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Abstract: Synthesis of natural products with complicated architecture often requires segments having the 
functional groups that can be structurally transformed with the desired stereogenic centers. Bicyclic 𝛾-lactones 
have a great potential for a suitable segment for natural product synthesis. However, the stereoselective 
construction of such functionalized bicyclic 𝛾-lactones is not as straightforward as one might expect. On the 
other hand, the Lewis acid template-mediated Diels-Alder reaction is one of the most powerful and versatile 
methods for providing bicyclic 𝛾-lactones with high regioselectivity and stereoselectivity. In this reaction, the 
Lewis acid template activates the dienophile as well as linking the diene and dienophile by a temporary tether. 
Therefore, Diels-Alder reaction smoothly proceeds in a stereocontrolled manner, allowing a simple access to 
bicyclic 𝛾-lactone as a valuable building block for the synthesis of complicated natural products. In this review, 
some highlights of the Lewis acid-mediated Diels-Alder reaction, along with its application to the synthesis of 
biologically active compounds are discussed. 
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1. Introduction 

Recently genome analysis has revealed a series of genes, enzymes, and receptor proteins 
responsible for various diseases, thereby providing further understanding of life phenomena. 
Biopharmaceuticals such as antibody drugs, nucleic acid drugs, and gene therapy drugs will 
undoubtedly play a pivotal role in future pharmaceuticals. Nevertheless, natural organic compounds 
are still in high demand as lead compounds for drug discovery and as tools for biological research 
[1-2]. However, natural organic compounds that show promising activity often require structural 
modification due to insufficient supply from nature, lack of chemical stability, or toxicity. In such 
cases, chemical synthetic supply is essential. On the other hand, in recent years, medium-sized 
molecules with molecular weights ranging from 500 to 2000 have been attracting attention as drug 
discovery leads because they can potentially address the gap between small molecules and 
macromolecules. In addition, they have broad adaptability and high specificity for in vivo targets 
such as protein-protein interactions. Synthesis of such molecular-sized natural products requires 
convergent synthetic strategies that divide them into segments, which are later combined. Therefore, 
the development of simple method for the synthesis of segments will eventually lead to a shortening 
the synthetic process. In this regard, establishment of synthetic methods for functionalizable 
segments is important. Although a number of precise synthetic reactions have already been 
developed for the accurate and efficient synthesis of organic molecules with complex structures, 
further development of various methodologies is required. We have focused on bicyclic 𝛾-lactones as 
one such segment, and have investigated their usefulness as well as simple synthetic methods. In this 
review, the Lewis acid template Diels-Alder reaction is discussed as a method for the construction of 
bicyclic 𝛾-lactones. 

2. Template Effects in the Diels-Alder Reaction 
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Although it has been more than 90 years since the first Diels-Alder reaction was reported, Diels-
Alder reaction is still regarded as one of the most important reactions in precise organic synthesis [3]. 
Many rules for the stereoselectivity were discovered and theories on the mechanism were developed, 
thus the Diels-Alder reaction has progressed along with the development of organic chemistry. This 
is not only interesting in terms of principle and theory, but also attractive in terms of practicality and 
versatility. The products can be predicted based on predictions supported by theory, and reactions 
can actually proceed with a high degree of reliability. In synthetic studies of natural products with 
complicated structures, we often encounter extremely slow reaction rates or significantly low yields 
in organic reactions of substrates that have many functional groups. In the Diels-Alder reaction, 
however, the reaction proceeds as long as the diene or the dienophile is multi-functionalized or 
medium-sized molecules, if the diene and dienophile are in close proximity and the spatial 
environment is favorable. Therefore, the Diels-Alder reaction is easily incorporated into the synthetic 
plan from the viewpoint of reaction reliability. 

As for the stereoselectivity of the intermolecular Diels-Alder reaction, regioselectivity, 
diastereoselectivity and enantioselectivity as well as endo-exo selectivity can be problematic, whereas 
the intramolecular Diels-Alder reaction is expected to solve the regio- and diastereoselectivity 
problems[4-7]. For these reasons, attempts have been made to expand the intermolecular Diels-Alder 
reaction to an intramolecular Diels-Alder reaction by temporarily tethering diene and dienophile 
using various chemical species, taking advantage of the advantages of the intramolecular Diels-Alder 
reaction. Chemical species used as tethers include boron, silicon, magnesium, and aluminum etc. In 
many cases, heating is required due to the presence of intramolecular strain energy. Therefore, 
chemical species tolerating heat with high oxophilicity are preferable. On the other hand, the diene 
and dienophile-tethered Diels-Alder reaction is not suitable for catalytic system. Here several 
tethered chemical species are mentioned in turn. 

2.1. Silicon-tethered Diels-Alder Reaction 

Silicon has often been used as a chemical species for temporal tethers since Tamao and Ito et al. 
reported the pioneering Diels-Alder reaction using silicon as a tether in 1989 (Scheme 1) [8]. They 
prepared dienylsilane using a nickel catalyst, followed by coupling with allylic alcohol to afford 
silicon-tethered compound. Thermal Diels-Alder reaction of silicon-tethered compound proceeded 
in a highly stereoselective manner to give bicyclic compounds in an overall yield of 75% with high 
efficiency via Tamao oxidation. 

 

Scheme 1. Tamao-Ito’s pioneering intramolecular Diels-Alder reaction of dienylsilane. 

Stork and co-workers reported the thermal Diels-Alder reaction of silicon-tethered substrates 
using various alkenylsilanes [9, 10]. They comprehensively investigated the reaction of geometric 
isomers with polysubstituted alkenylsilanes and found that various cyclohexene derivatives were 
obtained (Scheme 2). The products could be further derivatized by TBAF treatment or Tamao 
oxidation. In this case, the regioselectivity of the functional group on the cyclohexene was completely 
controlled, indicating the usefulness of the template Diels-Alder reaction. 
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Scheme 2. Stork’s silicon-tether intramolecular Diels-Alder reaction. 

On the other hand, Shea et al. reported the Diels-Alder reaction of dienylsilyl ether intermediate 
under thermal condition, which afforded exo-adduct in 98% yield as a single product (Scheme 3) [11, 
12]. The reaction of dialkoxysilanes was also studied by Craig [13] , Fortin [14], and others [15], and 
a review article is available for reference [16]. 

 
Scheme 3. Intramolecular Diels-Alder reaction of dialkoxysilane by Shea. 

2.2. Magnesium-tethered and aluminum-tethered Diels-Alder Reaction  

Magnesium and aluminum can also be temporary tethers (Scheme 4). [17] Stork et al. reported a 
magnesium-tethered Diels-Alder reaction in which the substrate was prepared from 
vinylmagnesium bromide and allylic alcohol using butyllithium. The magnesium-tethered 
intermediate underwent a thermal Diels-Alder reaction to afford the cyclohexene derivative in good 
yield. It is interesting to note that the thermal Diels-Alder reaction proceeded at lower temperatures 
than the aforementioned silicon-tethered molecules, although the dienophile is considered the formal 
vinyl anion in this case. They also found that the Diels-Alder reaction proceeds similarly with 
aluminum as the tether. 

 
Scheme 4. Temporary magnesium connection in Diels-Alder reaction. 

2.3. Boron-tethered Diels-Alder Reaction 

Boronic acids are known as temporary tethers. Narasaka and Iwasawa et al. reported the Diels-
Alder reaction of anthrone with 4-hydroxy-2-butenoate using phenylboronic acid as a template 
(Scheme 5) [18]. In this reaction, an enol-type boronic ester was prepared by dehydration, yielding 
Diels-Alder adduct in 81% yield. In contrast, when anthrone was subjected to base-catalyzed Diels-
Alder reaction of acrylates without phenylboronic acid, the opposite regioisomer was obtained, 
indicating that the phenylboronic acid template completely controls the regioselectivity. 
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Scheme 5. Phenylboronic acid template Diels-Alder reaction. 

3. Synthesis of bicyclic 𝛾-lactone by intramolecular Diels-Alder reaction 

Substituted bicyclic 𝛾-lactone with intramolecular unsaturated bonds has a high potential for the 
key intermediate of natural product synthesis due to its moderate functional groups. Representatives 
of the synthesis of natural products and natural product-related substances, in which bicyclic 𝛾-
lactone was used as a key intermediate, are as follows (Figure 1); total synthesis of biflora-4,10(19),15-
trien by Grieco [19], synthesis of nucleus of pillaromycinone by White [20, 21], formal synthesis of A-
seco mevinic acid by Potier [22], total synthesis of abyssomicin C by Nicolaou [23-25], synthesis of 
core of abyssomicin C by Maier [26], synthesis of core of hirsutellones by Roush [27], synthesis of 
truncated superstolide by Jin [28], synthesis of simplified derivative of gracilin A by Romo [29], 
formal synthesis of triptolide by Sherburn [30], synthetic approach of himbacine by Sherburn [31], 
total synthesis of farnesin by Gao [32], synthesis of spirocyclic core of gymnodimime and 
desmethylspirolide by Landais [33]. We also reported synthetic approach of spirolide upper fragment 
[34]. 

 
Figure 1. Representatives of the synthesis of natural products and natural product-related substances 
using bicyclic 𝛾-lactone as a key intermediate. 
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The functionalized bicyclic 𝛾-lactones are thought to be easily obtained by intramolecular Diels-
Alder of the corresponding triene esters, but the stereoselective construction is not as straightforward 
as one might expect. This is because the sp2 carbon of the internal carbonyl carbon causes steric 
distortion during cyclization of the triene ester. The steric distortion of intramolecular reactions 
prevails over the secondary orbital interactions, and the general endo rule cannot be adapted. In fact, 
this thermal Diels-Alder reaction gives a mixture of cis- and trans-fused rings in moderate yields 
(Scheme 6) [35]. On the other hand, it is known that activation of such triene esters with Lewis acid 
does not efficiently promote the Diels-Alder reaction. It is explained by the fact that when Lewis acid 
coordinates to the carbonyl group, the s-trans-syn coordination is preferred over the s-cis-syn 
coordination, and this coordination is unfavorable to the progress of the Diels-Alder reaction [36]. 
Therefore, the construction of such bicyclic lactones by the catalytic Diels-Alder reaction with Lewis 
acid requires ingenuity. One solution to this problem is to use Lewis acid templates. 

 
Scheme 6. Intramolecular Diels-Alder reaction of triene ester. 

3. Lewis acid template-mediated Diels-Alder reaction. 

In 1997, Bienayé reported the pioneering works for Diels-Alder reaction using Lewis acid 
template of succinimide and cyclohexadiene derivatives (Scheme 7) [37, 38]. The cyclohexadienylsilyl 
ether was lithiated, followed by the addition of dimethylaluminum chloride to form an 
alkoxyaluminum complex. Further addition of succinimide activated the dienophile and 
simultaneously brought the substrates closer together. Thus Diels-Alder reaction proceeded 
efficiently even at low temperatures to afford the corresponding tricyclic product in 74% yield. 

 

Scheme 7. Bienaye’s Lewis acid template-mediated Diels-Alder reaction. 

Ward and co-workers demonstrated a reaction using magnesium as a Lewis acid template 
(Scheme 8) [39]. The magnesium salt caused bimolecular proximity and activation of the dienophile, 
leading to the Diels-Alder reaction. Spontaneous lactonization occurs in the reaction system, and 
bicyclic lactone was produced in 75% yield. 
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Scheme 8. Ward’s Lewis acid template-mediated Diels-Alder reaction. 

Nicolaou's group modified Ward's method using a template prepared from a 2-aminophenol 
derivative and Grignard reagent. In this case, bicyclic lactone was stereoselectively constructed by 
coordination to a secondary hydroxyl group (Scheme 9) [24]. Using the bicyclic lactone as a key 
intermediate, they achieved the total synthesis of the aforementioned abyssomicin C A similar 
reaction was also reported by Georgiadis et al. [40].  

 

Scheme 9. Nicolaou’s Lewis acid template-mediated Diels-Alder reaction. 

On the other hand, Ward and co-workers reported enantioselective variant of a Lewis acid 
template Diels-Alder reaction using optically active BINOL (Scheme 10) [41, 42]. In this particular 
case, the coordination of the diene and dienophile components to a bimetallic Lewis acid template 
derived from BINOL and dimethylzinc, and methylmagnesium bromide effectively controlled the 
Diels-Alder reaction to generate bicyclic lactone with high regioselectivity, stereoselectivity, and 
enantioselectivity in excellent yield. 

 

Scheme 10. Ward’s enantioselective Diels-Alder reaction. 
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Notably all of these Lewis acid template reactions require stoichiometric quantity of reagents to 
achieve an acceptable conversion and the tethered Diels-Alder reaction with low catalyst loading had 
remained unexplored. 

4. Development of Catalytic Chiral Lewis Acid Template Diels-Alder Reaction 

The authors were interested in the reaction reported by Ward in the course of natural product 
synthesis, and investigated the reaction with chiral dienols [43]. The reaction using (R)-BINOL as 
ligand gave highly stereoselective bicyclic lactones at a diastereomeric ratio of 4.8:1 (Table 1, entry 1). 
In the reaction using (S)-BINOL, the selectivity ratio was almost reversed, indicating that the 
stereochemistry of the chiral center of the substrate does not significantly affect the formation ratio 
and that the reaction proceeds by reagent control (entry 2). Considering the effect of acidity, we next 
used 3,3'-dibromo-1,1'-bi-2-naphthol (3,3'-Br2-BINOL), which gave almost the same result as those of 
BINOL (entry 3). On the other hand, when 5,5',6,6',7,7',8,8'-octahydro-1,1'-bi-2-naphthol (H8-BINOL) 
was used, the selectivity was improved to 10:1 (entry 4). It should be noted that the reaction mediated 
by 0.5 equiv of bimetallic complex with 5 was completed within 2 h to afford 3a in excellent yield and 
high diastereoselectivity, which were similar to those observed for the stoichiometric reaction (entry 
5). Encouraged by this result, we examined the reaction at lower catalyst loading. Consequently, the 
use of even 0.2 equivalent of the catalyst was found to effectively promote the high asymmetric 
induction (entry 6), whereas lowering the catalyst loading of 0.5 to 0.1 equivalent slightly diminished 
the yield and selectivity (entry 7). 

Table 1. Preparation of bicyclic 𝛾-lactone. 

 
 

entry Ln X (eq) time yield 
ratio 

 (1a : 1b) 
1 (R)-BINOL 1.0 3.5 h 100% 4.8 : 1 
2 (S)-BINOL 1.0 24 h 80% 1 : 3.7 
3 (R)-3,3‘-Br2-BINOL 1.0 20 h 94% 4.6 : 1 
4 (R)-H8-BINOL 1.0 24 h 98% 9.9 : 1 
5 (R)-H8-BINOL 0.5 2.5 h 99% 10 : 1 
6 (R)-H8-BINOL 0.2 4 h 96% 10 : 1 
7 (R)-H8-BINOL 0.1 24 h 98% 8 : 1 

The catalytic reaction of achiral substrates was shown in Table 2. When 4-methyl-2,4-pentadienol 
was reacted with methyl acrylate using 0.2 equiv of bimetallic complex, the optical yield was 52% ee, 
although the yield was good (entry 1). We investigated the solvent, temperature, combination of 
metals other than magnesium and zinc, and type of acrylic ester, but all efforts were fruitless. 
However, we found that the addition of molecular sieves 4 Å as an additive dramatically improved 
the optical yield (entry 2). Furthermore, it was turned out that decreasing the amount of acrylic ester 
markedly improved the enantioselectivity (entries 3-5). The same or slightly higher yields were 
obtained when the reaction was performed with molecular sieves at 5 Å (entry 6). 

Table 2. Asymmetric Diels-Alder reaction. 
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entry acrylate ( x eq) additive yield % ee 

1 15 - 83% 52%ee 
2 15 MS 4 Å 100% 84%ee 
3 5 MS 4 Å 100% 88%ee 
4 2.5 MS 4 Å 100% 92%ee 
5 1.5 MS 4 Å 98% 93%ee 
6 1.5 MS 5 Å 100% 95%ee 
7 1.5 MS 13 X NR - 

The generality of this protocol was next explored (Scheme 11). It was found that the Lewis acid 
template-catalyzed reaction is applicable to various 2,4-pentadienol substituents, and both yield and 
optical yield are high, especially with substituents (R3 and R2) at 3 and 4 positions. On the other hand, 
the reaction of 2,4-hexadienol 6c exhibited the poor enantioselectivity, although the yield was 
acceptable. Furthermore, 2-methyl-2,4-pentadienol was found to be a less reactive substrate possibly 
for steric reasons. 

 

Scheme 11. Synthesis of bicyclic 𝛾-lactone by Lewis acid template Diels-Alder reaction. 

A plausible mechanism for the catalytic Diels-Alder reaction is depicted in Scheme 12. In the 
catalytic cycle of the reaction, coordination of magnesium octahydrobinaphthoate 2 with zinc 
dienolate 3 would initially form bimetallic Lewis acid 4, which reacts with methyl acrylate to afford 
intermediate 5. The tethered intermediate 5 undergoes Diels-Alder reaction in endo-mode (6), 
followed by lactonization (7). The ligand exchange of 7 with methyl acrylate would release 𝛾-lactone 
product. The second exchange of the resulting complex 8 by dienol 9 regenerates 5 and releases 
methanol. The molecular sieves would play an important role for the capture of the methanol to 
accelerate the catalytic cycle. MS-4Å or MS-5Å is requisite for the catalytic reaction, possibly because 
molecular sieves play an important role for the capture of methanol, which is generated in the course 
of lactonization, to accelerate the catalytic cycle. The reason for the higher catalytic efficiency by H8-
BINOL than BINOL is not clear, but larger dihedral angle of H8-BINOL may play an important role 
for smooth ligand exchange in the catalytic cycle.  
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Scheme 12. Plausible mechanism of Lewis acid-catalyzed Diels-Alder reaction. 

5. Development to the hetero Diels-Alder reaction 

Next our efforts were focused on hetero Diels-Alder reaction. The hetero-Diels-Alder (HDA) 
reactions are reliable for the stereoselective construction of tetrahydropyrans, and effective 
asymmetric HDA reactions providing the dialkylated tetrahydropyrans have been developed [44, 
45]. On the other hand, 2,6-disubstituted tetrahydropyrans are substructures found in many 
biologically active natural products such as bryostatins and exiguolides, and the establishment of 
stereoselective synthetic methods would be useful (Scheme 13). 

 
Scheme 13. General scheme of our hetero-Diels-Alder reaction. 

The substrates used as dienes are often four-carbon butadiene derivatives such as Kitahara-
Danishefsky diene or Rawal diene, and five-carbon chain. There are few successful examples of 
asymmetric hetero Diels-Alder reactions using 5-carbon or larger diene derivatives as substrates. The 
following are some examples of asymmetric hetero-Diels-Alder reactions yielding 2,6-disubstituted 
products. 

In 1999, Jacobsen reported a remarkable catalytic hetero-Diels-Alder reaction with an 
asymmetric chromium catalyst (Scheme 14) [46, 47]. In this case, the tridentate Schiff base chromium 
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catalyst facilitates hetero-Diels-Alder reaction providing dihydropyran compounds in excellent 
yield, selectivity, and versatility.  

 

Scheme 14. Jacobsen’s asymmetric hetero-Diels-Alder reaction. 

Other asymmetric hetero-Diels Alder reaction was reported by Anada-Hashimoto (Scheme 15a). 
The rhodium-catalyzed reaction afforded tetrahydropyranone in 87% yield with excellent 
enantioselectivity after acidic treatment [48]. On the other hand, Terada disclosed asymmetric hetero-
Diels Alder reaction catalyzed by chiral Brønsted acid (Scheme 15b) [49]. In this case, chiral 
dihydropyran was obtained in 95% yield with 99% ee. 

 

Scheme 15. Asymmetric hetero-Diels-Alder reaction providing 2,6-substituted dihydropyran 
derivatives. 

The authors investigated hetero-Diels-Alder reaction of 2,4-pentadienol and benzaldehyde 
using Lewis acid template (Scheme 16) [50]. After various investigations of the silyl group, Lewis 
acid, or biaryl ligands, etc. were examined, it was found that the hetero-Diels-Alder reaction using 
H8-BINOL afforded cis-disubstituted 2,6-dihydropyran derivatives in 61% yield and 78% ee. The 
reaction using other aldehydes as substrates was also investigated. 

 

Scheme 16. Lewis acid template hetero-Diels-Alder reaction. 
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6. Application of Lewis acid template-mediated Diels-Alder reaction to biological active natural 

products 

6.2. Ishihara's synthesis of upper segment of spirolide A and B 

Since 1995, a number of marine natural products containing spiroimine moiety have been found 
as causative agents of food poisoning. Spirolides are marine toxins isolated from bivalves and share 
the same structure with natural products such as pinnatoxin and gymnodimine. In particular, 13-
desmethylspyrrolide C is one of the most potent neurotoxins among non-peptide natural products. 
These natural products exhibit antagonist activity against nicotinic acetylcholine receptor (nAChR). 
Our synthetic studies of the spirocyclic core of spirolide A and B was commenced from compound 
1a, which was available by Lewis acid template-catalyzed Diels-Alder reaction [34]. A 
benzyloxymethyl group was stereoselectively introduced at the α-position of the lactone, which was 
then converted to lactol by DIBAL reduction (Scheme 17). Next, the installation of vinyl group using 
the Grignard reagent, followed by TBS protection of the primary hydroxyl group, acetylation of the 
secondary hydroxyl group, and subsequent palladium-catalyzed reductive deacethoxylation 
afforded allylic product in good yields. The subsequent cross-metathesis was performed to introduce 
the oxazolidinone, followed by hydrogenation by Lipshutz 1,4-reduction and stereoselective 
methylation by Evans alkylation. Removal of the asymmetric auxiliary group and Fukuyama amine 
synthesis led to the synthesis of spirolide A and B upper segment 11. 

 

Scheme 17. Ishihara’s synthesis of upper fragment of spirolide A and B. 

6.2. Landais's synthesis of spirocyclic core of demethylspirolide C and gymnodimine 

Landais and co-workers also reported approach to natural products containing spiroimine, 
desmethylspirolide C and gymnodimine (Scheme 18) [33]. They prepared the bicyclic 𝛾-lactone 12 in 
good yield with high enantioselectivity by the Lewis acid template-catalyzed Diels-Alder reaction. 
The bicyclic product 12 was α-alkylated by aldol reaction, followed by oxidation and ketalization to 
afford 13. Lactone 13 was subjected to LiAlH4 reduction to give diol, which was protected by TBS 
group, oxidation and Horner-Wadsworth-Emmons reaction to afford compound 14 in good yield. 
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Compound 14 was converted in 7 steps to compound 15, which was exposed with HCl to furnish 
spirocyclic imine product 16 in excellent yield. 

 

Scheme 18. Landais’s of spirocyclic core of gymnodimine. 

6.3. Gao's total synthesis of farnesin 

In 2020 Gao et al. reported the total synthesis of farnesin, which involves the photo-Nazarov and 
intramolecular aldol cyclization (Scheme 19) [32]. Their synthesis began with the construction of 
bicyclic 𝛾-lactone 18 by the Lewis acid template-catalyzed Diels-Alder reaction of 17 and methyl 
acrylate. Notably, the cycloaddition was scalable, generating the desired adduct in good yield with 
good diastereoselectivity. After α-methylation of 18, the acetonide group was transformed to 
aldehyde 19 via acidic treatment and subsequent oxidative cleavage. Coupling of aldehyde 19 with 
compound 20, followed by oxidation, furnished compound 21. Next, compound 21 was subjected to 
key photo-Nazarov reaction to provide complicated hydrofluorenone 22 as a single diastereomer. 
Compound 22 was transformed to pentacyclic product 23 via a SmI2-promoted radical reaction. From 
compound 23, the total synthesis of farnesin was achieved by a seven-step transformation reaction. 
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Scheme 19. Gao's total synthesis of farnesin. 

Conclusion 

In this paper, the Lewis acid template-mediated Diels-Alder reaction affording substituted 
bicyclic 𝛾-lactone was mentioned. The Diels-Alder reactions shown here are regarded as a useful and 
practical method, which allows simple access to valuable building blocks for the synthesis of 
complicated natural products. The author hopes that this account will help open up new strategies 
for the synthesis of biologically and pharmaceutically valuable substances. 
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