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Abstract 

 

Lignans are a class of compounds found in plants, especially fiber-rich foods such as flax seeds, whole grains, 

berries and vegetables. A diet rich in lignans is believed to be protective against cancer, inflammation, viral 

infection, stroke, and cardiovascular diseases. Enterolactone, a mammalian lignan, has been investigated 

extensively due to its potential therapeutic properties. A variety of approaches to synthesize enterolactone 

have been reported. This account summarizes some of the biological studies and reported syntheses of 

enterolactone found in literature. 
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1. Introduction 
 

Lignans, a term coined by R. D. Haworth in 1936, are known to be present in a vast variety of plant families.1,2 

They are present in the roots, leaves, seeds, bark, and fruit of plants. Some examples of plants containing lignans 

are flax seed, sunflower seed, wheat, curly kale, garlic, French beans, apricots and more.3–11 The backbone of 

the lignan structure is two phenylpropane units, C6-C3, which are produced by plants through oxidative 

dimerization of two phenylpropanoid units.10,12 Enterolactone, the first lignan found present in the mammalian 

gut, has a chemical structure similar to estrogen. Because of this similarity, enterolactone acts like estrogen and 

is able to bind to its receptors. Although there are discrepancies in the literature, enterolactone is believed to 

possess some therapeutic benefits such as antitumor, anti-inflammatory, immunosuppressant, anti-oxidant, 

antiviral, antimicrobial, and anticancer properties.10,12 When lignans are consumed, they travel through the 

colon, where they are converted into enterolignans–enterolactone and enterodiol–with the help of the 

intestinal flora.13,14 Due to its potential therapeutic properties, the synthesis of enterolactone and its derivatives 

have attracted much attention. Many reviews have been written on enterolactone, however, the majority of 

these focused on the properties of enterolactone with few on its synthesis. Here, we outline both the medicinal 

properties of enterolactone and the various ways in which it has been synthesized.  

 

 

2. Biology Overview  
 

2.1. Conversion of lignans into enterolactone  

Early on, it was thought that enterolactone was produced only in female ovaries. This was because 

enterolactone levels vary in females during their menstrual cycle. However, later studies showed that 

enterolactone arises from the breakdown of plant lignans from fruits, grains, seeds, and vegetables by the gut 

microbiome, which is present in both males and females.15,16 Lignan-rich food ingested is converted into 
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enterolactone, which enters the bloodstream through the intestines and is later expelled from the body through 

urine and fecal matter.17,18 Much evidence has been put forward to demonstrate the involvement of bacteria in 

producing enterolactone. Alexon et al. reported that in a bacteria free environment, there was no secretion of 

enterolactone in the urine or bile of animals, demonstrating that bacteria in the gut flora are necessary for the 

breakdown of lignan.19  

The amount of enterolactone present in the body was highlighted in 1981 by Adlercreutz et al., who 

demonstrated a positive correlation between lignan intake and the amount of enterolactone present in urine. 

The study was conducted on four groups of women: young vegetarians, young omnivores (24–27 years old), old 

vegetarians and old omnivores (≥50 years old). The younger omnivore participants had similar fiber intake to 

that of the older omnivores, while the younger vegetarians had comparable fiber intake to that of the older 

vegetarian participants. It was found that younger vegetarians secreted more enterolactone in their urine, while 

younger omnivores have the lowest enterolactone secretion (5.0 mg/24 h vs 0.57 mg/24 h for young vegetarians 

and young omnivores, respectively, and 0.64 mg/24 h vs 0.88 mg/24 h for older vegetarians and omnivores, 

respectively).20 Interestingly, this also reveals that the older omnivores had more enterolactone excretion 

compared to that of the older vegetarians.20 Also, the amount of enterolactone present in urine decreases with 

age in females regardless of fiber intake. Furthermore, Wallström et al. found a positive correlation between 

age and the levels of enterolactone in Swedish men.21 Overall, these findings point out that the levels of 

enterolactone are dependent not only on the fiber intake but also on the age, sex, and possibly the geographical 

location of the participants. More studies need to be conducted to confirm these observations and find possible 

reasons behind these differences.  

 

2.2. Enterolactone interactions and therapeutic potential 

As previously mentioned, the similarity of enterolactone to estrogen allows it to bind weakly to estrogen 

receptors and induce estrogenic activities.22 Due to these interactions, many studies have been conducted to 

determine the effects of enterolactone on humans and rats. It was found that high levels of enterolactone 

correlate to reduced cancer risks, anti-inflammatory properties, and anti-atherosclerosis properties. Studies also 

revealed that enterolactone can be used as a precautionary measure to prevent stroke, neurodegenerative 

diseases, and cardiovascular diseases and to relieve menopausal symptoms.22,23 

Aromatase, an enzyme that converts androgen into estrogen, has been a drug target for breast cancer.24 

Wang et al. reported that flavonoids, lignans, enterolactone, and enterodiols inhibit aromatase, thereby 

reducing the risk of breast cancer in postmenopausal women.25 This is because estrogen stimulates normal cell 

growth and the growth of hormone receptor positive cancer cells. Moreover, in their study, Wang et al. showed 

that enterolactone decreased aromatase activity compared to aminoglutethimide, a first-generation aromatase 

inhibitor, with Ki values of 14.4 M and 0.5 M, respectively. However, they estimate that the effect of these 

lignans alone in vivo may not be sufficient to treat cancer, but a long term supplementation of lignans may 

promote a reduced risk of cancer.16,25  

While some studies suggest a negative correlation between cancer and fiber intake, other studies show no 

correlation.21 A study conducted by Keinan-Boker et al. with 15,555 Dutch women diagnosed with breast cancer 

demonstrated that there is no correlation between the amount of lignan intake and the risk of developing breast 

cancer.16 Although Wallström et al. made the same observations, their study suggested that high lignan intake 

could be associated with a reduction of symptomatic or high-risk prostate cancer in Swedish men who smoked 

or had abdominal obesity.13 The lack of correlation could be explained by the amount of lignan intake in both 

populations being too low to obtain any meaningful results.16,21  
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Other studies reported beneficial features of enterolactone in the prevention of cardiovascular diseases. It 

was found that middle-aged Finnish men with high serum levels of enterolactone (23.9 nmol/L) had 45% and 

56% reduced risks of mortality due to cardiovascular disease and coronary heart disease, respectively.26 In 

addition, for every 10 nmol/L of enterolactone, the percent reductions in coronary heart disease and 

cardiovascular disease were 17% and 13%, respectively.26 Overall, the results suggest that when middle-aged 

Finnish men were injected with high serum levels of enterolactone, a reduced risk of premature death due to 

cardiovascular and coronary heart disease was observed. 26 

While enterolactone is able to downregulate the formation of estrogen, thus possibly preventing breast 

cancer in women, men may see other side effects due to an increase in enterolactone. Estrogen is known to 

play a role in the process of spermatogenesis, and studies have shown that uncontrolled exposure to external 

estrogen or estrogen-like substances could have a negative impact on male fertility.27–29 A correlation has been 

reported between high levels of phytoestrogen and a reduced sperm count. A study conducted by Chavarro et 

al. at the Massachusetts General Hospital Fertility Center revealed that men who consume a diet rich in 

phytoestrogen, especially soy foods, have 35 million less sperm/mL compared to men who had little 

phytoestrogen in their diet.28 Xia et al. conducted a study which suggested that Chinese men, typically on a high 

phytoestrogen diet,  have a median sperm count of 48.9 million lower than those with a lower phytoestrogen 

intake.29 In light of these studies, it can be concluded that the quantity of lignan consumed can negatively affect 

male fertility. 

In summary, despite the extensive amount of research performed on enterolactone and lignans, it is still 

unclear whether they are beneficial, harmful, or have no effect on the human body. These conflicting results 

could be due to variations in individuals’ physiology. Levels of enterolactone are dependent on a variety of 

factors such as an individual’s microbiome, medications, genetics, and frequency of elimination. Furthermore, 

most of these studies lack a systematic way of determining the amount of lignan consumed by the participants. 

Even though studies do not agree on the properties of enterolactone, researchers seem to agree unanimously 

that high levels of enterolactone contribute to an overall healthy lifestyle.  

 

2.3. Biosynthesis of enterolactone 

 

 
 

Scheme 1. Biosynthesis of enterolactone.32  
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Lignans are found in the heartwood of plants, and are believed to protect plants from fungi and insects.30,31 It 

has been suggested that lignan biosynthesis starts with the dimerization of coniferyl alcohol through radical 

coupling mediated by a dimeric dirigent protein. Dirigent proteins, macromolecules that determine the 

stereochemistry of lignans, bind and position two molecules of coniferyl alcohol to form (+)-pinoresinol, 

stereoselectively.31 (+)-Pinoresinol is then converted into (+)-lariciresinol by pinoresinol/lariciresinol reductase; 

(+)-lariciresinol is in turn converted into (-)-secoisolariciresinol.30,31 A chemoselective oxidation affords (-)-

matairesinol which, when consumed, is converted into enterolactone via the bacteria present in the gut 

(Scheme 1).32,33  

 

 

3. Total Synthesis of Enterolactone 

 

3.1. Racemic syntheses of enterolactone 

The first racemic total synthesis of (±)-enterolactone was published in 1980 by Groen and Leemhuis.34 This 

racemic synthesis employed the preparation of a -substituted -butyrolactone followed by an alkylation to 

install the α-substituent from the less hindered face to establish the required anti stereochemistry (Scheme 2). 

Cooley and colleagues were able to confirm the structure of enterolactone by utilizing a Stobbe condensation 

to construct the core framework.35 Mahalanabis et al. presented a short synthesis of enterolactone from 

substituted succinamides in 32% overall yield.36 Another early total synthesis of enterolactone was reported by 

Asaoka et al.,37 which utilized a Baeyer-Villiger rearrangement and ring opening in order to provide a racemic 

mixture or an enantioenriched product depending on the chirality of the starting material. An alternative 

methodology that allowed access to both enantiomers of enterolactone was reported by Ghosh.38 Early in this 

synthesis a 1:1 mixture of diastereomers obtained from alkylation of a chiral ester enolate was separated by 

column chromatography and each diastereomer used individually to produce enantiopure (+) or (-)-

enterolactone. Other syntheses that have been developed employed radical reactions,39,40 transition metal 

catalysts,41,42 and conjugate addition43 to afford both enterolactone enantiomers. This work paved the way for 

the enantioselective syntheses of enterolactone, which are discussed below.  

 
 

Scheme 2. The first synthesis of enterolactone by Groen et al. 34 
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3.2. Enantioselective syntheses of enterolactone 

Several methods can be utilized to obtain the two chiral centers present on the lactone ring selectively in a step 

wise manner. Some of the strategies used toward this goal include the use of auxiliary groups, metal catalysts, 

and enzymes in conjunction with reactions such as conjugate addition, radical pathways, carbene chemistry, 

and cross-metathesis.  

 

3.2.1. Use of chiral auxiliary  

Over the years, a variety of chiral auxiliaries have been developed to allow the selective formation of carbon-

carbon bonds. Evans’ oxazolidinone based chiral auxiliaries are commonly used for the synthesis of target 

molecules.44 Sibi and co-workers have developed other oxazolidinone- and pyrazolidinone-based auxiliary 

groups.45  

In particular, the chiral oxazolidinone 5 was used by Sibi and co-workers to develop an enantiopure synthesis 

of enterolactone (Scheme 3).46 The amide present in the auxiliary group was acylated with monosuccinyl 

chloride ethyl ester, and the product was then treated with NaHMDS and 3-methoxybenzyl iodide to form the 

alkylated product 7 in 60% yield. The directing group on the chiral auxiliary aided in the diastereoselective 

generation of 7. The auxiliary group was then cleaved by a chemoselective hydrolysis with the use of lithium 

hydroxide and hydrogen peroxide to afford an 80% yield of 8, which was then reduced and cyclized to form the 

lactone 9 in 75% yield. The lactone 9 was alkylated diastereoselectively a second time, using NaHMDS and 3-

methoxybenzyl iodide to generate 10 in 69% yield.34 Demethylation of the ethers using boron tribromide 

furnished (-)-enterolactone 11 in an overall yield of 19% over seven steps. Using a similar strategy but generating 

12 as an intermediate, the synthesis of (+)-enterolactone, 13, was accomplished in 27% overall yield over seven 

steps (Scheme 4). The advantage of this method over other reported syntheses is the ability to access either 

enantiomer of enterolactone by using a single chiral auxiliary. The chiral auxiliary was recovered in 85% yield in 

the cleavage step (Step 3). 

Instead of using an ionic pathway as described in Schemes 3 and 4, Sibi and co-workers developed a method 

where a radical intermediate is generated. Highly reactive radical species have been known to present a 

challenge for selective reactions, however high selectivities can be achieved when a chiral auxiliary group is 

incorporated into the substrate. The directing group present on the chiral auxiliary group blocks one face of the 

substrate, allowing the radical alkylation to occur selectively. This newly formed bond will direct the subsequent 

chiral center formation, leading to the formation of product diastereoselectively. Furthermore, the radical 

alkylation pathway could offer an advantage over the reported ionic methods, since benzyl copper or Grignard 

reagent can be challenging to synthesize (see Scheme 7) whereas this method uses a readily available benzylic 

halide for alkylation to generate enterolactone.47  

Sibi and co-workers developed a stepwise synthesis of (-)-enterolactone from a readily available fumarate 

using radical chemistry (Scheme 5).47 (-)-Enterolactone was synthesized through the regio- and 

diastereoselective addition of two benzylic groups with an initial radical-mediated conjugate addition. The regio- 

and diastereoselectivity of the conjugate radical addition was controlled by chelation of the Lewis acid to the 

acyl oxazolidinone, which locked the substrate in an s-cis conformation. Moreover, the coordination of the Lewis 

acid to the acyl imide allowed conjugate addition to take place on the beta carbon, resulting in a regioselective 

product. A single diastereomer, 15, was obtained in 71% yield through the radical addition of 3-methoxybenzyl 

bromide to fumarate 14 using Sm(OTf)3 as the Lewis acid. The second benzylic group was installed in a syn 

fashion by generation of an enolate with NaHMDS followed by addition of 3-methoxybenzyl iodide to give the 

dialkylated product 16 with excellent diastereoselectivity and 44% yield. The conversion of 16 to 11 was 

completed as in Scheme 3, affording the product in 21% overall yield over six steps. 
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Scheme 3. Synthesis of (-)-enterolactone by Sibi et al.46 

 

 
 

Scheme 4. Synthesis of (+)-enterolactone by Sibi et al.46 
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Scheme 5. Formation of a radical intermediate resulting in (-)-enterolactone by Sibi et al.47 

 

 
 

Scheme 6. Synthesis of (-)-enterolactone using Evans’ chiral oxazolidinone by Allais et al.2 
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was then converted into the corresponding unsaturated lactam, 25. The lactam was subsequently treated with 

a copper reagent prepared from copper(I) iodide and m-methoxybenzylmagnesium chloride in THF to form the 

conjugate addition adduct, 26, as a single diastereomer. The adduct was converted into a lactone via the 

removal of the silyl group followed by ring opening of the lactam with sodium borohydride to form  

hydroxyamide and finally ring closure with p-toluenesulfonic acid to form the (R)--butyrolactone 9. The second 

aryl group was installed diastereoselectively by enolate generation with LDA followed by alkylation, and the final 

(-)-enterolactone, 11, was formed through demethylation to give an overall yield of 5.5%. 

 

 
 

Scheme 7. Synthesis of (-)-enterolactone from L-malic acid by Yoda et al.49 
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azide and basic conditions, the -ketoester underwent Regitz-like diazo transfer and deacylation to provide the 

diazoacetate 30, which generated a carbenoid upon refluxing with Rh2(4(R)-MPPIM)4 to give the regioisomer 

(R)--butyrolactone 9 exclusively in 63% yield and 93% ee. The synthesis of (-)-enterolactone, 11, was completed 

by the method previously mentioned in a 26% overall yield (Scheme 3).46,50 Changing the catalyst to Rh2(4(S)-

MPPIM)4 provided the (S)--butyrolactone enantiomer of 9, with an overall yield of 27% and 91% ee for the total 

synthesis of (+)-enterolactone, 13.50,52 Although this method provides moderate yield and good selectivity for 

enterolactone, it is limited by the difficulty of working with methanesulfonyl azide. 

 

 
 

Scheme 8. Synthesis of (-)-enterolactone with the use of Rh2(4(R)-MPPIM)4 catalyst by Doyle et al.50 
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Scheme 9. Catalytic synthesis of (-)-enterolactone by Yan and Spilling.45  

 

 
 

Scheme 10. Semisynthesis of (-)-enterolactone by Eklund et al. 53 
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The total synthesis of enterolactone by Isemori et al. began with the formation of an organocuprate which 

added via oxidative nucleophilic substitution onto 39, resulting in an inversion of stereochemistry (Scheme 

11).51,54 

 

 
 

Scheme 11. Synthesis of (+)-enterolactone with Grignard and copper(I) cyanide by Isemori et al. 51  

 

 
 

Scheme 12. Synthesis of (-)-enterolactone with use of L-proline by Hajra et al.55 

 

Hajra et al. developed a short synthesis for the preparation of (-)-enterolactone using a crossed-aldol 

reaction.55 The starting material, 4-oxobutyrate 44, was added to a mixture of 3-methoxybenzaldehyde and L-
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proline to create a reactive chiral imine (Scheme 12). This intermediate was then reduced with sodium 

borohydride to afford 45. Compound 45 underwent reduction with the use of palladium over carbon. The 

reduced intermediate, 46, was subjected to alkylation to afford compound 10. The final step incorporated the 

use of boron tribromide to generate the product, 11, in an overall yield of 23%. 

 

3.2.3. Desymmetrization using enzymes.  

Enzymes are excellent catalysts for carrying out a variety of asymmetric transformations.56 Chênevert and 

coworkers employed Pseudomonas cepacia lipase to obtain the optically active monoester 49 selectively.57 A 

diester, 47, was initially reduced with lithium aluminum hydride to generate the corresponding diol, 48, which 

reacted with lipase and vinyl acetate to provide the monoacetate 49 (Scheme 13). Compound 49 was then 

treated with mesyl chloride and triethylamine to furnish the mesylated adduct. Nucleophilic substitution using 

cyanide generated the corresponding nitrile 50, which was hydrolyzed. The carboxylic acid intermediate 

underwent ring closure to furnish lactone 9. From this point, a methodology similar to Sibi’s total synthesis 

(Scheme 3) was employed, providing (-)-enterolactone, 11, in an overall yield of 33%. 

 

 
 

Scheme 13. Synthesis of (-)-enterolactone with Pseudomonas cepacia lipase by Chênevert et al.57 

 

3.2.4. One-pot synthesis of enterolactone 

The total syntheses of enterolactone discussed so far have installed the chiral centers in a stepwise fashion. In 

this section, the tandem conjugate addition–alkylation protocol for the formation of both chiral centers will be 

discussed. The goal of this strategy is to reduce the number of steps and increase the overall yield. Van Oeveren 

et al. were able to employ this tandem strategy to generate (-)-enterolactone, 11, using an enantiomerically 

pure butenolide as the Michael acceptor (Scheme 14).58 In this synthesis, the butenolide underwent conjugate 

addition by a benzylic dithioacetal, 51. The resulting enolate, 52, was then quenched with a benzyl bromide to 

form 53 in 67% yield. In a one-pot procedure, the thioacetal 53 underwent desulfurization with nickel boride, 

formed in situ from nickel(II) chloride and sodium borohydride. This was followed by the addition of KOH and 
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lactone was deprotected with palladium over carbon, resulting in the (-)-enterolactone product, 11. 

 

 
 

Scheme 14. Tandem synthesis of (-)-enterolactone by Van Oeveren et al.58 

 
 
4. Conclusions 
 
Lignan, which is converted into enterolactone when digested by mammals, is found in a variety of foods such 

as vegetables, flax seed, whole grain foods and fruits. It has been shown that a high lignan intake correlates 

with high levels of enterolactone found in the circulatory system. While some reports state that enterolactone 

possesses anticancer, antivascular, antiviral, antibacterial and antistroke properties, others contradict this 

claim with studies showing that there is no correlation between intake of lignan and reduction of these 

diseases. Other studies suggest that high levels of enterolactone negatively affect male fertility. The 

inconsistency in the literature is due to the heterogeneity of the populations studied. The level of 

enterolactone is dependent on participants’ age, sex, intestinal flora, use of antibiotics, and ability to break 

down lignan. All these factors were not consistently accounted for during the course of these studies, leading 

to inconclusive results. Despite this uncertainty, chemists have developed various methods to synthesize 

enterolactone stereoselectively through the use of radical reactions, Michael additions, organometallic 

chemistry and enzymatic reactions.  
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