Hz, 3H), 0.88 (t, J = 6.9 Hz, 3H). 13C NMR (126 MHz, 
CDCl3) δ 171.9, 170.3, 170.3, 170.2, 97.8, 76.6, 71.4, 70.5, 69.3, 67.0, 51.9, 39.5, 35.2, 32.0, 29.73, 29.70, 
29.66, 29.6, 29.4, 25.3, 22.7, 20.9, 20.83, 20.75, 17.4, 14.1. 

(R)-3-O-(α-L-rhamnopyranosyl)decanoic acid (1a) (Figures A42-A43): 13 (1.00 g, 2.99 mmol) and 4 
M NaOH (10 mL) were placed in a 50 mL RBF. The RBF was lowered into a 75 °C oil bath and the mixture 
was stirred at the stir plate’s maximum setting. A high stir speed was critical for the success of the reaction; 
at sufficient stir speeds, the reaction began to foam. The reaction was left 12 – 24 h and care was taken to 
ensure the oil bath temperature did not exceed 80 °C. The reaction was monitored by TLC and upon 
completion was acidified (pH ≤ 3) with 1 M HCl and then extracted with EA (4x 15 mL). The organic layer 
was separated and washed with brine (20 mL). The brine was back extracted with EA (1x 15 mL) and the 
combined organic layer was dried with MgSO4, filtered through Whatman filter paper (25 µm pore), and 
concentrated under reduced pressure to give viscous brown liquid. The crude product was purified by silica 
flash chromatography (20% MeOH:DCM, 0.1% AcOH gradient) and after co-evaporation with toluene (3x 
20 mL) and DCM (3x 20 mL) 1a was obtained as white crystalline solid; yield 47%; TLC: Rf 0.35-0.45 
(20% MeOH:DCM, 0.1% AcOH); 1H NMR (500 MHz, MeOD) δ 4.80 (d, J = 1.6 Hz, 1H), 4.08 (dq, J = 
7.6, 5.6 Hz, 1H), 3.76 (dd, J = 3.4, 1.8 Hz, 1H), 3.66 (dq, J = 9.4, 6.2 Hz, 1H), 3.61 (dd, J = 9.5, 3.4 Hz, 
1H), 3.36 (t, J = 9.5 Hz, 1H), 2.59 – 2.40 (m, 2H), 1.63 – 1.51 (m, 2H), 1.39 – 1.28 (m, 10H), 1.24 (d, J = 
6.2 Hz, 3H), 0.91 (t, J = 6.7 Hz, 3H). 13C NMR (126 MHz, MeOD) δ 175.3, 100.4, 75.7, 73.9, 72.7, 72.3, 
70.2, 41.3, 34.5, 33.0, 30.7, 30.4, 25.9, 23.7, 17.9, 14.4.. ESI-MS (pos.): m/z: 335.16 [M + H]+. 

(S)-3-O-(α-L-rhamnopyranosyl)decanoic acid (1b) (Figures A44-A45): 14 (1.00 g, 2.99 mmol) and 4 
M NaOH (10 mL) were placed in a 50 mL RBF. The RBF was lowered into a 75 °C oil bath and the mixture 
was stirred at the stir plate’s maximum setting. A high stir speed was critical for the success of the reaction; 
at sufficient stir speeds, the reaction began to foam. The reaction was left 12 – 24 h and care was taken to 
ensure the oil bath temperature did not exceed 80 °C. The reaction was monitored by TLC and upon 
completion was acidified (pH ≤ 3) with 1 M HCl and then extracted with EA (4x 15 mL). The organic layer 
was separated and washed with brine (20 mL). The brine was back extracted with EA (1x 15 mL) and the 
combined organic layer was dried with MgSO4, filtered through Whatman filter paper (25 µm pore), and 
concentrated under reduced pressure to give viscous brown liquid. The crude product was purified by silica 
flash chromatography (20% MeOH:DCM, 0.1% AcOH gradient) and after co-evaporation with toluene (3x 
20 mL) and DCM (3x 20 mL) 1b was obtained as a white crystalline solid; yield 53%; TLC: Rf 0.10-0.40 
(20% MeOH:DCM, 0.1% AcOH); 1H NMR (500 MHz, CDCl3) δ 4.85 (s, 1H), 4.03 (p, J = 6.3 Hz, 1H), 
3.78 – 3.72 (m, 1H), 3.70 – 3.63 (m, 1H), 3.60 (dd, J = 9.5, 3.2 Hz, 1H), 3.34 (t, J = 9.5 Hz, 1H), 2.40 (dd, 
J = 14.2, 7.2 Hz, 1H), 2.25 (dd, J = 14.3, 5.7 Hz, 1H), 1.54 (q, J = 7.1 Hz, 2H), 1.42 – 1.23 (m, 10H), 1.21 
(d, J = 6.3 Hz, 3H), 0.87 (t, J = 6.7 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 180.2, 101.3, 77.6, 74.0, 72.8, 
72.4, 70.1, 44.0, 36.7, 33.0, 30.7, 30.4, 26.5, 23.7, 17.9, 14.4. ESI-MS (pos.): m/z: 357.18 [M + Na]+. 

(R)-3-O-(α-L-rhamnopyranosyl)tetradecanoic acid (2a) (Figures A46-A47): 15 (1.00 g, 2.56 mmol) 
and 4 M NaOH (10 mL) were placed in a 50 mL RBF. The RBF was lowered into a 75 °C oil bath and the 
mixture was stirred at the stir plate’s maximum setting. A high stir speed was critical for the success of the 
reaction; at sufficient stir speeds, the reaction began to foam. The reaction was left 12 – 24 h and care was 
taken to ensure the oil bath temperature did not exceed 80 °C. The reaction was monitored by TLC and 
upon completion was acidified (pH ≤ 3) with 1 M HCl and then extracted with EA (4x 15 mL). The organic 
layer was separated and washed with brine (20 mL). The brine was back extracted with EA (1x 15 mL) and 
the combined organic layer was dried with MgSO4, filtered through Whatman filter paper (25 µm pore), 
and concentrated under reduced pressure to give viscous brown liquid. The crude product was purified by 
silica flash chromatography (20% MeOH:DCM, 0.1% AcOH gradient) and after co-evaporation with 
toluene (3x 20 mL) and DCM (3x 20 mL) 2a was obtained as a white crystalline solid; yield 51%; TLC: Rf 
0.37-0.58 (20% MeOH:DCM, 0.1% AcOH); 1H NMR (500 MHz, MeOD) δ 4.79 (d, J = 1.6 Hz, 1H), 4.12 
– 4.04 (m, 1H), 3.79 – 3.72 (m, 1H), 3.66 (dq, J = 9.4, 6.2 Hz, 1H), 3.61 (dd, J = 9.5, 3.4 Hz, 1H), 3.36 (t, 
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J = 9.5 Hz, 1H), 2.58 – 2.42 (m, 2H), 1.63 – 1.49 (m, 2H), 1.37 – 1.26 (m, 18H), 1.24 (d, J = 6.1 Hz, 3H), 
0.90 (t, J = 6.8 Hz, 3H). 13C NMR (126 MHz, MeOD) δ 175.3, 100.4, 75.6, 73.9, 72.7, 72.3, 70.2, 41.3, 
34.5, 33.1, 30.8, 30.8, 30.8, 30.7, 30.7, 30.5, 25.9, 23.7, 17.9, 14.4. ESI-MS (neg.): m/z: 389.37 [M - H]-. 

(S)-3-O-(α-L-rhamnopyranosyl)tetradecanoic acid (2b) (Figures A48-A49): 16 (1.00 g, 2.56 mmol) and 
4 M NaOH (10 mL) were placed in a 50 mL RBF. The RBF was lowered into a 75 °C oil bath and the 
mixture was stirred at the stir plate’s maximum setting. A high stir speed was critical for the success of the 
reaction; at sufficient stir speeds, the reaction began to foam. The reaction was left 12 – 24 h and care was 
taken to ensure the oil bath temperature did not exceed 80 °C. The reaction was monitored by TLC and 
upon completion was acidified (pH ≤ 3) with 1 M HCl and then extracted with EA (4x 15 mL). The organic 
layer was separated and washed with brine (20 mL). The brine was back extracted with EA (1x 15 mL) and 
the combined organic layer was dried with MgSO4, filtered through Whatman filter paper (25 µm pore), 
and concentrated under reduced pressure to give viscous brown liquid. The crude product was purified by 
silica flash chromatography (20% MeOH:DCM, 0.1% AcOH gradient) and after co-evaporation with 
toluene (3x 20 mL) and DCM (3x 20 mL) 2b was obtained a white crystalline solid; yield 50%; TLC: Rf 
0.10-0.44 (20% MeOH:DCM, 0.1% AcOH); 1H NMR (500 MHz, MeOD) δ 4.85 (d, J = 1.6 Hz, 1H), 4.03 
(p, J = 6.1 Hz, 1H), 3.75 (dd, J = 3.4, 1.6 Hz, 1H), 3.66 (dq, J = 9.7, 6.3 Hz, 1H), 3.60 (dd, J = 9.5, 3.3 Hz, 
1H), 3.34 (t, J = 9.5 Hz, 1H), 2.41 (dd, J = 14.4, 7.3 Hz, 1H), 2.28 (dd, J = 14.4, 5.7 Hz, 1H), 1.55 (dtd, J 
= 8.4, 5.8, 2.3 Hz, 2H), 1.27 (d, J = 7.2 Hz, 18H), 1.22 (d, J = 6.3 Hz, 3H), 0.87 (t, J = 6.9 Hz, 3H). 13C 
NMR (126 MHz, MeOD) δ 179.1, 101.3, 77.4, 73.9, 72.7, 72.3, 70.1, 43.3, 36.7, 33.1, 30.8, 30.8, 30.7, 
30.7, 30.5, 26.5, 23.7, 18.0, 17.9, 14.5. ESI-MS (neg.): m/z: 389.41 [M - H]-. 

Benzyl (R)-3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)decanoate (17) (Figures A50-A51): A clean 
and dry RBF (two-necked, 50 mL, 14/20), Liebig condenser (100 mm, 14/20), and ground glass adapter 
(24/40 female to 14/20 male) were placed in a 350 °C furnace for 30 min. The glassware was removed, 
cooled, and assembled such that the condenser was fitted to the RBF, the adapter to the condenser, and a 
24/40 three-way valve to adapter. To the valve’s inlet was attached a balloon filled with N2 gas and the 
glass assembly was purged by breaching the rubber septum capping the RBF’s second neck with a 
hypodermic needle. Each joint was sealed with Teflon tape and secured with a Keck clip. Under positive 
pressure of N2, R-4 (0.720 g, 2.59 mmol), peracetylated rhamnose (1.29 g, 3.88 mmol), bismuth(III) 
trifluoromethanesulfonate (Bi(OTf)3) (127 mg, 0.190 mmol), and a Teflon stir bar were quickly added to 
the RBF through the second neck which was immediately re-capped with a rubber septum. The assembly 
was subjected to three cycles of pump (0.1 torr) and purge (N2) by alternatively turning the valve between 
N2 balloon and vacuum line leading to a rotary vane pump. Light heating delivered by heat gun was applied 
to the RBF during the pumping phases. After a final pump of 20 min, the assembly was filled with N2, and 
the vacuum line was disconnected. Dry acetonitrile (5 mL) was added to the reaction through the septum 
via syringe. The flask was secured and lowered into an oil bath at 80 °C and was allowed to react while 
stirring for 4 h. The reaction was periodically monitored by removing small aliquots (via syringe) and 
performing TLC. The reaction was quenched by adding saturated NaHCO3 solution (15 mL) at which point 
a thick, intractable precipitate crashed out. The mixture was filtered through Whatman filter paper (25 µm 
pore) and extracted with EA (5x 25 mL). The organic layer was separated and washed with brine (40 mL). 
The brine was back extracted with EA (1x 25 mL) and the combined organic layer was dried with MgSO4, 
filtered through Whatman filter paper (25 µm pore), and concentrated under reduced pressure to give 
viscous brown liquid. The crude product was purified by silica flash chromatography (20% EA:hexanes 
gradient) to give 17 as a clear oil; yield 52%; TLC: Rf 0.52 (30% EA:hexanes); 1H NMR (500 MHz, MeOD) 
δ 7.41 – 7.28 (m, 5H), 5.19 – 5.16 (m, 1H), 5.14 (ddd, J = 8.4, 4.2, 2.5 Hz, 3H), 4.98 (t, J = 9.9 Hz, 1H), 
4.89 (d, J = 1.7 Hz, 1H), 4.14 (p, J = 6.0 Hz, 1H), 3.97 – 3.88 (m, 1H), 2.68 – 2.56 (m, 2H), 2.12 (s, 3H), 
2.02 (s, 3H), 1.96 (s, 3H), 1.66 – 1.57 (m, 1H), 1.58 – 1.49 (m, 1H), 1.36 – 1.27 (m, 10H), 1.11 (d, J = 6.2 
Hz, 3H), 0.90 (t, J = 6.8 Hz, 3H). 13C NMR (126 MHz, MeOD) δ 173.0, 171.9, 171.8, 171.7, 137.5, 129.7, 
129.7, 129.4, 129.4, 129.4, 97.4, 76.4, 72.1, 71.5, 70.7, 68.1, 67.5, 41.0, 34.2, 32.9, 30.5, 30.2, 25.7, 23.6, 
20.7, 20.6, 20.6, 17.6, 14.4. 
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Benzyl (S)-3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)decanoate (18) (Figures A52-A53): A clean 
and dry RBF (two-necked, 50 mL, 14/20), Liebig condenser (100 mm, 14/20), and ground glass adapter 
(24/40 female to 14/20 male) were placed in a 350 °C furnace for 30 min. The glassware was removed, 
cooled, and assembled such that the condenser was fitted to the RBF, the adapter to the condenser, and a 
24/40 three-way valve to adapter. To the valve’s inlet was attached a balloon filled with N2 gas and the 
glass assembly was purged by breaching the rubber septum capping the RBF’s second neck with a 
hypodermic needle. Each joint was sealed with Teflon tape and secured with a Keck clip. Under positive 
pressure of N2, S-4 (1.03 g, 3.70 mmol), peracetylated rhamnose (1.84 g, 5.54 mmol), bismuth(III) 
trifluoromethanesulfonate (Bi(OTf)3) (182 mg, 0.280 mmol), and a Teflon stir bar were quickly added to 
the RBF through the second neck which was immediately re-capped with a rubber septum. The assembly 
was subjected to three cycles of pump (0.1 torr) and purge (N2) by alternatively turning the valve between 
N2 balloon and vacuum line leading to a rotary vane pump. Light heating delivered by heat gun was applied 
to the RBF during the pumping phases. After a final pump of 20 min, the assembly was filled with N2, and 
the vacuum line was disconnected. Dry acetonitrile (5 mL) was added to the reaction through the septum 
via syringe. The flask was secured and lowered into an oil bath at 80 °C and was allowed to react while 
stirring for 4 h. The reaction was periodically monitored by removing small aliquots (via syringe) and 
performing TLC. The reaction was quenched by adding saturated NaHCO3 solution (15 mL) at which point 
a thick, intractable precipitate crashed out. The mixture was filtered through Whatman filter paper (25 µm 
pore) and extracted with EA (5x 25 mL). The organic layer was separated and washed with brine (40 mL). 
The brine was back extracted with EA (1x 25 mL) and the combined organic layer was dried with MgSO4, 
filtered through Whatman filter paper (25 µm pore), and concentrated under reduced pressure to give 
viscous brown liquid. The crude product was purified by silica flash chromatography (20% EA:hexanes 
gradient) to give 18 as a clear oil; yield 64%; TLC: Rf 0.52 (30% EA:hexanes); 1H NMR (500 MHz, CDCl3) 
δ 7.42 – 7.32 (m, 5H), 5.28 (dd, J = 10.1, 3.5 Hz, 1H), 5.19 – 5.14 (m, 3H), 5.08 (t, J = 9.9 Hz, 1H), 4.92 
(d, J = 1.8 Hz, 1H), 4.13 – 4.07 (m, 1H), 4.02 – 3.89 (m, 1H), 2.63 (dd, J = 15.6, 7.3 Hz, 1H), 2.53 (dd, J = 
15.7, 5.3 Hz, 1H), 2.16 (s, 3H), 2.07 (s, 3H), 2.00 (s, 3H), 1.68 – 1.60 (m, 1H), 1.60 – 1.51 (m, 1H), 1.38 – 
1.24 (m, 10H), 1.22 (d, J = 6.3 Hz, 3H), 0.90 (t, J = 6.9 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 174.3, 
171.3, 170.3, 170.2, 136.0, 128.8, 128.8, 128.6, 128.6, 128.5, 97.6, 76.3, 71.3, 70.3, 69.2, 66.9, 66.7, 39.6, 
35.1, 31.8, 29.5, 29.2, 25.2, 22.7, 21.0, 20.9, 20.8, 17.3, 14.1. 

 (R)-3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)decanoic acid (19) (Figures A54-A55): A clean and 
dry RBF (two-necked, 50 mL, 14/20) and ground glass adapter (24/40 female to 14/20 male) were placed 
in a 350 °C furnace for 30 min. The glassware was removed, cooled, and assembled such that the adapter 
was attached to the RBF’s central neck and a 24/40 three-way valve was attached to adapter. To the valve’s 
inlet was attached a balloon filled with Ar gas and the glass assembly was purged by breaching the rubber 
septum capping the RBF’s second neck with a hypodermic needle. Each joint was sealed with Teflon tape 
and secured with a Keck clip. Under positive pressure of Ar, 17 (710 mg, 1.29 mmol), Pd/C (71 mg, 10% 
Pd), 5 mL of dry THF, and a Teflon stir bar were quickly added to the RBF through the second neck which 
was immediately re-capped with a rubber septum. The assembly was closed, the balloon was filled with H2 
gas, and the assembly was purged once with H2 and then kept under 1 atm of H2. The reaction was allowed 
to proceed 12 – 24 h at rt and was periodically monitored by removing small aliquots (via syringe) and 
performing TLC. The reaction was quenched by filtering through a 12 mm Celite pad under light vacuum 
(25 torr) and the pad was washed with DCM (3x 15 mL) and EA (3x 15 mL). The combined organic layer 
was dried with MgSO4, filtered through Whatman filter paper (25 µm pore), and concentrated under reduced 
pressure to give a clear oil. The crude product was purified by silica flash chromatography (20% 
MeOH:DCM, 0.1% AcOH gradient) and after co-evaporation with toluene (3x 20 mL) and DCM (3x 20 
mL) 19 was obtained as a clear oil; yield 86%; TLC: Rf 0.70 (20% MeOH:DCM, 0.1% AcOH); 1H NMR 
(500 MHz, CDCl3) δ 5.26 (dd, J = 10.1, 3.5 Hz, 1H), 5.17 (dd, J = 3.4, 1.8 Hz, 1H), 5.05 (t, J = 9.9 Hz, 
1H), 4.85 (d, J = 1.8 Hz, 1H), 4.09 (dq, J = 7.6, 5.8 Hz, 1H), 3.96 (dq, J = 9.7, 6.2 Hz, 1H), 2.65 (dd, J = 
15.9, 7.6 Hz, 1H), 2.54 (dd, J = 15.9, 4.8 Hz, 1H), 2.15 (s, 3H), 2.05 (s, 3H), 1.99 (s, 3H), 1.62 – 1.49 (m, 
2H), 1.37 – 1.22 (m, 10H), 1.19 (d, J = 6.3 Hz, 3H), 0.88 (t, J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) 
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δ 176.1, 170.3, 170.2, 170.1, 96.6, 75.3, 71.2, 70.4, 69.2, 66.9, 39.9, 33.7, 31.9, 29.6, 29.3, 24.9, 22.7, 21.2, 
20.9, 20.9, 17.3, 14.3. 

(S)-3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)decanoic acid (20) (Figures A56-A57): A clean and 
dry RBF (two-necked, 50 mL, 14/20) and ground glass adapter (24/40 female to 14/20 male) were placed 
in a 350 °C furnace for 30 min. The glassware was removed, cooled, and assembled such that the adapter 
was attached to the RBF’s central neck and a 24/40 three-way valve was attached to adapter. To the valve’s 
inlet was attached a balloon filled with Ar gas and the glass assembly was purged by breaching the rubber 
septum capping the RBF’s second neck with a hypodermic needle. Each joint was sealed with Teflon tape 
and secured with a Keck clip. Under positive pressure of Ar, 18 (946 mg, 1.72 mmol), Pd/C (95 mg, 10% 
Pd), 5 mL of dry THF, and a Teflon stir bar were quickly added to the RBF through the second neck which 
was immediately re-capped with a rubber septum. The assembly was closed, the balloon was filled with H2 
gas, and the assembly was purged once with H2 and then kept under 1 atm of H2. The reaction was allowed 
to proceed 12 – 24 h at rt and was periodically monitored by removing small aliquots (via syringe) and 
performing TLC. The reaction was quenched by filtering through a 12 mm Celite pad under light vacuum 
(25 torr) and the pad was washed with DCM (3x 15 mL) and EA (3x 15 mL). The combined organic layer 
was dried with MgSO4, filtered through Whatman filter paper (25 µm pore), and concentrated under reduced 
pressure to give a clear oil. The crude product was purified by silica flash chromatography (20% 
MeOH:DCM, 0.1% AcOH gradient) and after co-evaporation with toluene (3x 20 mL) and DCM (3x 20 
mL) 20 was obtained as a clear oil; yield 81%; TLC: Rf 0.70 (20% MeOH:DCM, 0.1% AcOH); 1H NMR 
(500 MHz, CDCl3) δ 5.24 (dd, J = 10.1, 3.4 Hz, 1H), 5.13 (dd, J = 3.5, 1.8 Hz, 1H), 5.04 (t, J = 9.9 Hz, 
1H), 4.89 (d, J = 1.8 Hz, 1H), 4.04 (dq, J = 7.4, 5.8 Hz, 1H), 3.93 (dq, J = 10.2, 6.3 Hz, 1H), 2.58 (dd, J = 
15.9, 7.5 Hz, 1H), 2.50 (dd, J = 15.8, 5.2 Hz, 1H), 2.12 (s, 3H), 2.03 (s, 3H), 1.96 (s, 3H), 1.67 – 1.49 (m, 
2H), 1.36 – 1.24 (m, 10H), 1.19 (d, J = 6.3 Hz, 3H), 0.87 (t, J = 6.9 Hz, 3H). 13C NMR (126 MHz, CDCl3) 
δ 176.0, 170.3, 170.2, 170.2, 97.6, 76.2, 71.3, 70.5, 69.3, 67.0, 39.4, 35.2, 31.9, 29.5, 29.3, 25.3, 22.7, 21.0, 
20.9, 20.8, 17.4, 14.2. 

Benzyl (R)-3-O-[(R)-(3’-O-decyl)2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl]decanoate (21) (Figures 
A58-A59): 19 (250 mg, 0.543 mmol) was dissolved in 11.25 mL dichloromethane (DCM) and placed in a 
250 mL RBF. To the stirring mixture was added EDC (208 mg, 1.09 mmol) and DMAP (99.5 mg, 0.814 
mmol). After 10 min, R-4 (227 mg, 0.814 mmol, dissolved in 1.5 mL DCM) was added. The reaction was 
covered and allowed to proceed at rt while stirring for 24 h. The reaction was quenched with saturated 
NaHCO3 (15 mL) and NaCl brine (10 mL). The mixture was extracted with DCM (3x 20 mL) and the 
combined organic layer was dried with MgSO4, filtered through Whatman filter paper (25 µm pore), and 
concentrated under reduced pressure to give a clear oil. The crude product was purified by silica flash 
chromatography (30% EA:hexanes gradient) to give 21 as a clear oil; yield 88%; TLC: Rf 0.60 (30% 
EA:hexanes); 1H NMR (500 MHz, CDCl3) δ 7.37 – 7.32 (m, 5H), 5.26 (dd, J = 10.1, 3.5 Hz, 1H), 5.17 (dd, 
J = 3.5, 1.8 Hz, 1H), 5.14 (s, 2H), 5.12 (d, J = 1.2 Hz, 1H), 5.05 (t, J = 10.0 Hz, 1H), 4.84 (d, J = 1.7 Hz, 
1H), 4.09 – 3.92 (m, 2H), 2.74 – 2.36 (m, 4H), 2.13 (s, 3H), 1.98 (s, 3H), 1.96 (s, 3H), 1.61 (qd, J = 8.4, 
7.7, 5.1 Hz, 1H), 1.51 (qd, J = 10.7, 9.3, 3.6 Hz, 2H), 1.42 (ddd, J = 7.9, 4.9, 2.9 Hz, 2H), 1.32 – 1.22 (m, 
19H), 1.20 (d, J = 6.2 Hz, 3H), 0.88 (t, J = 6.9 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 172.8, 170.5, 170.2, 
170.17, 170.12, 169.9, 135.7, 128.6, 128.6, 128.4, 128.3, 128.3, 96.4, 75.1, 71.2, 70.9, 70.3, 69.1, 66.7, 
66.5, 40.2, 39.1, 33.9, 33.4, 31.8, 29.6, 29.5, 29.33, 29.26, 29.19, 29.16, 25.5, 25.2, 24.7, 21.0, 20.8, 20.7, 
17.3, 14.13, 14.12. 

Benzyl (R)-3-O-[(S)-(3’-O-decyl)2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl]decanoate (22) (Figures 
A60-A61): 19 (208 mg, 0.452 mmol) was dissolved in 9 mL dichloromethane (DCM) and placed in a 250 
mL RBF. To the stirring mixture was added EDC (116 mg, 0.603 mmol) and DMAP (36.8 mg, 0.301 
mmol). After 10 min, S-4 (83.9 mg, 0.301 mmol, dissolved in 1 mL DCM) was added. The reaction was 
covered and allowed to proceed at rt while stirring for 24 h. The reaction was quenched with saturated 
NaHCO3 (15 mL) and NaCl brine (10 mL). The mixture was extracted with DCM (3x 20 mL) and the 
combined organic layer was dried with MgSO4, filtered through Whatman filter paper (25 µm pore), and 
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concentrated under reduced pressure to give a clear oil. The crude product was purified by silica flash 
chromatography (30% EA:hexanes gradient) to give 22 as a clear oil; yield 70%; TLC: Rf 0.61 (30% 
EA:hexanes); 1H NMR (500 MHz, CDCl3) δ 7.36 – 7.30 (m, 5H), 5.25 – 5.17 (m, 2H), 5.14 (dd, J = 3.5, 
1.8 Hz, 1H), 5.09 (d, J = 1.4 Hz, 2H), 5.03 (t, J = 9.9 Hz, 1H), 4.81 (d, J = 1.7 Hz, 1H), 4.08 – 4.01 (m, 
1H), 3.92 (dq, J = 9.8, 6.3 Hz, 1H), 2.70 – 2.25 (m, 4H), 2.12 (s, 3H), 2.00 (s, 3H), 1.95 (s, 3H), 1.64 – 1.54 
(m, 2H), 1.52 – 1.44 (m, 2H), 1.31 – 1.20 (m, 20H), 1.18 (d, J = 6.2 Hz, 3H), 0.91 – 0.81 (m, 6H). 13C NMR 
(126 MHz, CDCl3) δ 170.6, 170.25, 170.20, 170.0, 169.9, 135.8, 128.7, 128.6, 128.41, 128.36, 128.3, 96.2, 
74.8, 71.2, 70.9, 70.3, 69.2, 68.1, 66.7, 66.5, 40.1, 39.1, 34.0, 33.3, 31.9, 31.8, 29.6, 29.4, 29.2, 29.1, 25.2, 
24.8, 22.69, 22.68, 21.0, 20.84, 20.76, 17.3, 14.1. 

Benzyl (S)-3-O-[(R)-(3’-O-decyl)2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl]decanoate (23) (Figures 
A62-A63): 20 (410 mg, 0.890 mmol) was dissolved in 19 mL dichloromethane (DCM) and placed in a 250 
mL RBF. To the stirring mixture was added EDC (341 mg, 1.78 mmol) and DMAP (163 mg, 1.34 mmol). 
After 10 min, R-4 (372 mg, 1.34 mmol, dissolved in 1.5 mL DCM) was added. The reaction was covered 
and allowed to proceed at rt while stirring for 24 h. The reaction was quenched with saturated NaHCO3 (15 
mL) and NaCl brine (10 mL). The mixture was extracted with DCM (3x 20 mL) and the combined organic 
layer was dried with MgSO4, filtered through Whatman filter paper (25 µm pore), and concentrated under 
reduced pressure to give a clear oil. The crude product was purified by silica flash chromatography (30% 
EA:hexanes gradient) to give 23 as a clear oil; yield 70%; TLC: Rf 0.58 (30% EA:hexanes); 1H NMR (500 
MHz, CDCl3) δ 7.37 – 7.32 (m, 5H), 5.29 – 5.20 (m, 2H), 5.13 (dd, J = 3.5, 1.8 Hz, 1H), 5.10 (d, J = 1.4 
Hz, 2H), 5.05 (t, J = 9.9 Hz, 1H), 4.88 (d, J = 1.8 Hz, 1H), 4.01 (p, J = 6.1 Hz, 1H), 3.93 (dq, J = 9.8, 6.2 
Hz, 1H), 2.67 – 2.54 (m, 2H), 2.48 (dd, J = 15.7, 7.0 Hz, 1H), 2.32 (dd, J = 15.6, 5.7 Hz, 1H), 2.13 (s, 3H), 
2.04 (d, J = 1.3 Hz, 3H), 1.96 (s, 3H), 1.66 – 1.47 (m, 4H), 1.31 – 1.23 (m, 20H), 1.20 (d, J = 6.3 Hz, 3H), 
0.93 – 0.82 (m, 6H). 13C NMR (126 MHz, CDCl3) δ 170.5, 170.3, 170.1, 169.98, 169.96, 135.9, 128.6, 
128.6, 128.5, 128.45, 128.37, 97.3, 75.8, 71.3, 71.1, 70.3, 69.3, 66.8, 66.5, 39.4, 39.1, 35.0, 34.0, 31.9, 31.9, 
29.6, 29.4, 29.3, 29.2, 25.3, 25.2, 22.75, 22.71, 21.0, 20.9, 20.8, 17.4, 14.2, 14.2. 

Benzyl (S)-3-O-[(S)-(3’-O-decyl)2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl]decanoate (24) (Figures 
A64-A65): 20 (392 mg, 0.851 mmol) was dissolved in 18 mL dichloromethane (DCM) and placed in a 250 
mL RBF. To the stirring mixture was added EDC (218 mg, 1.14 mmol) and DMAP (104 mg, 0.851 mmol). 
After 10 min, S-4 (158 mg, 1.34 mmol, dissolved in 1.6 mL DCM) was added. The reaction was covered 
and allowed to proceed at rt while stirring for 24 h. The reaction was quenched with saturated NaHCO3 (15 
mL) and NaCl brine (10 mL). The mixture was extracted with DCM (3x 20 mL) and the combined organic 
layer was dried with MgSO4, filtered through Whatman filter paper (25 µm pore), and concentrated under 
reduced pressure to give a clear oil. The crude product was purified by silica flash chromatography (30% 
EA:hexanes gradient) to give 24 as a clear oil; yield 54%; TLC: Rf 0.57 (30% EA:hexanes); 1H NMR (500 
MHz, CDCl3) δ 7.38 – 7.28 (m, 5H), 5.29 – 5.21 (m, 2H), 5.18 (dd, J = 3.5, 1.8 Hz, 1H), 5.11 (s, 2H), 5.06 
(t, J = 9.9 Hz, 1H), 4.87 (d, J = 1.7 Hz, 1H), 4.03 (p, J = 6.1 Hz, 1H), 3.93 (dq, J = 9.7, 6.4 Hz, 1H), 2.65 
(dd, J = 15.5, 7.4 Hz, 1H), 2.58 (dd, J = 15.5, 5.5 Hz, 1H), 2.46 (dd, J = 15.5, 6.5 Hz, 1H), 2.38 (dd, J = 
15.6, 6.0 Hz, 1H), 2.12 (s, 3H), 2.04 (s, 3H), 1.95 (s, 3H), 1.66 – 1.49 (m, 4H), 1.35 – 1.22 (m, 20H), 1.21 
(d, J = 6.3 Hz, 3H), 0.93 – 0.83 (m, 6H). 13C NMR (126 MHz, CDCl3) δ 170.4, 170.1, 170.0, 169.9, 169.8, 
135.9, 128.5, 128.5, 128.4, 128.3, 128.2, 96.9, 75.3, 71.2, 71.0, 70.2, 69.2, 66.8, 66.4, 39.2, 39.0, 34.9, 33.9, 
31.8, 31.7, 29.4, 29.25, 29.17, 29.1, 25.2, 25.2, 22.64, 22.61, 20.9, 20.8, 20.7, 17.3, 14.1, 14.1. 

(R)-3-(((R)-3-[2,3,4-Tri-O-acetyl-α-L-rhamnopyranosyl]decanoyl)oxy)decanoic acid (25) (Figures 
A66-A67): A clean and dry RBF (two-necked, 50 mL, 14/20) and ground glass adapter (24/40 female to 
14/20 male) were placed in a 350 °C furnace for 30 min. The glassware was removed, cooled, and 
assembled such that the adapter was attached to the RBF’s central neck and a 24/40 three-way valve was 
attached to adapter. To the valve’s inlet was attached a balloon filled with Ar gas and the glass assembly 
was purged by breaching the rubber septum capping the RBF’s second neck with a hypodermic needle. 
Each joint was sealed with Teflon tape and secured with a Keck clip. Under positive pressure of Ar, 21 
(342 mg, 0.474 mmol), Pd/C (34.2 mg, 10% Pd), 5 mL of dry THF, and a Teflon stir bar were quickly 
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added to the RBF through the second neck which was immediately re-capped with a rubber septum. The 
assembly was closed, the balloon was filled with H2 gas, and the assembly was purged once with H2 and 
then kept under 1 atm of H2. The reaction was allowed to proceed 12 – 24 h at rt and was periodically 
monitored by removing small aliquots (via syringe) and performing TLC. The reaction was quenched by 
filtering through a 12 mm Celite pad under light vacuum (25 torr) and the pad was washed with DCM (3x 
15 mL) and EA (3x 15 mL). The combined organic layer was dried with MgSO4, filtered through Whatman 
filter paper (25 µm pore), and concentrated under reduced pressure to give a clear oil. The crude product 
was purified by silica flash chromatography (20% MeOH:DCM, 0.1% AcOH gradient) and after co-
evaporation with toluene (3x 20 mL) and DCM (3x 20 mL) 25 was obtained as a clear oil; yield 76%; TLC: 
Rf 0.70 (20% MeOH:DCM, 0.1% AcOH); 1H NMR (500 MHz, CDCl3) δ 5.18 (ddd, J = 14.7, 11.2, 4.8 Hz, 
2H), 5.07 (dd, J = 3.4, 1.8 Hz, 1H), 4.99 (t, J = 9.9 Hz, 1H), 4.83 (d, J = 1.8 Hz, 1H), 3.98 (p, J = 6.1 Hz, 
1H), 3.88 (dq, J = 9.9, 6.3 Hz, 1H), 2.57 – 2.36 (m, 4H), 2.08 (s, 3H), 1.99 (s, 3H), 1.91 (s, 3H), 1.54 (dtd, 
J = 29.9, 16.1, 14.3, 6.9 Hz, 4H), 1.27 – 1.18 (m, 20H), 1.14 (d, J = 6.3 Hz, 3H), 0.82 (td, J = 6.8, 4.2 Hz, 
6H). 13C NMR (126 MHz, CDCl3) δ 175.0, 170.4, 170.3, 170.10, 170.06, 97.2, 76.1, 71.2, 70.8, 70.3, 69.2, 
66.7, 39.4, 38.7, 34.8, 33.8, 31.8, 31.7, 29.4, 29.3, 29.2, 29.1, 25.2, 25.1, 22.63, 22.61, 20.9, 20.8, 20.7, 
17.3, 14.1, 14.1. 

(R)-3-(((S)-3-[2,3,4-Tri-O-acetyl-α-L-rhamnopyranosyl]decanoyl)oxy)decanoic acid (26) (Figures 
A68-A69): A clean and dry RBF (two-necked, 50 mL, 14/20) and ground glass adapter (24/40 female to 
14/20 male) were placed in a 350 °C furnace for 30 min. The glassware was removed, cooled, and 
assembled such that the adapter was attached to the RBF’s central neck and a 24/40 three-way valve was 
attached to adapter. To the valve’s inlet was attached a balloon filled with Ar gas and the glass assembly 
was purged by breaching the rubber septum capping the RBF’s second neck with a hypodermic needle. 
Each joint was sealed with Teflon tape and secured with a Keck clip. Under positive pressure of Ar, 22 
(152 mg, 0.211 mmol), Pd/C (25.6 mg, 10% Pd), 5 mL of dry THF, and a Teflon stir bar were quickly 
added to the RBF through the second neck which was immediately re-capped with a rubber septum. The 
assembly was closed, the balloon was filled with H2 gas, and the assembly was purged once with H2 and 
then kept under 1 atm of H2. The reaction was allowed to proceed 12 – 24 h at rt and was periodically 
monitored by removing small aliquots (via syringe) and performing TLC. The reaction was quenched by 
filtering through a 12 mm Celite pad under light vacuum (25 torr) and the pad was washed with DCM (3x 
15 mL) and EA (3x 15 mL). The combined organic layer was dried with MgSO4, filtered through Whatman 
filter paper (25 µm pore), and concentrated under reduced pressure to give a clear oil. The crude product 
was purified by silica flash chromatography (20% MeOH:DCM, 0.1% AcOH gradient) and after co-
evaporation with toluene (3x 20 mL) and DCM (3x 20 mL) 26 was obtained as a clear oil; yield 88%; TLC: 
Rf 0.70 (20% MeOH:DCM, 0.1% AcOH); 1H NMR (500 MHz, CDCl3) δ 5.25 – 5.19 (m, 2H), 5.17 (dd, J 
= 3.5, 1.8 Hz, 1H), 5.05 (t, J = 10.0 Hz, 1H), 4.85 (d, J = 1.8 Hz, 1H), 4.09 (dt, J = 11.0, 5.6 Hz, 1H), 3.97 
(dq, J = 9.7, 6.2 Hz, 1H), 2.69 – 2.56 (m, 3H), 2.48 (dd, J = 15.7, 5.1 Hz, 1H), 2.15 (s, 3H), 2.04 (s, 3H), 
1.98 (s, 3H), 1.70 – 1.49 (m, 4H), 1.28 (t, J = 9.7 Hz, 20H), 1.20 (d, J = 6.2 Hz, 3H), 0.92 – 0.83 (m, 6H). 
13C NMR (126 MHz, CDCl3) δ 175.6, 170.7, 170.4, 170.25, 170.20, 96.2, 74.9, 71.2, 70.7, 70.3, 69.2, 66.7, 
40.0, 38.6, 33.8, 33.1, 31.8, 31.7, 29.5, 29.3, 29.1, 29.0, 25.1, 24.7, 22.5, 22.5, 20.8, 20.7, 20.6, 17.2, 14.0, 
14.0. 

(S)-3-(((R)-3-[2,3,4-Tri-O-acetyl-α-L-rhamnopyranosyl]decanoyl)oxy)decanoic acid (27) (Figures 
A70-A71): A clean and dry RBF (two-necked, 50 mL, 14/20) and ground glass adapter (24/40 female to 
14/20 male) were placed in a 350 °C furnace for 30 min. The glassware was removed, cooled, and 
assembled such that the adapter was attached to the RBF’s central neck and a 24/40 three-way valve was 
attached to adapter. To the valve’s inlet was attached a balloon filled with Ar gas and the glass assembly 
was purged by breaching the rubber septum capping the RBF’s second neck with a hypodermic needle. 
Each joint was sealed with Teflon tape and secured with a Keck clip. Under positive pressure of Ar, 23 
(473 mg, 0.656 mmol), Pd/C (47.3 mg, 10% Pd), 5 mL of dry THF, and a Teflon stir bar were quickly 
added to the RBF through the second neck which was immediately re-capped with a rubber septum. The 
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assembly was closed, the balloon was filled with H2 gas, and the assembly was purged once with H2 and 
then kept under 1 atm of H2. The reaction was allowed to proceed 12 – 24 h at rt and was periodically 
monitored by removing small aliquots (via syringe) and performing TLC. The reaction was quenched by 
filtering through a 12 mm Celite pad under light vacuum (25 torr) and the pad was washed with DCM (3x 
15 mL) and EA (3x 15 mL). The combined organic layer was dried with MgSO4, filtered through Whatman 
filter paper (25 µm pore), and concentrated under reduced pressure to give a clear oil. The crude product 
was purified by silica flash chromatography (20% MeOH:DCM, 0.1% AcOH gradient) and after co-
evaporation with toluene (3x 20 mL) and DCM (3x 20 mL) 27 was obtained as a clear oil; yield 90%; TLC: 
Rf 0.70 (20% MeOH:DCM, 0.1% AcOH); 1H NMR (500 MHz, CDCl3) δ 5.27 – 5.19 (m, 2H), 5.14 (dd, J 
= 3.4, 1.8 Hz, 1H), 5.05 (t, J = 10.0 Hz, 1H), 4.89 (d, J = 1.8 Hz, 1H), 4.07 – 4.00 (m, 1H), 3.94 (dq, J = 
9.9, 6.2 Hz, 1H), 2.66 – 2.42 (m, 4H), 2.15 (s, 3H), 2.05 (d, J = 2.0 Hz, 3H), 1.98 (s, 3H), 1.72 – 1.53 (m, 
4H), 1.32 – 1.23 (m, 20H), 1.20 (d, J = 6.3 Hz, 3H), 0.92 – 0.80 (m, 6H). 13C NMR (126 MHz, CDCl3) δ 
174.4, 170.42, 170.40, 170.16, 170.15, 97.2, 76.1, 71.2, 71.0, 70.4, 69.3, 66.8, 39.4, 38.7, 34.9, 33.9, 31.8, 
31.8, 29.5, 29.3, 29.2, 29.1, 25.25, 25.18, 22.69, 22.66, 21.0, 20.8, 20.8, 17.3, 14.2, 14.1. 

(S)-3-(((S)-3-[2,3,4-Tri-O-acetyl-α-L-rhamnopyranosyl]decanoyl)oxy)decanoic acid (28) (Figures 
A72-A73): A clean and dry RBF (two-necked, 50 mL, 14/20) and ground glass adapter (24/40 female to 
14/20 male) were placed in a 350 °C furnace for 30 min. The glassware was removed, cooled, and 
assembled such that the adapter was attached to the RBF’s central neck and a 24/40 three-way valve was 
attached to adapter. To the valve’s inlet was attached a balloon filled with Ar gas and the glass assembly 
was purged by breaching the rubber septum capping the RBF’s second neck with a hypodermic needle. 
Each joint was sealed with Teflon tape and secured with a Keck clip. Under positive pressure of Ar, 24 
(222 mg, 0.308 mmol), Pd/C (46 mg, 10% Pd), 5 mL of dry THF, and a Teflon stir bar were quickly added 
to the RBF through the second neck which was immediately re-capped with a rubber septum. The assembly 
was closed, the balloon was filled with H2 gas, and the assembly was purged once with H2 and then kept 
under 1 atm of H2. The reaction was allowed to proceed 12 – 24 h at rt and was periodically monitored by 
removing small aliquots (via syringe) and performing TLC. The reaction was quenched by filtering through 
a 12 mm Celite pad under light vacuum (25 torr) and the pad was washed with DCM (3x 15 mL) and EA 
(3x 15 mL). The combined organic layer was dried with MgSO4, filtered through Whatman filter paper (25 
µm pore), and concentrated under reduced pressure to give a clear oil. The crude product was purified by 
silica flash chromatography (20% MeOH:DCM, 0.1% AcOH gradient) and after co-evaporation with 
toluene (3x 20 mL) and DCM (3x 20 mL) 28 was obtained as a clear oil; yield 82%; TLC: Rf 0.70 (20% 
MeOH:DCM, 0.1% AcOH); 1H NMR (500 MHz, CDCl3) δ 5.38 (tt, J = 7.4, 5.6 Hz, 1H), 5.22 (dd, J = 3.4, 
1.8 Hz, 1H), 5.19 (dd, J = 10.0, 3.4 Hz, 1H), 5.05 (t, J = 9.9 Hz, 1H), 4.91 (d, J = 1.8 Hz, 1H), 4.12 – 4.05 
(m, 1H), 3.94 (dq, J = 9.8, 6.2 Hz, 1H), 2.63 – 2.40 (m, 4H), 2.14 (s, 3H), 2.05 (s, 3H), 1.99 (s, 3H), 1.70 – 
1.50 (m, 4H), 1.33 – 1.24 (m, 20H), 1.20 (d, J = 6.3 Hz, 3H), 0.91 – 0.83 (m, 6H). 13C NMR (126 MHz, 
CDCl3) δ 172.4, 171.5, 171.2, 171.0, 170.3, 99.2, 77.9, 71.1, 71.0, 70.4, 70.2, 66.7, 39.7, 39.3, 35.3, 34.4, 
31.80, 31.79, 29.6, 29.4, 29.19, 29.16, 25.2, 25.1, 22.7, 22.6, 21.1, 21.0, 20.8, 17.3, 14.2, 14.1. 

(R)-3-(((R)-3-[α-L-rhamnopyranosyl]decanoyl)oxy)decanoic acid (3a) (Figures A74-A75): To 25 (229 
mg, 0.363 mmol) in a 20 mL scintillation vial, HPLC grade MeOH (5 mL) was added and to the stirring 
mixture was added KCN (11.8 mg, 0.181 mmol). Prior to use, the KCN crystals were ground with a mortar 
and pestle and were subjected to high vacuum (0.1 torr) for 1 h. The mixture was allowed to stir at rt for 24 
h and qualitative TLC showed that the reaction was incomplete. Another portion of KCN was added (23.6 
mg. 0.363 mmol) and the reaction was allowed to proceed at rt for another 24 h. Upon completion, the 
reaction was filtered through a 12 mm Celite pad under light vacuum (25 torr) and the pad was washed with 
excess EA (6x 15 mL). The combined organic layer was filtered through silica gel in a Whatman filter 
paper, and the gel was washed with additional EA. The combined organic layer was dried with MgSO4, 
filtered through Whatman filter paper (25 µm pore), and concentrated under reduced pressure to give a 3a 
as an extremely viscous and sticky oil or glassy amorphous solid without further purification. 3a was 
lyophilized (17 mtorr, 24 h) before use in analytical measurements; yield 50%; TLC: Rf 0.52 (20% 
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MeOH:DCM, 0.1% AcOH); 1H NMR (500 MHz, MeOD) δ 5.26 (dt, J = 7.9, 5.7 Hz, 1H), 4.83 (d, J = 1.7 
Hz, 1H), 4.00 (t, J = 6.1 Hz, 1H), 3.77 (dd, J = 3.4, 1.7 Hz, 1H), 3.64 (dd, J = 9.4, 6.2 Hz, 1H), 3.60 (dd, J 
= 9.6, 3.4 Hz, 1H), 3.37 (t, J = 9.5 Hz, 1H), 2.51 – 2.41 (m, 3H), 2.36 (dd, J = 14.5, 5.4 Hz, 1H), 1.67 – 
1.50 (m, 4H), 1.29 (q, J = 7.3, 5.8 Hz, 20H), 1.24 (d, J = 6.2 Hz, 3H), 0.91 – 0.85 (m, 6H). 13C NMR (126 
MHz, MeOD) δ 178.9, 172.7, 101.8, 76.7, 74.7, 73.8, 72.5, 72.2, 70.2, 43.9, 41.1, 36.4, 35.4, 33.01, 32.97, 
30.7, 30.6, 30.4, 30.3, 26.4, 26.3, 23.7, 23.7, 18.0, 14.5, 14.5. ESI-MS (neg.): m/z: 503.27 [M - H]-. 

(R)-3-(((S)-3-[α-L-rhamnopyranosyl]decanoyl)oxy)decanoic acid (3b) (Figures A76-A77): To 26 (115 
mg, 0.182 mmol) in a 20 mL scintillation vial, HPLC grade MeOH (5 mL) was added and to the stirring 
mixture was added KCN (5.9 mg, 0.091 mmol). Prior to use, the KCN crystals were ground with a mortar 
and pestle and were subjected to high vacuum (0.1 torr) for 1 h. The mixture was allowed to stir at rt for 24 
h and qualitative TLC showed that the reaction was incomplete. Another portion of KCN was added (11.8 
mg. 0.182 mmol) and the reaction was allowed to proceed at rt for another 24 h. Upon completion, the 
reaction was filtered through a 12 mm Celite pad under light vacuum (25 torr) and the pad was washed with 
excess EA (6x 15 mL). The combined organic layer was filtered through silica gel in a Whatman filter 
paper, and the gel was washed with additional EA. The combined organic layer was dried with MgSO4, 
filtered through Whatman filter paper (25 µm pore), and concentrated under reduced pressure to give a 3b 
as an extremely viscous and sticky oil or glassy amorphous solid without further purification. 3b was 
lyophilized (17 mtorr, 24 h) before use in analytical measurements; yield 58%; TLC: Rf 0.48 (20% 
MeOH:DCM, 0.1% AcOH); 1H NMR (500 MHz, MeOD) δ 5.24 (p, J = 6.2 Hz, 1H), 4.80 (d, J = 1.7 Hz, 
1H), 4.02 (p, J = 6.1 Hz, 1H), 3.77 (dd, J = 3.4, 1.7 Hz, 1H), 3.71 – 3.66 (m, 1H), 3.63 (dd, J = 9.7, 3.4 Hz, 
1H), 3.35 (t, J = 9.6 Hz, 1H), 2.61 (dd, J = 15.2, 6.3 Hz, 1H), 2.53 – 2.42 (m, 2H), 2.36 (dd, J = 14.4, 6.1 
Hz, 1H), 1.68 – 1.53 (m, 4H), 1.38 – 1.27 (m, 20H), 1.25 (d, J = 6.2 Hz, 3H), 0.93 – 0.79 (m, 6H). 13C NMR 
(126 MHz, MeOD) δ 178.8, 172.6, 101.1, 75.9, 74.5, 73.9, 72.6, 72.2, 70.2, 43.9, 41.6, 35.4, 34.7, 33.0, 
33.0, 30.7, 30.6, 30.4, 30.4, 26.4, 26.1, 23.7, 23.7, 18.0, 14.47, 14.46. ESI-MS (neg.): m/z: 503.46 [M - H]-

. 

(S)-3-(((R)-3-[α-L-rhamnopyranosyl]decanoyl)oxy)decanoic acid (3c) (Figures A78-79): To 27 (426 
mg, 0.675 mmol) in a 20 mL scintillation vial, HPLC grade MeOH (5 mL) was added and to the stirring 
mixture was added KCN (880 mg, 1.35 mmol). Prior to use, the KCN crystals were ground with a mortar 
and pestle and were subjected to high vacuum (0.1 torr) for 1 h. The mixture was allowed to stir at rt for 24 
h and qualitative TLC showed that the reaction was complete. The volume of methanol was reduced by 
90% by blowing pressurized air across the top of the solvent. To the concentrated mixture were added EA 
(4 mL) and silica gel (~1 g) and the mixture was sonicated to dissolve all compounds and was allowed to 
stir for 30 min. The mixture was filtered through a 5 mm silica pad in a sintered glass funnel under light 
vacuum (25 torr). The pad was washed with excess EA (8x 10 mL) and sparring amounts of methanol. The 
combined organic layer was dried with MgSO4, filtered through Whatman filter paper (25 µm pore), and 
concentrated under reduced pressure to give a 3c as an extremely viscous and sticky oil or glassy amorphous 
solid without further purification. 3c was lyophilized (17 mtorr, 24 h) before use in analytical 
measurements; yield 86%; TLC: Rf 0.47 (20% MeOH:DCM, 0.1% AcOH); 1H NMR (500 MHz, MeOD) δ 
5.24 (p, J = 6.1 Hz, 1H), 4.84 (d, J = 1.6 Hz, 1H), 4.01 (p, J = 6.1 Hz, 1H), 3.75 (dd, J = 3.4, 1.7 Hz, 1H), 
3.67 – 3.63 (m, 1H), 3.60 (dd, J = 9.5, 3.4 Hz, 1H), 3.38 (t, J = 9.5 Hz, 1H), 2.57 – 2.44 (m, 4H), 1.67 – 
1.52 (m, 4H), 1.37 – 1.26 (m, 20H), 1.25 (d, J = 6.2 Hz, 3H), 0.94 – 0.80 (m, 6H). 13C NMR (126 MHz, 
MeOD) δ 177.4, 172.5, 101.6, 76.5, 73.9, 73.9, 72.5, 72.3, 70.2, 42.5, 40.8, 36.3, 35.3, 33.0, 33.0, 30.7, 
30.6, 30.4, 30.3, 26.3, 26.3, 23.7, 23.7, 17.9, 14.5, 14.4. ESI-MS (neg.): m/z: 503.29 [M - H]-. 

(S)-3-(((S)-3-[α-L-rhamnopyranosyl]decanoyl)oxy)decanoic acid (3d) (Figures A80-A81): To 27 (158 
mg, 0.250 mmol) in a 20 mL scintillation vial, HPLC grade MeOH (5 mL) was added and to the stirring 
mixture was added KCN (16.3 mg, 0.250 mmol). Prior to use, the KCN crystals were ground with a mortar 
and pestle and were subjected to high vacuum (0.1 torr) for 1 h. The mixture was allowed to stir at rt for 24 
h and qualitative TLC showed that the reaction was incomplete. Another portion of KCN was added (8.2 
mg. 0.125 mmol) and the reaction was allowed to proceed at rt for another 24 h. Upon completion, the 
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volume of methanol was reduced by 90% by blowing pressurized air across the top of the solvent. To the 
concentrated mixture were added EA (4 mL) and silica gel (~1 g) and the mixture was sonicated to dissolve 
all compounds and was allowed to stir for 30 min. The mixture was filtered through a 5 mm silica pad in a 
sintered glass funnel under light vacuum (25 torr). The pad was washed with excess EA (8x 10 mL) and 
sparring amounts of methanol. The combined organic layer was dried with MgSO4, filtered through 
Whatman filter paper (25 µm pore), and concentrated under reduced pressure to give a 3d as an extremely 
viscous and sticky oil or glassy amorphous solid without further purification. 3d was lyophilized (17 mtorr, 
24 h) before use in analytical measurements; yield 83%; TLC: Rf 0.50 (20% MeOH:DCM, 0.1% AcOH); 
1H NMR (500 MHz, MeOD) δ 5.27 (dq, J = 7.7, 5.9 Hz, 1H), 4.81 (d, J = 1.7 Hz, 1H), 4.03 (p, J = 6.1 Hz, 
1H), 3.76 (dd, J = 3.4, 1.7 Hz, 1H), 3.66 (dt, J = 9.5, 6.3 Hz, 1H), 3.60 (dd, J = 9.5, 3.4 Hz, 1H), 3.37 (t, J 
= 9.6 Hz, 1H), 2.56 – 2.41 (m, 4H), 1.67 – 1.53 (m, 4H), 1.37 – 1.26 (m, 20H), 1.24 (d, J = 6.2 Hz, 3H), 
0.93 – 0.86 (m, 6H). 13C NMR (126 MHz, MeOD) δ 176.9, 172.8, 101.2, 76.0, 73.7, 73.4, 72.4, 72.2, 70.2, 
42.0, 40.7, 36.3, 35.3, 33.0, 32.9, 30.6, 30.5, 30.3, 30.3, 26.3, 26.3, 23.7, 23.7, 18.0, 14.5, 14.5. ESI-MS 
(neg.): m/z: 503.28 [M - H]-. 
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Chapter 4 

Interfacial Properties of Single and Dual Tail Monorhamnolipids of High 

Diastereomeric Purity 

INTRODUCTION 

 Surfactants are surface active molecules which when dissolved have the property of lowering the 

surface tension of the solvent. Surfactants can operate in a number of conditions including polar and apolar 

solutions and solid-liquid, liquid-liquid, or liquid-air interfaces. The extent of this discussion is limited to 

the phase boundary between liquid water and air. The surface tension of pure water at 25 °C is 72 mN/m, 

which is relatively high compared to other low molecular weight organic solvents102. The high surface 

tension of water is accounted for by the large amount of hydrogen bonding per mole of solvent which gives 

rise to strong cohesion between water molecules and results in a greater free energy of the molecules at the 

aqueous-air interface (surface). When a surfactant is added to solution, the repulsive forces between the 

surfactant hydrophobic moiety and water cause an increase in free energy and surfactant molecules adsorb 

at the interface to reduce the free energy of the system103. At the interface, surfactant molecules adsorb such 

that polar groups are solvated by water while hydrophobic groups are directed into air. In this process, 

surfactant molecules replace solvent molecules at the surface thereby disrupting the attractive forces 

between water molecules, and ultimately, decreasing surface tension. As surfactant is gradually added to 

an aqueous system, surface tension (γ) correspondingly decreases as the surface layer of surfactants 

saturates until a static value is reached. The concentration at which the minimum surface tension (γCMC) is 

reached is called the critical micelle concentration (CMC). The critical micelle concentration (CMC) is an 

important property for the characterization of aqueous surfactant solutions and represents the minimum 

equilibrium concentration of surfactant in the bulk at which the interface has become completely saturated. 
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At complete saturation, surfactant molecules begin to aggregate (into aggregates called micelles) such that 

their hydrophobic moieties are buried and inaccessible to solvent to avoid energetic penalties of polar-

apolar interactions with water molecules. Aggregates can take several forms including cylindrical, disc, 

bilayer, or other, but the most common is the spherical micelle104.  

CMC and γCMC are values are readily determined from γ-log(C) plots (where C is the concentration 

of surfactant). In this work, surface tension plots were experimentally obtained using the Du Nouy ring 

tensiometry method for the pure diastereomers of rhamnolipid products 1-3 (see Experimental). In this 

study, the factors explored that influence surfactant performance were chain length (C10 vs C14), ionic 

charge of the hydrophilic group (neutral vs. anionic, controlled by pH), number of chains (Rha-C10 vs Rha-

C10-C10), and stereochemistry at the surfactant carbinol position. In addition to CMC and γCMC, various 

parameters derived from the γ-log(C) plots were calculated to assess performance. 

From the Frumkin equation, it can be shown that when addition of a surfactant has lowered the 

surface tension of water by 20 mN/m, the surface is 84-99.9% saturated105. With this assumption, the Gibbs 

adsorption equation can be written106 as 

∆𝛾 = −𝛥𝜋 ≈ −2.3𝑛𝑅𝑇𝛤 𝛥𝑙𝑜𝑔𝐶 

where π is the interfacial pressure, Γm is the surface excess concentration of surfactant (m implying 

monolayer) in mole/cm2, and C is the surfactant concentration. This yields, 

𝛱 ≈ 20 + 2.3𝑛𝑅𝑇𝛤 log (
𝐶𝑀𝐶

𝐶
) 

where ΠCMC is the interfacial pressure at the CMC (equal to γ0 – γCMC) and C20 is the equilibrium 

concentration of surfactant required to lower the surface tension by 20 mN/m. From equation (2) a 

reasonable approximation for Γm was obtained, 

𝛤 =
𝛱 − 20

2.3𝑅𝑇
∗

1

log (
𝐶𝑀𝐶
𝐶

)
 

(1) 

(2) 

(3) 
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Γm is a term that can be used to quantify surfactant adsorption effectiveness, effectiveness being the 

maximum change achievable105. Γm can be transformed by the following107, 

𝑎 =
1

𝐴 𝛤
 

to give an approximate surface area per molecule at the interface in units of Å2/molecule. This number is 

reported alongside Γm for its readily digestible and intuitive meaning.   

A measure of adsorption efficiency is the pC20 or negative log of the concentration required to 

reduce surface tension by 20 mN/m.  The ratio CMC/C20 is a useful term that helps quantify relative changes 

in surfactant micelle formation/adsorption efficiency108. An increase in this ratio between two conditions is 

indicative of micelle formation inhibition and/or adsorption facilitation while a decrease in the ratio is 

representative of micelle formation facilitation and/or adsorption inhibition. 

 Because of this work’s synthetic focus on stereochemical considerations, the primary comparisons 

made will be between diastereomers at equivalent conditions, i.e., same chain length, pH, and number of 

chains. Intragroup summaries will be attempted when feasible.  Interfacial values obtained here are 

compared with those from the seminal works by Compton51 and Palos42, respectively, for each compound. 

CMC values from this study are also compared with those from selected conventional surfactants. 

RESULTS AND DISCUSSION 

Interfacial Properties of Rha-C10 at pH 4 and pH 8 

Table 4.1 summarizes the interfacial parameters derived from the γ-log(C) plots for both 

diastereomers of Rha-10 (1a-b) at pH 4 (Figure 4.1) and pH 8 (Figure 4.2). 

 

 

 

(4) 
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Table 4.1 Summary of Interfacial Parameters for Rha-C10 and pH 4 and pH 8 

 

 

 

 

 

 

  This Study 

Sample pH CMC (mM) 
γCMC 

(mN/m) 
am (Å2/molec) Γm (mol/cm2) x 

1010 CMC/C20 pC20 

Rha-10  Nonionic 

R 4 3.21 ± 0.23 30.2 ± 0.20 61.2 ± 4.8 2.72 ± 0.21 25.3 ± 2.8 3.90 

S 4 6.96 ± 0.12 37.6 ± 1.1 89.0 ± 7.8 1.87 ± 0.15 22.4 ± 0.45 3.51 

  Anionic 

R 8 9.81 ± 0.56 40.5 ± 2.7 74.1 ± 22 2.25 ± 0.65 7.89 ± 1.2 2.90 

S 8 39.3 ± 1.2 42.6 ± 3.3 88.4 ± 35 1.89 ± 0.74 7.56 ± 1.2 2.28 

Figure 4.1. Surface tension versus concentration plot for nonionic (R)- and (S)-Rha-10 (1a & 1b) at pH 4. Each point represents 
an average of three trials. Error bars are given as the standard deviation of three trials for both surface tension and concentration. 
Where error bars are not visible, standard deviation is negligible or smaller than the size of the symbol. 
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At both pH 4 and 8, it is clear that (R)-Rha-10 has better performance in terms of both adsorption 

and micellization efficiency than (S)-Rha-10. This is attributed to the smaller molecular area of (R)-Rha-

10 at the interface, which can be better visualized in the energy minimized structures  shown in Figure 4.3. 

The carboxylic acid moiety of the S-Rha-10 headgroup protrudes and results in a much larger projected 

area whereas the carboxylic acid moiety for (R)-Rha-10 carboxylic acid is directed back along the molecular 

axis. The difference is most visible when the surfactants are viewed from the bottom. This increased area 

reduces packing efficiency both at the water surface and in the micelle and thus reduces the key surfactant 

performance metrics of (S)-Rha-10 relative to (R)-Rha-10 in both the neutral and anionic states. A detailed 

discussion of differences follows. 

Figure 4.2. Surface tension versus concentration for anionic (R)- and (S)-Rha-10 (1a & 1b) at pH 8. Each point represents an 
average of three trials. Error bars are given as the standard deviation of three trials for both surface tension and concentration. 
Where error bars are not visible, standard deviation is negligible or smaller than the size of the symbol. 
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At pH 4 at which these surfactants are in their nonionic form (Figure 4.1), (R)-Rha-C10 

and (S)-Rha-C10 have similar and relatively low CMC values; (S)-Rha-C10 has a CMC (6.96 ± 

0.12 mM) ~2.2 times greater than that of (R)-Rha-C10 (3.21 ± 0.23 mM), with both being on the 

order of 100 mM. The γCMC value is also lower for (R)-Rha-C10 (30.2 ± 0.20 mN/m) than for (S)-

Rha-C10 (37.6 ± 1.1 mN/m). As noted above, these differences can be attributed to the bulkier headgroup 

of (S)-Rha-C10. The adsorption surface excess is also greater for (R)-Rha-10 at saturation, and (R)-Rha-10 

has a surface area nearly 28 Å2/molecule smaller than (S)-Rha-10. (R)-Rha-10 is also more efficient at 

surface tension reduction and the surface tension is reduced by 20 mN/m with only 40% of the concentration 

required by (S)-Rha-10. It is hypothesized that this difference results from the protruding carboxylic group 

on (S)-Rha-10 that disfavors close-packed neighboring molecules. Finally, (R)-Rha-10 has a slightly larger 

CMC/C20 ratio further indicating its superior surface adsorption properties. 

Figure 4.3 MM2 energy minimizations for Rha-10 diastereomers with front, bottom, and back views as well as molecular drawings. 
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At pH 8, when these molecules are anionic (Figure 4.2), the CMC values for both (S)-Rha-C10 

and (R)-Rha-C10 are larger than their corresponding values for the nonionic forms at pH 4. (S)-Rha-C10 

has a CMC (39.3 ± 1.2 mM) that is 4 times that of (R)-Rha-C10 (9.81 ± 0.56 mM). Minimum surface 

tension values at pH 8 for (R)-Rha-C10 and (S)-Rha-C10 are similar at ~40-42 mN/m. The trends for 

adsorption effectiveness (Γm), molecular area (am), pC20, and CMC/C20 ratio mirror those of the nonionic 

state wherein (R)-Rha-10 demonstrates superior surfactant performance. However, it is interesting that in 

the anionic state, the difference between these metrics is not as large as that in the nonionic state. This is 

attributed to the formal negative charge on the headgroups at pH 8 which dominates their surfactant 

behavior. As a result, the surfactant efficacy metrics for the anionic forms are poorer than those of the 

nonionic forms for both diastereomers.  

 Between Rha-C10 charge states, all CMC values are on the order of 100 mM, except for that of 

(S)-Rha-C10 at pH 8 which has a slightly higher value of 39.3 ± 1.2 mM. The γCMC values increase from 

~30-37 mN/m in the neutral state to ~40-42 mN/m in the anionic state and pC20 values decrease by an order 

of magnitude in the anionic state. It is not surprising that the anionic charge negatively impacts surface 

tension reduction metrics, because charge repulsion of the headgroups leads to an increase in molecular 

area of the surfactant molecules at the interface. Interestingly, however, is that the Γm values are relatively 

unchanged between the nonionic and anionic states at surface saturation while the CMC/C20 values drop 

significantly from ~23 to ~7.5 in going from pH 4 to 8. These findings indicate that the protruding 

stereochemistry of the (S)-Rha-C10 headgroup influences adsorption effectiveness detrimentally, whereas 

(R)-Rha-10 adsorbs more effectively at the surface. The anionic state, however, has little effect on Γm but 

increases γCMC and decreases pC20 values. The decrease in CMC/C20 ratios in going from the nonionic to 

anionic form is likely due to inhibition of adsorption for the anionic surfactants. This is not surprising given 

that electrostatic interactions would be expected to play a greater role in air-water interface adsorption than 

in affecting micellization.108  

 



 
 

122

Interfacial Properties of Rha-C14 at pH 4 and pH 8 

Table 4.2 summarizes the interfacial parameters derived from the γ-log(C) plots for both 

diastereomers of Rha-C14 (2a-b) at pH 4 (Figure 4.4) and pH 8 (Figure 4.5). 

Table 4.2 Summary of Interfacial Parameters for Rha-C14 and pH 4 and pH 8 

 

 This Study 

Sample 
p
H 

CMC (mM) 
γCMC 

(mN/m) 
am (Å2/molec) Γm (mol/cm2) x 

1010 CMC/C20 pC20 

Rha-14  Nonionic 

R 4 0.206 ± 0.091 27.1 ± 0.15 33.7 ± 17 4.95 ± 2.5 7.66 ± 3.4 4.57 

S 4 0.0971 ± 0.0080 31.1 ± 0.19 49.4 ± 7.6 3.37 ± 0.52 12.2 ± 2.1 5.10 

  Anionic 

R 8 2.93 ± 0.41 30.0 ± 2.3 70.2 ± 12 2.37 ± 0.40 42.2 ± 8.9 4.16 

S 8 1.80 ± 0.0052 39.3 ± 2.2 106 ± 21 1.57 ± 0.32 26.5 ± 4.2 4.17 

Figure 4.4 Surface tension plot versus concentration for Rha-C14 (2a & 2b) at pH 4. Each point represents an average of three 
trials. Error bars are given as the standard deviation of three trials for both surface tension and concentration. Where error bars 
are not visible, standard deviation can be assumed to be zero. 
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Generalizations about the impact of stereochemistry of (R)- and (S)-Rha-C14 surfactants on 

interfacial properties is more complicated. The energy minimized structures of Rha-C14 (Figure 4.6), as 

with Rha-10, show that the (S)-Rha-C14 headgroup also has a protruding carboxylic acid moiety which 

increases interfacial headgroup area. This observation is supported by experimental am values in both the 

nonionic and anionic states. Despite this similarity, (R)-Rha-C14 does not consistently show superior 

surfactant performance relative to (S)-Rha-C14 as observed for the Rha-C10 systems. (R)- and (S)-Rha-

C14 appear to have opposite performance with respect to micellization and interfacial adsorption, and some 

observations are not accounted for by a simplistic picture of the bulkier headgroup of (S)-Rha-C14. 

Figure 4.5 Surface tension plot versus concentration for Rha-C14 (2a & 2b) at pH 8. Each point represents an average of three 
trials. Error bars are given as the standard deviation of three trials for both surface tension and concentration. Where error bars 
are not visible, standard deviation can be assumed to be zero. 
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Importantly, however, CMC values, γCMC, and pC20 show that the Rha-C14 systems are better surfactants 

than the Rha-C10 at equivalent charge states; this is expected given the increased tail length.  

 

 

 

 

 

 

 

 

 

(R)-Rha-C14 exhibits CMC values that are about twice as large as those of (S)-Rha-14 at both pH 

values; this trend is reversed from that observed for Rha-C10. A satisfactory molecular-level explanation 

for this change is not immediately evident with the data in hand; however, at pH 4 in the nonionic state, the 

difference in CMC between diastereomers is only ~0.1 mM. Because micellization is governed by entropic 

contributions related to the hydrophobic portion of the molecules,108 the increased C14 chain length 

dominates the observed behavior and diminishes the importance of the headgroup properties in micelle 

formation. (R)-Rha-14 more efficiently adsorbs at the air-water interface giving slightly lower γCMC values 

and slightly greater Γm values than (S)-Rha-14 under both pH conditions. Interestingly, at pH 4, (R)-Rha-

C14 has a lower CMC/C20 ratio (~7.7 vs. ~12) which implies that its micellization is facilitated relative to 

Figure 4.6 MM2 energy minimizations for Rha-14 diastereomers with front, bottom, and back views as well as molecular 
drawings. 
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(S)-Rha-C14. At pH 8, however, the CMC/C20 for (R)-Rha-C14 is much larger (~42 vs ~26) indicating, 

along with lower γCMC and am values, that adsorption at the air-water interface is facilitated slightly more 

than for (S)-Rha-C14.  

The increase in chain length clearly results in superior surfactant performance for the Rha-C14 

systems compared to those of Rha-C10. The impact of Rha-C14 stereochemistry, however, is similar to 

that observed for Rha-C10, although differences exist.  This stereochemical influence likely arises from the 

increased dominance on interfacial behavior of the longer alkyl chain, especially in the micellization 

process. Both Rha-C10 and Rha-C14 have the same head group, but the elongated tail of Rha-C14 must 

result in a different monomer geometry within the micelle. A simplistic rationalization based on headgroup 

size is not sufficient and apolar-apolar interactions, tail coiling, and entropic penalties between 

diastereomers may all play a role in the observed differences. It is clear however, that in both charge states, 

(R)-Rha-14 stereochemistry results in improved adsorption effectiveness relative to (S)-Rha-14. This may 

be explained in the same way as for Rha-C10 in that (R)-Rha-C14 has a smaller headgroup area than (S)-

Rha-C14 and thus, exhibits better packing at the interface. Finally, as with Rha-C10, nonionic Rha-C14 

has, as expected, superior surfactant performance relative to the anionic form by all metrics.   

Interfacial Properties of Rha-C10-C10 at pH 4 and pH 8 

 Table 4.3 summarizes the interfacial parameters derived from the γ-log(C) plots for all 

diastereomers of Rha-C10-C10 (3a-d) at pH 4 (Figure 4.7) and pH 8 (Figure 4.8). 

When comparing the interfacial properties of single and dual-tail rhamnolipids, we find 

that, as expected, dual-tail monorhamnolipids exhibit superior surfactant performance in both 

micellization and adsorption. Indeed, many of the differences in response across the rhamnolipid 

product series can be explained by the increasing hydrophobicity from Rha-10 to Rha-14 to Rha-

10,10. At pH 4, CMC values are on the order of 100 mM, 10-1 mM, and 10-2 mM for Rha-10, Rha- 

 



 
 

126

Table 4.3 Summary of Interfacial Parameters for Rha-C10-C10 and pH 4 and pH 8 

 

 

 

 

  This Study 
Sample pH CMC (µM) γCMC (mN/m) am (Å2/molec) Γm (mol/cm2) x 1010 CMC/C20 pC20 

Rha-10, 10  Nonionic 
R,R 4 50.1 ± 2.1 25.7 ± 0.12 39.1 ± 1.5 4.26 ± 0.17 12.2 ± 0.52 5.39 
R,S 4 78.0 ± 4.3 25.3 ± 0.11 44.9 ± 2.0 3.71 ± 0.16 18.3 ± 1.0 5.37 
S,R 4 28.3 ± 6.8 25.5 ± 0.04 49.2 ± 8.7 3.38 ± 0.59 23.6 ± 5.7 5.92 
S,S 4 39.4 ± 0.95 25.4 ± 0.03 43.9 ± 0.86 3.80 ± 0.074 16.8 ± 0.41 5.63 

  Anionic 
R,R 8 1360 ± 27 30.2 ± 0.23 96.8 ± 1.4 1.72 ± 0.024 166 ± 3.4 5.08 
R,S 8 1510 ± 20 31.0 ± 1.4 79.5 ± 8.1 2.10 ± 0.21 57.2 ± 7.8 4.58 
S,R 8 1050 ± 18 30.5 ± 0.51 61.2 ± 1.6 2.73 ± 0.072 24.4 ± 0.41 4.37 
S,S 8 1460 ± 26 30.2 ± 0.23 79.7 ± 1.1 2.09 ± 0.030 67.2 ± 1.2 4.66 

Figure 4.7 Surface tension plot versus concentration for Rha-C10-C10 (3a – 3d) at pH 4. Each point represents an average of 
three trials. Error bars are given as the standard deviation of three trials for both surface tension and concentration. Where error 
bars are not visible, standard deviation is zero. 



 
 

127

 

 

 

 

14, and Rha-10,10, respectively. This trend illustrates a direct correlation between micellization 

and hydrophobic character and is not surprising. Furthermore, the CMC values for Rha-10,10 at 

pH 4 agree with those obtained in previous studies by Palos42 from this lab. For adsorption metrics, 

γCMC decreases across these three samples: Rha-10 (~30-38 mN), Rha-14 (~27-31 mN/m), and 

Rha-10,10 (~25-26 mN/m) and the decrease in minimum surface tension also follows the 

decreasing area per molecule (am): Rha-10 (~61-89 Å2/molec.), Rha-14 (~34-49 Å2/molec.), and 

Rha-10,10 (~39-49 Å2/molec.). It is clear, then, that increasing hydrophobicity not only facilitates 

Figure 4.8 Surface tension plot versus concentration for Rha-C10-C10 (3a – 3d) at pH 8. Each point represents an average of 
three trials. Error bars are given as the standard deviation of three trials for both surface tension and concentration. Where error 
bars are not visible, standard deviation is zero. 
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micellization processes but also improves surface activity. The increased hydrophobic nature 

promotes micellization because entropic penalties from polar-apolar interactions are minimized in 

when the aliphatic tails aggregate in the micelle center and thus micelle formation is favored. On 

the other hand, the increased surface activity is indicative of the molecules’ increasingly 

perpendicular orientation with respect to the interface with increased hydrophobicity. The result is 

a smaller cross sectional area and adsorption effectiveness and efficiency are increased. This 

suggests that the increased hydrophobicity promotes interfacial adsorption via increased packing 

at the interface. 

One interesting observation is that at pH 4, Rha-14 and Rha-10,10 have some metrics with 

close or overlapping ranges, including γCMC, am, and Γm. This may suggest that the extra 4 carbons, 

and the second tail (relative to Rha-10) seem to confer nearly equivalent improvements in 

adsorption effectiveness, albeit the Rha-10,10 does have some advantage. In terms of adsorption 

efficiency, however, the increase in pC20 from Rha-10 to Rha-14 to Rha-10,10 is striking. There 

is a nearly ten-fold decrease in the surfactant concentration required to cause a 20 mN/m drop in 

surface tension between each of the compounds. The increase in dispersion forces and other 

attractive forces between surfactant tails gives superior advantage in adsorption efficiency and the 

ability of the surfactant to disrupt the water lattice at the interface. 

At pH 8, similar trends to the above are observed. Of course, Rha-10,10 has poorer 

surfactant performance in its anionic state than its neutral state, but it also out-performs anionic 

Rha-10 and Rha-14. The decrease in CMC with increasing hydrophobic character is not as severe 

at pH 8: Rha-10 (~10-39 mM), Rha-14 (~1.8-2.9 mM), and Rha-10,10 (~1-1.5 mM), but Rha-10 

is significantly poorer in micellization in the anionic state than the other compounds. This makes 

sense given the greater charge-to-volume ratio for Rha-10. The γCMC values also fall across the 
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series: Rha-10 (~40-43 mN/m), Rha-14 (~30-39 mN/m), and Rha-10,10 (~30-31 mN/m); likely 

for similar reasons for the decrease at pH 4. What is interesting, however, is that the adsorption 

effectiveness trend seems to be disrupted at pH 8 where all three compounds’ Γm ranges overlap. 

This finding shows that charge repulsions are more important than hydrophobic character and limit 

the maximal adsorption at the interface. Despite this, adsorption efficiency (pC20) increases 

prominently with increasing hydrophobicity like in the neutral state.  

Overall, it can be said that the additional aliphatic tail confers superior surfactant properties 

to monorhamnolipid regardless of protonation state in terms of both micellization and adsorption. 

Micellization is governed by the entropic contributions of burying the tail in the micelle center and 

it is not surprising that CMC values consistently fall at both pH values with increasing hydrophobic 

character. For adsorption, monorhamnolipid hydrophobicity dominates efficiency metrics 

regardless of charge state (increased hydrophobicity confers significant adsorption efficiency) 

while adsorption effectiveness is limited by charge repulsion in the anionic state. The Rha-C10-C10 

diastereomers give extremely well-behaved surface tensiometry behavior as demonstrated by the 

exceptionally well-defined curve shapes and low standard deviations. This, along with very low CMC  and 

γCMC values relative to the single-tail compounds, speak to the superior surfactant performance achieved by 

addition of the second tail. This result is not surprising given the increase in hydrophobic character, but it 

is clear that the addition of a second tail confers more severe surfactant advantages than elongation of a 

single tail by four methylene units.  

Determining the impact of stereochemistry on the interfacial properties, however, is more 

complicated for Rha-C10-C10 and is further exacerbated by the doubling of stereoisomers. Indeed, upon 

first inspection, the stereochemistry of Rha-10,10 seems to have little effect on surface tension reduction, 

as all four diastereomers give nearly identical γCMC values to one another at both pH values. Closer 

inspection of interfacial parameters and energy minimized structures is required.  
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Figure 4.9 MM2 energy minimized structures for Rha-C10-C10 diastereomers with front, bottom, and back views as well as 
molecular drawings. 
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Figure 4.9 shows several views of the energy minimized nonionic Rha-C10-C10 diastereomer  

structures. Drawing from a previous MD study jointly from this and the Schwartz lab109, the area per 

molecule used was 0.80 nm2 because this was the area found when the most probable surface concentration 

occurs in both anionic and neutral states. Furthermore, the molecular configuration was constrained110 such 

that the carboxylic acid moieties would participate in the headgroup and the tails would be oriented on the 

same side of molecule. This constraint is derived from the monorhamnolipid structures obtained in MD 

simulations aforementioned. By constraining the carboxylic acid group in this way, the aliphatic tails 

become parallel or nearly parallel and the stabilizing hydrophobic interactions between them are 

maximized. With these constraints, an MM2 force field to a gradient of 0.005 was applied to achieve the 

energy minimized structures given in Figure 4.9. These energy minimized structures can be compared to 

the structures given by MD simulation to confirm their realism. In the Munusamy et al. study109, only the 

natural product was simulated ((R,R)-Rha-10,10) but the results still speak generally about the structural 

restraints required by monorhamnolipid at the interface. Four major confirmations were discovered to exist 

for native monorhamnolipid. The MD study showed that native monorhamnolipid, dependent upon its 

charge state, would predominantly occupy one of two closed confirmations (neutral) or one of two open 

confirmations (anionic). Open and closed refer to the relative spacing between the two carbon chains and 

is measured by the intramolecular distance between the carboxylic group and the rhamnose group. All four 

confirmations had the carboxylic acid moiety associated with the headgroup while the aliphatic chains were 

directed away from the headgroup and were on the same side of the molecule and nearly in the same 

direction – just as in the constraints imposed in the energy minimization above. The anionic surfactant 

likely adopts the open confirmations to spread the negative charge across a greater molecular volume while 

the neutral surfactant adopts closed confirmations to maximize stabilizing hydrophobic interactions 

between the tails. The difference in interfacial confirmation also provides structural evidence for the 

difference in surfactant performance between the two charge states. The MD determined structures form 

the basis for the selection of constraints in the energy minimized structures and our discussion proceeds 
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from the assumption that all four diastereomers will require the same constraints as the native 

monorhamnolipid. 

From Figure 4.9, it appears that (as with the single chains) the R stereochemistry leads to 

contraction of the headgroup while S stereochemistry expands the head group size. Specifically, (R,R)-

Rha-C10-C10 exhibits a structure in which the sugar is less exposed with the tails in close proximity to 

each other resulting in an overall compact structure. (R,S)-Rha-C10-C10, on the other hand, exhibits a slight 

elongation of the headgroup which increases the distance between the two tails. (S,R)-Rha-C10-C10 has its 

sugar group rotated away from the chains, thereby increasing head group size, but the tails are in close 

proximity. Finally, (S,S)-Rha-C10-C10 has both the sugar rotated outward and an elongated headgroup 

shape leading to greater separation between tails and an overall less compact structure.  From these 

structures it is seen that the inner tail stereochemistry determines if the sugar will be less exposed as in (R) 

or rotated outward as in (S), while the outer tail stereochemistry determines if the tails will be in close 

proximity as in (R) or farther apart as in (S). Experimental data from non-ionic (R,R)-Rha-C10-C10 

compared to that of non-ionic (R,S)-Rha-C10-C10 (Table 4.3) confirm the expectation that the (S) 

configuration at the outer tail increases molecular area and thereby decreases adsorption effectiveness. 

Furthermore, the CMC/C20 for nonionic (R,R)-Rha-C10-C10 is the lower than that for (R, S)- indicating 

that micellization is facilitated; nonionic (R,R)- has a correspondingly lower CMC value by ~20 µM.  

 Between (R,S)-Rha-C10-C10 and (S,R)-Rha-C10-C10 in the nonionic state, the outward rotated 

sugar decreases adsorption effectiveness, but improves micellization. In fact, nonionic (S,R)-Rha-C10-C10 

has the lowest CMC and largest pC20 of all diastereomers and also has the largest experimental molecular 

area (am). (S,R)-Rha-C10-C10 rapidly saturates the interface and at lower concentrations (relative to other 

diastereomers) begins to form micelles. In the case of (S,S)-Rha-C10-C10 however, the CMC is raised 

while the molecular area is decreased. This can be explained by close inspection of the energy minimized 

structures. Both (S,R)-Rha-C10-C10 and (S,S)-Rha-C10-C10 have sugars that are rotated outward, but 

significant differences in tails orientation; the former has closely associated tails while the latter does not. 
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In the case of (S,R)-Rha-C10-C10, because the tails are closely associated, the outward rotated sugar serves 

to give the molecule a boot shape, while for (S,S)-Rha-C10-C10, the molecule has more of a V shape that 

narrows at the elongated headgroup, thereby decreasing molecular area at the surface. It should be noted, 

however, that the pronounced difference in tail spacing seen in the energy minimized structures may not be 

as severe at the interface.  

Despite these differences between diastereomer behavior in the nonionic state, the important 

metrics of CMC and γCMC are generally quite similar. This implies that differences in effectiveness and 

efficiency could be exploited to fine-tune performance for specialty surfactant applications, but that for 

general-use cases such as consumer cosmetics, the stereochemical configuration of Rha-C10-C10 does not 

have deeply pronounced effects on performance.  

At pH 8, (Figure 4.8) CMC values of the anionic Rha-C10-C10 increase by two orders of 

magnitude relative to the nonionic forms, and γCMC values increase by ~5 mN/m. As is the case with the 

nonionic state, the γCMC values of the anionic species are relatively unimpacted by stereochemistry. Also 

like the nonionic state, anionic (S,R)-Rha-C10-C10 gives the lowest CMC and am values compared to the 

other diastereomers, which may be for reasons similar to those offered above. Interestingly, however, in 

the anionic state, (R,R)-Rha-C10-C10 has the largest am and consequently is the least effective adsorber. 

Furthermore, the CMC/C20 value for (R,R)-Rha-C10-C10 is very large at ~166 indicating severe inhibition 

of micellization. One possible reason for this behavior is that (R,R)-Rha-10,10 is the most contracted 

structure. As a result the charge-to-radius ratio, also known as the ionic potential, of (R,R)-Rha-C10-C10 

is the greatest which increases charge repulsion, and hence, molecular area at the surface, decreases surface 

excess, and inhibits micelle formation. All of the experimental parameters from the surface tensiometry for 

(R,S)-Rha-10,10 and (S,S)-Rha-10,10 are similar in value indicating the importance of the anionic charge 

in dictating the surfactant performance of these materials.   
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Comparison of Rhamnolipid CMC Values to Conventional Surfactants 

CMC values for common conventional surfactants of similar chain length were collected111 

and tabulated (Table 4.4) for comparison with the results presented here. For anionic sodium 

sulfate surfactants of 10, 12, and 14 carbons, CMC values range from 2 – 33 mM. For linear 

alkylbenzene sulfonates of C10 and C14, CMC values range from 0.7 – 15 mM. In contrast, anionic 

(R)-Rha-C10 (pH 8) outperforms these conventional surfactants of similar chain length while (S)-

Rha-C10 either matches or exhibits a slightly larger CMC value. Anionic Rha-14 has a CMC value 

similar to or slightly larger than the CMC of conventional anionic surfactants of the same chain 

length. Anionic Rha-C10-C10 matches or outperforms conventional anionic surfactants based on 

CMC values.   

Rhamnolipid surfactants in the nonionic state generally out-perform conventional 

surfactants. As for non-ionic surfactants, polyethoxylated surfactants containing 6 polyethylene 

oxide groups with C10 and C14 have CMC values ranging from 0.01 – 0.90 mM. Decyl and 

dodecyl β-D-glucosides have CMC values of 2.2 and 0.19 mM, respectively. Both diastereomers 

of nonionic Rha-C10 and Rha-C14 exhibit CMC values that are on the same order of magnitude 

as these conventional nonionic surfactants of the same chain length. Nonionic Rha-C10-C10, 

however, significantly out-performs all of the conventional surfactants listed. 

Table 4.4 CMC Values for Conventional Surfactants 

Sample111 
Temperature 

(°C) 
CMC (mM) MW (g/mol) 

Anionic    
Sodium decyl sulfate 25 33 260.3 

Sodium dodecyl sulfate (SDS) 25 8.2 288.3 
Sodium tetradecyl sulfate 25 2.05 316.4 

C10 LAS 50 14.7 320.4 
C14 LAS Unk 0.664 376.5 
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Nonionic    
Decyl oxyethylene (POE6) 25 0.90 422.6 

Tetradecyl oxyethylene (POE6) 25 0.01 478.7 
Decyl β-D-Glucoside 25 2.2 320.4 

Dodecyl β-D-Glucoside 25 0.19 348.5 
Cationic    

Decyl trimethylammonium chloride 25 61.1 235.8 
Tetradecyl trimethylammonium chloride 25 4.47 292.0 

 

CONCLUSIONS 

From this study, it is concluded that increasing hydrophobicity decreases the relative impact of 

stereochemistry on surfactant performance. Although there are distinguishable differences between 

diastereomers of Rha-C14 and Rha-C10-C10, respectively, the differences become smaller as 

hydrophobicity is increased. Generally, however, the R configuration at the rhamnolipid carbinol position 

leads to headgroup contraction with increased surfactant performance at the air-water interface. This is best 

demonstrated by comparison of molecular areas between diastereomers for each condition. The addition of 

the second chiral position in Rha-C10-C10 causes a somewhat more complicated response, but structure-

performance relationships are still rationalized. 

For the shortest tail, Rha-C10, the R diastereomer is far superior and the contracted R 

stereochemistry gives consistently better performance for all interfacial parameters at both pH values. For 

Rha-C14, most interfacial parameters are governed by the same trend; however, CMC values are slightly 

higher for the R diastereomer at both pH values, which may evidence more complex micellization behavior 

due to the influence of the longer tail on monomer geometry. Finally, for Rha-C10-C10, stereochemistry at 

the inner tail influences the position of the sugar. R stereochemistry at the inner tail results in a more 

contracted conformation, whereas S stereochemistry at the inner tail results in an outward rotated sugar 

group conformation and an expansion of the headgroup. Stereochemistry at the outer tail determines the 

relative distance between the two hydrophobic tails. Again, R gives a contracted structure and S is 

expanded. Although these stereochemical differences are manifested in the interfacial properties of the 
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various diastereomers, the important parameters CMC and γCMC  remain fairly tightly distributed in the case 

of the former and nearly unchanged in the case of the latter between diastereomers at a given pH.  

Interestingly, the charge state does appreciably influence the relative effect of stereochemistry on 

performance response for Rha-C10-C10 diastereomers. Nonionic (R,R)-Rha-C10-C10 shows superior 

surfactant performance due to its contracted area, whereas in the anionic form it exhibits significantly 

poorer surfactant performance (largest CMC and am) due to its large ionic potential.   

More generally, increased hydrophobicity in going from Rha-C10 to Rha-C14 to Rha-C10-C10 

leads to improved surfactant performance both in terms of CMC and γCMC values. Rha-C10-C10 exhibits 

CMC values two orders of magnitude lower than those for Rha-C10 and one order of magnitude lower than 

Rha-C14. The γCMC value for Rha-C10-C10 is also significantly lower than that of the other surfactants 

types. These findings are generally anticipated from the well-established relationship between CMC and 

hydrophobicity.   

 

EXPERIMENTAL 

Surface tensiometry (γ) measurements were made using a Pt:Ir du Noüy ring on a Biolin Scientific 

Sigma 700 automatic tensiometer. All solutions were made using water purified by a Milli-Q-UV system 

(Millipore) to a resistivity of 18.2 MΩ and a total organic carbon content ≤6 ppb. Water purity and 

instrument calibration were confirmed before each CMC trial by ensuring γ values measured for pure water 

were between 71-72 mN/m. All rhamnolipid sample containers were made from Teflon to prevent 

adsorption. All containers were thoroughly washed with soap and water, methanol, and acetone before use 

and were dried using pressurized N2.  

Samples for compounds 1a-2b were prepared by massing pure products into clean Teflon vials and 

diluting appropriately with Milli-Q water. To ensure complete dissolution, the rhamnolipid solutions were 

sonicated with heat (~40° C) for 25 min and were then adjusted to either pH 4 or 8 as needed.  Samples 
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were prepared as above for each trial run using pure product. Samples for compounds 3a-3d were prepared 

by creating a concentrated stock solution for each compound, appropriately diluting, and subsequently 

adjusting the pH for each trial run. This was necessary because of the high viscosity of the Rha-C10-C10 

products. Rhamnolipid trial solutions adjusted for pH were allowed to equilibrate while stirring for a 

minimum of 12 h. Solutions were filtered after equilibration through an Acrodisc 25 mm syringe filter with 

0.45 µm pore size (Supor membrane) and allowed to equilibrate an additional 3 h minimum. Solutions used 

to adjust the sample pH were either 1 M HCl or 1.25 M NaOH. The HCl and NaOH solutions were made 

by diluting concentrated 12 M HCl (Macron Fine Chemicals) and dissolving solid NaOH (Sigma-Aldrich, 

≥97%) into Milli-Q water, respectively. The diluted solutions of 1 M HCl or 1.25 M NaOH were then 

filtered through Acrodisc 25 mm syringe filter with 0.45 µm pore size (Supor membrane) prior to use. 

Rhamnolipid solutions (10 mL) were transferred to a clean Teflon cell for tensiometry 

measurements. Surface tension measurements were first made at high concentration and the sample solution 

was diluted using two Titronic Universal automatic dosing pumps. Milli-Q water adjusted to the correct pH 

was used to make incremental dilutions. This was repeated many times by the automated instrument to 

cover the desired range of solution concentrations. Between each surface tension measurement, the solution 

was stirred for 6 min and allowed to rest for 6 min to equilibrate. For each dilution, subsequent surface 

tension measurements were taken until three values were obtained with a maximum deviation of 0.2 mN/m. 

Instrument parameters were inputted to dictate the initial concentration, the desired endpoint concentration, 

and the number of points per concentration decade.  

CMC values were determined by linear regression of the two regions near the flattening of the 

surface tension vs. concentration curve38. These two linear regions are simply described by 

𝑦 = 𝑚 𝑙𝑛𝐶 + 𝑏 

and the CMC can be determined using,  

𝐶𝑀𝐶 =  𝑒
( )

( ) 

(5) 

(6) 
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Figure 4.10 gives an example of this method.  

 

 

 

 

 

 

 

 

 

 

 

Careful attention was given to the selection of each linear region to provide consistency between trials and 

samples. Additionally, R2 values were determined for each regression performed to ensure good statistical 

linearity (R2 > 0.98). For each compound, three independently prepared samples were measured, and the 

above method was performed for each surface tension plot to give CMC values as averages with standard 

deviations.  

 Finally, energy minimized structures were calculated using an MM2 method in Chem3D 

software. The molecules were constrained such that the lipid tails would be linear and directed 

away from the sugar head group.  

Figure 4.10 Graphical method for the determination of CMC of a real surface tension plot (average values) for (S)-Rha-C14 
at pH 4. 
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Chapter 5 

Conclusions and Future Directions 

 The work presented herein establishes a route for the large-scale, high yield, and high 

diastereomeric purity production of single-tail and dual-tail monorhamnolipids of various chain lengths. 

Lipase B from Candida antarctica (CALB) in an immobilized resin formulation (product name Novozym® 

435, N435) was used for the kinetic resolution of ester protected 3-hydroxyalkanoates, and the enantiopure 

tails were subsequently used as starting materials in already-established synthetic methodologies for 

rhamnolipid production42,51. The interfacial properties of diastereomerically pure rhamnolipid 

diastereomers were studied using surface tensiometry with a du Noüy ring to determine CMC and γCMC.   

First, it was found that a Reformatsky condensation for the production of methyl ester 3-

hydroxyalkanoates (C6-C14) was most effective using sonication activation. This was opposed to the 

reported77 reflux method; sonication improved the methodology in terms of yield, scalability, ease, and 

safety. Next, when subjecting ester-protected 3-hydroxyalkanoates to N435, it was found that a benzyl ester 

protection of the carboxylic acid did not permit effective conversion to the acetoxy product. Methyl ester 

protection, however, did give suitable conversion yields. The inability of N435 to convert the benzyl 

protected hydroxy acid can be rationalized by the structure of the lipase active site. A so-called “medium” 

binding pocket has difficulty incorporating a protecting group the size of benzyl. Methyl ester 3-

hydroxyalkanoates (C10 and C14) were subjected to various kinetic resolution conditions with variables 

studied including temperature, time, solvent, amount of N435, and addition methodology. It was found that 

optimal conversion was achieved for reactions at 35-40 °C over a 48 h period in a solvent mixture of 9:1 

toluene:vinyl acetate (acyl donor) with a 1:1 molar ratio of substrate to vinyl acetate and a 1:1 w/w ratio of 

substrate to N435. These conditions were used to resolve up to 2 g of methyl 3-hydroxyalkanoate substrate 

at once with E-values of 65 (C10) and 68 (C14). Batch addition methodologies were explored wherein 

simple addition of new substrate to the reaction mixture after 48 h provided means for the facile conversion 
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of up to 6 g of substrate for only a single gram of N435 resin. Finally, iterative kinetic resolutions using the 

above conditions for already enantio-enriched substrates was a means to obtain extremely high 

enantiomeric purity products.  

The CALB-catalyzed transesterification at the methyl 3-hydroxalkanoate sec-alcohol position was 

found to proceed in a stereoselective manner. The first indication of this was the observed resistance of 

kinetic resolution reactions to exceed 50% conversion. Polarimetry of the post-resolved substrate confirmed 

that it was optically active and enriched in the R-enantiomer. This finding is consistent with Kazlauzkas’ 

empirical rule for lipase enantioselectivity67. The stereochemical assignment of resolved products was 

additionally confirmed by comparison of the anomeric carbon signals in 13C NMR of the glycosylated 

products with those of spectra obtained in the work of Compton et al. Percent conversion for enzyme 

catalyzed resolutions was conveniently monitored by 1H NMR. Similarly, enantiomeric excess of post-

resolved products was determined using an NMR method with an added chiral lanthanide shift-reagent. 

Resolved products were funneled into existing synthetic methodologies for the production of 

monorhamnolipids. Notably, peracetylated rhamnose and enantiopure ester 3-hydroxyalkanoates were used 

in the seminal glycosylation step41 in the presence of the minimally competent Lewis acid Bi(OTf)3. As 

opposed to the already reported syntheses, this step provided protected glycosylation products as pure 

diastereomers, thus eliminating the tedious, unreliable, and solvent intensive chromatographic diastereomer 

separation.  

Finally, the interfacial properties of target compounds 1-3 were studied using a du Noüy ring 

surface tensiometry method to generate surface tension versus concentration plots in aqueous solutions of 

either pH 4 or 8. (R)-Rha-C10 was the superior surfactant with lower CMC and γCMC values than (S)-Rha-

C10 at both pH levels; comparisons with the work of Compton51 further confirm this finding. (S)-Rha-C14 

had lower CMC values but higher γCMC values at both pH levels. Compton’s work showed the R 

diastereomer to have lower CMC and γCMC at both pH levels. Finally, for Rha-C10-C10, CMC values were 

10-2 mM at pH 4 and 100 mM at pH 8. The (S,R)-Rha-C10-C10 diastereomer gave the lowest CMC at both 
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pH levels followed by either (R,R)- or (S,S)-Rha-C10-C10 with (R,S)-Rha-C10-C10 giving the highest 

CMC values at both pH levels. The γCMC values were quite consistent among Rha-C10-C10 diastereomers 

at ~25 mN/m (nonionic) and ~30 mN/m (anionic). Finally, comparison of the measured CMC values with 

those of conventional surfactants of various chain lengths shows that diastereomerically pure biosurfactants 

1-3 have CMC values on the same order of magnitude or better than those of the conventional surfactants. 

It was found that for all compounds, the CMC and γCMC values increase in the anionic state versus 

the nonionic state. This is not surprising given that intermolecular repulsion and the area of the surfactant 

molecule are expected to increase in the anionic state. Increasing hydrophobic character, i.e., C10 vs C14 

vs C10-C10, generally decreases CMC and γCMC values and increases surfactant performance at both values 

of pH. The decrease in CMC and γCMC values across the three surfactant products was most dramatic in the 

nonionic state. The effect of stereochemistry was of special interest, and it was seen that the R configuration 

generally had a contracting effect on the headgroup while the S configuration resulted in the opposite. This 

was confirmed by both experimental data from γ-log(C) plots as well as energy minimized structures for 

all products 1-3. The impact of the contraction for R diastereomers is that surfactant performance iss usually 

improved relative to S, especially adsorption effectiveness and efficiency.  

The impact of stereochemistry in the Rha-C10-C10 products was more complex given the 

additional chiral position. The inner tail stereochemistry was found to govern head group size while the 

outer tail stereochemistry was found to govern tail separation. As with the single tails, R configuration had 

a contracting effect while S configuration had an expanding effect for both chiral positions. For both single 

and double-tail products contracted headgroups generally improved adsorption effectiveness and 

efficiency. The effect of stereochemistry on micellization was less obvious. Micellization is a process 

driven by entropy and surfactant hydrophobicity and steric considerations play crucial roles. The 

stereochemistry generally influences headgroup shape/size more than the structure of the lipid tails. 

The present work establishes a facile method with improved green indices for the production of 

diastereomerically pure rhamnolipids. This method was demonstrated to be suitable for tails of variable 
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chain length and therefore allows some tunability of resulting surfactant properties. As demonstrated by the 

interfacial studies, chain length and optical orientation can have a pronounced effect on surfactant 

performance. In the pursuit of rhamnolipid surfactants that can compete with conventional surfactants, their 

controlled synthesis at preparative scale reported here is a major advance. Although the present work 

represents an industrially-relevant method which is both facile and cost-effective, there are still some 

elements which could be improved and could serve as the basis of future work.  

One key future direction is the exploration of dynamic kinetic resolutions (DKR) for the production 

of single enantiomer products. Dynamic kinetic resolutions are identical to kinetic resolutions in terms of 

scheme, but a racemization catalyst is also present which continually supplies the enzyme’s preferred 

substrate and results in the conversion of a racemic substrate into a single enantiomer product. In the case 

of the CALB-catalyzed esterification, a DKR would, ideally, provide 100% conversion to the S-acetoxy 

product. First, a suitable racemization catalyst would need to be identified; these catalysts are typically 

metal complexes of Ru (most common), Pd, V, or Rh112. Some are commercially available or synthetically 

accessible and have been optimized for racemization of secondary alcohols. One such complex is the Shvo 

catalyst (available from Sigma-Aldrich), a diruthenium complex which upon thermal degradation in toluene 

produces two Ru complexes, one of which racemizes secondary alcohols through a ketone 

intermediate113,114. Although a suitable racemization catalyst is suggested, optimization is necessary given 

the requirements for a DKR given by Verho et al.115: the enzyme and racemization catalyst must be 

compatible, the rate of racemization should be 10x the rate of transesterification, and the product should 

not interact with the racemization catalyst. Next, to achieve DKR for both enantiomers, an enantio-

complementary enzyme should be identified which has an enantiopreference opposite that of CALB. One 

suitable candidate is subtilisin, a protease obtained from Bacillus subtilis. Subtilisin is interesting, because 

it has a different fold structure than CALB and a different native substrate (proteins versus fatty acids) and 

yet features the same ser-his-asp catalytic triad116 that can catalyze transesterification in non-aqueous media 

in the CALB active site. The subtilisin active site, however, is the mirror image (structurally) of the lipase 
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active site and has already been shown to catalyze reactions enantio-complementary to CALB117. An 

optimized racemization catalyst-enzyme system for each enantiomer of ester 3-hydroxyalkanoates would, 

in theory, provide access to nearly quantitative conversion of the synthesized racemate to either enantiomer 

of choice. This would be an even greater advance in the green methodology for rhamnolipid production, 

because it would eliminate the chromatographic step required to separate resolved kinetic resolution 

products as reported here. Utilization of the optimized reaction conditions for the systematic KR or DKR 

of methyl 3-hydroxyalkanoates of various chain lengths, i.e., C6, C8, C12, etc., is recommended. 

Realization of the above investigations would carry the chemoenzymatic synthesis of diastereomerically 

pure rhamnolipids to new heights and would enable their rapid, facile, reliable, green synthesis, and truly 

tunable synthesis. 
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 APPENDIX: SUPPORTING SPECTRAL DATA 

 Figure A1. 1H NMR (500 MHz, CDCl
3
) of peracetylated rhamnose. 
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Figure A2. 13C NMR (126 MHz, CDCl3) of peracetylated rhamnose.  
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 Figure A3. 1H NMR (400 MHz, CDCl3) of benzyl 3-hydroxydecanoate (4).  
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 Figure A4. 13C NMR (101 MHz, CDCl3) of benzyl 3-hydroxydecanoate (4).  
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 Figure A5. 1H NMR (500 MHz, CDCl3) of benzyl (R)-3-hydroxydecanoate (R-4).  
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 Figure A6.
 
13C NMR (126 MHz, CDCl3) of benzyl (R)-3-hydroxydecanoate (R-4). 
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 Figure A7. 1H NMR (500 MHz, CDCl3) of benzyl (S)-3-hydroxydecanoate (S-4).  
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 Figure A8. 13C NMR (126 MHz, CDCl3) of benzyl (S)-3-hydroxydecanoate (S-4).  
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Figure A9. 1H NMR (400 MHz, CDCl3) of methyl 3-hydroxyhexanoate (5).  
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 Figure A10. 13C NMR (101 MHz, CDCl3) of methyl 3-hydroxyhexanoate (5).  
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 Figure A11. 1H NMR (400 MHz, CDCl3) of methyl 3-hydroxyoctanoate (6).  
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 Figure A12. 13C NMR (101 MHz, CDCl3) of methyl 3-hydroxyoctanoate (6).  
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 Figure A13. 1H NMR (600 MHz, CDCl3) of methyl 3-hydroxydecanoate (7).  
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 Figure A14. 13C NMR (101 MHz, CDCl3) of methyl 3-hydroxydecanoate (7).  
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 Figure A15. 1H NMR (400 MHz, CDCl3) of methyl (R)-3-hydroxydecanoate (R-7).  
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 Figure A16. 13C NMR (101 MHz, CDCl3) of methyl (R)-3-hydroxydecanoate (R-7).  
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 Figure A17. 1H NMR (400 MHz, CDCl3) of methyl (S)-3-hydroxydecanoate (S-7).  
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 Figure A18. 13C NMR (101 MHz, CDCl3) of methyl (S)-3-hydroxydecanoate (S-7).  
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 Figure A19. 1H NMR (400 MHz, CDCl3) of methyl 3-hydroxydodecanoate (8).  
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 Figure A20. 13C NMR (101 MHz, CDCl3) of methyl 3-hydroxydodecanoate (8).  
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 Figure A21. 1H NMR (400 MHz, CDCl3) of methyl 3-hydroxytetradecanoate (9).  
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 Figure A22. 13C NMR (101 MHz, CDCl3) of methyl 3-hydroxytetradecanoate (9).  
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 Figure A23. 1H NMR (400 MHz, CDCl3) of methyl (R)-3-hydroxytetradecanoate (R-9).  
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 Figure A24. 13C NMR (101 MHz, CDCl3) of methyl (R)-3-hydroxytetradecanoate (R-9).  
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 Figure A25. 1H NMR (400 MHz, CDCl3) of methyl (S)-3-hydroxytetradecanoate (S-9).  
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 Figure A26. 13C NMR (101 MHz, CDCl3) of methyl (S)-3-hydroxytetradecanoate (S-9).  
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 Figure A27. 1H NMR (400 MHz, CDCl3) of benzyl (S)-3-acetoxydecanoate (10). 



 
 

171

 Figure A28. 13C NMR (101 MHz, CDCl3) of benzyl (S)-3-acetoxydecanoate (10). 
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 Figure A29. 1H NMR (400 MHz, CDCl3) of methyl 3-acetoxydecanoate (11). 
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 Figure A30. 13C NMR (101 MHz, CDCl3) of methyl 3-acetoxydecanoate (11). 
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 Figure A31. 1H NMR (400 MHz, CDCl3) of methyl (S)-3-acetoxydecanoate (S-11). 
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 Figure A32. 13C NMR (101 MHz, CDCl3) of methyl (S)-3-acetoxydecanoate (S-11). 
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 Figure A33. 1H NMR (400 MHz, CDCl3) of methyl (S)-3-acetoxytetradecanoate (12). 
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 Figure A34. 1H NMR (500 MHz, CDCl3) of methyl (R)-3-O-(2,3,4-Tri-O-acetyl-α-L-rhamnopyranosyl)decanoate (13). 
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 Figure A35. 13C NMR (101 MHz, CDCl3) of methyl (R)-3-O-(2,3,4-Tri-O-acetyl-α-L-rhamnopyranosyl)decanoate (13). 
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 Figure A36. 1H NMR (500 MHz, CDCl3) of methyl (S)-3-O-(2,3,4-Tri-O-acetyl-α-L-rhamnopyranosyl)decanoate (14). 
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 Figure A37. 13C NMR (126 MHz, CDCl3) of methyl (S)-3-O-(2,3,4-Tri-O-acetyl-α-L-rhamnopyranosyl)decanoate (14). 
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 Figure A38. 1H NMR (500 MHz, CDCl3) of methyl (R)-3-O-(2,3,4-Tri-O-acetyl-α-L-rhamnopyranosyl)tetradecanoate (15). 
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 Figure A39. 13C NMR (126 MHz, CDCl3) of methyl (R)-3-O-(2,3,4-Tri-O-acetyl-α-L-rhamnopyranosyl)tetradecanoate (15). 
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Figure A40. 1H NMR (500 MHz, CDCl3) of methyl (S)-3-O-(2,3,4-Tri-O-acetyl-α-L-rhamnopyranosyl)tetradecanoate (16). 
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 Figure A41. 13C NMR (126 MHz, CDCl3) of methyl (S)-3-O-(2,3,4-Tri-O-acetyl-α-L-rhamnopyranosyl)tetradecanoate (16). 
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 Figure A42. 1H NMR (500 MHz, MeOD) of (R)-3-O-(α-L-rhamnopyranosyl)decanoic acid (1a). 
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 Figure A43. 13C NMR (126 MHz, MeOD) of (R)-3-O-(α-L-rhamnopyranosyl)decanoic acid (1a). 
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Figure A44. 1H NMR (500 MHz, MeOD) of (S)-3-O-(α-L-rhamnopyranosyl)decanoic acid (1b). 
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 Figure A45. 13C NMR (126 MHz, MeOD) of (S)-3-O-(α-L-rhamnopyranosyl)decanoic acid (1b). 
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Figure A46. 1H NMR (500 MHz, MeOD) of (R)-3-O-(α-L-rhamnopyranosyl)tetradecanoic acid (2a). 
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 Figure A47. 13C NMR (126 MHz, MeOD) of (R)-3-O-(α-L-rhamnopyranosyl)tetradecanoic acid (2a). 
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 Figure A48. 1H NMR (500 MHz, MeOD) of (S)-3-O-(α-L-rhamnopyranosyl)tetradecanoic acid (2b). 
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 Figure A49. 13C NMR (126 MHz, MeOD) of (S)-3-O-(α-L-rhamnopyranosyl)tetradecanoic acid (2b). 
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 Figure A50. 1H NMR (500 MHz, MeOD) of benzyl (R)-3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)decanoate (17). 
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 Figure A51. 13C NMR (126 MHz, MeOD) of benzyl (R)-3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)decanoate (17). 
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 Figure A52. 1H NMR (500 MHz, CDCl3) of benzyl (S)-3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)decanoate (18). 
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 Figure A53. 13C NMR (126 MHz, CDCl3) of benzyl (S)-3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)decanoate (18). 
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 Figure A54. 1H NMR (500 MHz, CDCl3) of (R)-3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)decanoic acid (19). 
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 Figure A55. 13C NMR (126 MHz, CDCl3) of (R)-3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)decanoic acid (19). 
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 Figure A56. 1H NMR (500 MHz, CDCl3) of (S)-3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)decanoic acid (20). 
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 Figure A57. 13C NMR (126 MHz, CDCl3) of (S)-3-O-(2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl)decanoic acid (20). 
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Figure A58. 1H NMR (500 MHz, CDCl3) of benzyl (R)-3-O-[(R)-(3’-O-decyl)2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl]decanoate (21). 
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 Figure A59. 13C NMR (126 MHz, CDCl3) of benzyl (R)-3-O-[(R)-(3’-O-decyl)2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl]decanoate (21). 



 
 

203

 

Figure A60. 1H NMR (500 MHz, CDCl3) of benzyl (R)-3-O-[(S)-(3’-O-decyl)2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl]decanoate (22). 
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 Figure A61. 13C NMR (126 MHz, CDCl3) of benzyl (R)-3-O-[(S)-(3’-O-decyl)2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl]decanoate (22). 
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 Figure A62. 1H NMR (500 MHz, CDCl3) of benzyl (S)-3-O-[(R)-(3’-O-decyl)2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl]decanoate (23). 
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 Figure A63. 13C NMR (126 MHz, CDCl3) of benzyl (S)-3-O-[(R)-(3’-O-decyl)2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl]decanoate (23). 
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 Figure A64. 1H NMR (500 MHz, CDCl3) of benzyl (S)-3-O-[(S)-(3’-O-decyl)2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl]decanoate (24). 
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 Figure A65. 13C NMR (126 MHz, CDCl3) of benzyl (S)-3-O-[(S)-(3’-O-decyl)2,3,4-tri-O-acetyl-α-L-rhamnopyranosyl]decanoate (24). 
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 Figure A66. 1H NMR (500 MHz, CDCl3) of (R)-3-(((R)-3-[2,3,4-Tri-O-acetyl-α-L-rhamnopyranosyl]decanoyl)oxy)decanoic acid (25). 
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 Figure A67. 13C NMR (126 MHz, CDCl3) of (R)-3-(((R)-3-[2,3,4-Tri-O-acetyl-α-L-rhamnopyranosyl]decanoyl)oxy)decanoic acid (25). 
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 Figure A68. 1H NMR (500 MHz, CDCl3) of (R)-3-(((S)-3-[2,3,4-Tri-O-acetyl-α-L-rhamnopyranosyl]decanoyl)oxy)decanoic acid (26). 
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 Figure A69. 13C NMR (126 MHz, CDCl3) of (R)-3-(((S)-3-[2,3,4-Tri-O-acetyl-α-L-rhamnopyranosyl]decanoyl)oxy)decanoic acid (26). 
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Figure A70. 1H NMR (500 MHz, CDCl3) of (S)-3-(((R)-3-[2,3,4-Tri-O-acetyl-α-L-rhamnopyranosyl]decanoyl)oxy)decanoic acid (27). 
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 Figure A71. 13C NMR (126 MHz, CDCl3) of (S)-3-(((R)-3-[2,3,4-Tri-O-acetyl-α-L-rhamnopyranosyl]decanoyl)oxy)decanoic acid (27). 
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Figure A72. 1H NMR (500 MHz, CDCl3) of (S)-3-(((S)-3-[2,3,4-Tri-O-acetyl-α-L-rhamnopyranosyl]decanoyl)oxy)decanoic acid (28). 
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 Figure A73. 13C NMR (126 MHz, CDCl3) of (S)-3-(((S)-3-[2,3,4-Tri-O-acetyl-α-L-rhamnopyranosyl]decanoyl)oxy)decanoic acid (28). 
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Figure A74. 1H NMR (500 MHz, MeOD) of (R)-3-(((R)-3-[α-L-rhamnopyranosyl]decanoyl)oxy)decanoic acid (3a). 
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 Figure A75. 13C NMR (126 MHz, MeOD) of (R)-3-(((R)-3-[α-L-rhamnopyranosyl]decanoyl)oxy)decanoic acid (3a). 
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Figure A76. 1H NMR (500 MHz, MeOD) of (R)-3-(((S)-3-[α-L-rhamnopyranosyl]decanoyl)oxy)decanoic acid (3b). 
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 Figure A77. 13C NMR (126 MHz, MeOD) of (R)-3-(((S)-3-[α-L-rhamnopyranosyl]decanoyl)oxy)decanoic acid (3b). 
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 Figure A78. 1H NMR (500 MHz, MeOD) of (S)-3-(((R)-3-[α-L-rhamnopyranosyl]decanoyl)oxy)decanoic acid (3c). 
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Figure A79. 13C NMR (126 MHz, MeOD) of (S)-3-(((R)-3-[α-L-rhamnopyranosyl]decanoyl)oxy)decanoic acid (3c). 
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 Figure A80. 1H NMR (500 MHz, MeOD) of (S)-3-(((S)-3-[α-L-rhamnopyranosyl]decanoyl)oxy)decanoic acid (3d). 
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 Figure A81. 13C NMR (126 MHz, MeOD) of (S)-3-(((S)-3-[α-L-rhamnopyranosyl]decanoyl)oxy)decanoic acid (3d). 
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