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Abstract: Although acetalization is a fundamental transformation in 

organic synthesis, intermolecular asymmetric acetalization remains 

an unsolved problem. In this study, a thiourea–ammonium hybrid 

catalyst was revealed to promote the O-alkylation of enols with a 

racemic γ-chlorobutenolide via dynamic kinetic resolution to give 

chiral acetals with good enantioselectivity. The catalyst 

simultaneously activates both the nucleophile and electrophile in a 

multifunctional manner. This method was applied to the asymmetric 

synthesis of several strigolactones. DFT calculations suggest that 

hydrogen bonding interaction between the chlorine of γ-

chlorobutenolide and the Ts amide hydrogen of the catalyst, as well 

as other types of noncovalent catalyst-substrate interactions are 

crucial for achieving high stereoselectivity. 

Strigolactones,[1] including strigol,[2] avenaol,[3] and GR24,[4] plant 

hormones that regulate root growth, have attracted substantial 

attention (Figure 1). They are characterized by the presence of a 

butenolide unit (D ring) linked to an enol through an acetal, 

which plays an important role in their biological activities.[5] To 

date, the D ring has been installed by nonselective acetalization 

strategies and subsequent separation of the resulting two 

diastereomers.[6] More efficient methods using a chiral auxiliary[7] 

and an asymmetric Pd-catalyzed reaction[8a] have also been 

devised to stereoselectively construct the chiral acetal. However, 

the substrate scopes of the latter methods are still unclear. [8b] 

 

Figure 1. Canonical, noncanonical, and artificial strigolactones. 

Acetalization is a fundamental transformation in organic 

chemistry[9] with various applications in the synthesis of 

dioxaspirocyclic natural products and polysaccharides[10,11] as 

well as the protection of various functional groups. [12] Acetals 

are generally obtained by nucleophilic addition to oxocarbenium 

cations or SN2-type nucleophilic substitution reactions. When the 

acetal carbon is a diastereomeric center, its stereochemistry is 

generally controlled by neighboring group participation and 

conformational effects through electronic or steric interactions. In 

contrast, the enantioselective formation of chiral acetals from 

achiral compounds remains challenging. In particular, 

intermolecular asymmetric acetalization is limited to enzymatic 

reactions and Pd-catalyzed allylic substitutions.[13] However, in 

the last decade, a variety of elegant chemical tools for chiral 

acetal formation using chiral catalysts have been 

developed.[14,15] In 2010, List and coworkers developed an 

intramolecular asymmetric acetalization using a chiral 

phosphoric acid.[14d,e] Later, the same authors extended the 

method to intermolecular reactions of aldehydes with achiral and 

racemic diols via the corresponding oxocarbenium cations 

(Figure 2a).[14a,b] On the other hand, no catalytic asymmetric 

acetalization through an SN2-type O-alkylation with a racemic 

alkyl halide has been reported. Apart from acetalization, only a 

few examples of asymmetric C-alkylation between prochiral 

enolates and secondary alkyl bromides have been developed 

and no SN2-type O-alkylations have been reported.[16] We then 

planned an asymmetric acetalization of achiral enol 1 by O-

alkylation with racemic -chlorobutenolide 2 using a chiral 

phase-transfer catalyst (PTC) via the kinetic resolution of 2 

(Figure 2b). To obtain acetal 3 with high stereoselectivity, the 

catalyst would need to recognize both the nucleophile and 

electrophile through multipoint interactions.[17] We therefore 

designed a chiral thiourea–ammonium hybrid catalyst such that 

in the expected transition state, the thiourea and ammonium 

moieties of the catalyst establish multiple noncovalent contacts 

with an in situ generated enolate and both the oxygen and 

chlorine atoms of the butenolide, favoring the SN2-type reaction 

of the enolate of 1 with one enantiomer of racemic electrophile 2. 

Furthermore, if chloride anion, generated during the reaction, 

can promote the racemization of -chlorobutenolide 2 through a 

reversible SN2 reaction, dynamic kinetic resolution is expected to 

occur. In this report, we have developed new chiral thiourea–

quaternary ammonium salts for asymmetric acetalization and 

applied them to the enantioselective synthesis of strigolactones 

as well as the determination of the absolute configuration of 

avenaol.[18]  
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Figure 2. Previous studies (a) and our strategy (b) for enantioselective 

intermolecular acetalization. 

To realize catalytic asymmetric acetalization of enol 1 by O-

alkylation, we initially investigated reaction conditions to 

suppress the uncatalyzed reaction of 1a with -chlorobutenolide 

2 (Scheme 1). Preliminary investigations indicated that the 

coupling of 1a with racemic 2 proceeded without a catalyst when 

cesium carbonate was used as a base in chlorobenzene. In 

contrast, when chlorobenzene–water (20:1, v/v) was used as the 

solvent, the background reaction was efficiently suppressed 

because the generated enolate accumulated in the aqueous 

phase.[19] Therefore, the same reaction was carried out in 

chlorobenzene–water (20:1, v/v) in the presence of various 

PTCs.[17b,20,21] Using spiroammonium salt PTC-1,[22] cinchona 

alkaloid derivative PTC-2,[23] and aminophosphonium salt PTC-

3[24] provided desired product 3a in 5%, 20%, and 30% yields, 

respectively, with low enantiomeric ratios (er). In addition, PTC-

4,[25] bearing a thiourea moiety with a quaternary ammonium salt, 

gave (+)-3a in 46% yield with 66:34 er. Although 

benzothiadiazine[26] (PTC-5), which is a stronger hydrogen bond 

donor than the other catalysts, resulted in a lower yield with a 

similar selectivity, o-isopropylphenylthiourea (PTC-6), the bulkier 

hydrogen bond donor catalyst, offered greatly improved 

stereoselectivity (85:15 er). Regarding the substituents on the 

quaternary ammonium salt, the cyanomethyl group of PTC-7 

was expected to increase its hydrogen-bond-donating ability, [27a] 

but the use of PTC-7 resulted in decreased selectivity. To 

examine the effects of the sterics of the substituents, PTC-8, 

bearing a crosslinked naphthyl group, and PTC-9, bearing a 

naphthylmethyl group, were employed, but only small effects on 

the yield and er were observed, as these catalysts led to 67:33 

er and 83:17 er, respectively. Similarly, a series of benzyl 

derivatives (PTC-10–13) bearing benzyl, pentafluorobenzyl, o-

tolyl, and o-ethylbenzyl groups afforded similar yields and 

selectivities. In contrast, we finally found that m-TsNH-benzyl 

catalyst PTC-14 exhibited the best catalytic performance and 

gave 3a in 72% yield with the highest selectivity (94:6 er). A 

comparable selectivity was obtained with PTC-15 bearing a 3-

pentanyl group instead of the isopropyl group. The reaction with 

PTC-16, bearing m-TsNMe-benzyl group, gave 3a in 48% yield 

with 89:11. These results indicate that the NHTs group is more 

beneficial for the selectivity as compared to the NMeTs group. 

Therefore, PTC-14 and PTC-15 were selected as the optimum 

catalysts. Notably, the optimized conditions were conducted with 

1.1 equiv of racemic 2, and most of electrophile 2 was 

consumed. These results strongly suggest that the dynamic 

kinetic resolution of rac-2 occurred during the reaction. To 

confirm this phenomenon, the same reaction of 1a was 

performed with different equivalents of rac-2 (2.0 and 4.3 equiv, 

also see Figure S8 in the SI).[19] In both reactions, the yields of 

product 3 increased with slight decreases in the er. More 

interestingly, the excess of electrophile 2 recovered after the 

reaction was nearly racemic (52:48). 

  

Scheme 1. Investigation of PTC catalysts. [a] Isolated yield. [b] NMR yield 

using CHI3 as an internal standard. [c] 1a was recovered in 24% yield. 

Next, the substrate scope was investigated under the 

optimized conditions. Several substituents were introduced at 

the C5 position to perturb the electron density of the enol 

(Scheme 2). The reaction of enols 1 bearing electron-donating 

groups, such as methyl (1b), tert-butyl (1c), and methoxymethyl 

(MOM; 1d), with rac-2 and a catalytic amount of PTC-14 

proceeded smoothly to furnish desired products 3b–d in 54%–

69% yields with high enantioselectivities (92:8–93:7 er). In 

contrast, the reaction of substrates 1e and 1f, bearing bromine 

and chlorine at C5, proceeded slowly, giving 3e and 3f in 30% 

and 40% yields with 95:5 and 90:10 er, respectively. The low 

yields were attributed to both the reduced nucleophilicity and low 

solubility of starting enols 1e and 1f. Products 3g–i were 
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obtained in high yields with high enantioselectivities (92:8–95:5 

er) from corresponding C6- and C7-substituted substrates 1g–i. 

Interestingly, although the reaction of dihydronaphthalenone 1j 

gave 3j in 45% yield and comparable enantioselectivity, the 

same reactions with 1k and 1l resulted in a low yield and no 

selectivity. In the case of 4-bromobenzyl alcohol, no reaction 

occurred. These results indicated that a cyclic structure attached 

to the enol was important to achieve good enantioselectivity. 

Notably, the developed conditions were also applicable to the 

diastereoselective synthesis of GR24,[4] an artificial strigolactone, 

from enantiopure (+)-1m (92:8 dr). 

 

Scheme 2. Scope and limitations of nucleophiles.
 
[a] PTC-15 was employed 

instead of PTC-14. 

To demonstrate the potential of the reaction, we attempted the 

asymmetric syntheses of several strigolactones from racemic 

enols 1m and 1n with rac-2 under the optimized conditions. 

From rac-1m, (+)-GR24 (3m)[4] was obtained in 54% yield with 

82:18 er together with (−)-ent-2'-epi-3m in 40% yield with 88:12 

er (Schemes 3 and S1 in the SI). Furthermore, the reaction of 

bicyclic enol rac-1n furnished (+)-GR7 (3n)[7] and (−)-ent-2'-epi-

3n with comparable yields and selectivities. These results 

indicate that PTC-14 precisely discriminates the chirality of -

chlorobutenolide 2 but not the stereochemistry of the ring 

juncture in nucleophile 1. As a general trend, PTC-14 provides 

products with the (R)-configuration at C2' as the major isomer. 

Finally, we applied this reaction to determine the absolute 

stereochemistry of avenaol. After PTC-14-catalyzed introduction 

of the butenolide unit into rac-1o, resulting alcohols 3o and ent-

2'-epi-3o were converted to (+)-avenaol (4) and (−)-ent-2'-epi-

4.[18] Comparing the CD spectrum of synthetic (+)-4 with that of 

natural avenaol,[3] its absolute stereochemistry was determined 

to be 1R,3S,6R,7S,2'R.[28] 

 

Scheme 3. Application to the asymmetric synthesis of strigolactones. 

To rationalize the stereoselectivity of the observed 

acetalization process, we proposed the reaction mechanism 

depicted in Figure 3. Initially, an ion pair intermediate is formed 

in the water phase via the interaction of cationic catalyst cat+ 

and nucleophilic enolate en− derived from 1a.[19] Ion pair cat+/en− 

then moves to the organic phase and reacts with -

chlorobutenolide 2 to afford 3a. To elucidate the stereocontrol 

elements in this reaction, we computationally explored a large 

number of possible transition states for the SN2-type substitution 

pathways involving en− and both (R)-2 and (S)-2 stereoisomers 

of -chlorobutenolide. 

Our computational analysis using density functional theory 

(DFT) calculations[29] revealed that the enolate preferentially 

interacts with the o-isopropylphenylthiourea moiety of the 

catalyst (see blue arrows in Figure 3), whereas substrate 2 is 

activated by the tosyl-amide unit and the quaternary ammonium 

moiety (red arrows).[27] The most stable transition state involves 

concerted C-O bond formation between (R)-2 and en− and C-Cl 

bond cleavage (TS(R) in Figure 3). This transition state leads to 

(R)-3a being the major product, and it is characterized by 

multiple stabilizing noncovalent catalyst-substrate interactions. 

Namely, the position of enolate en− is fixed via H-bonding 

interactions between the carbonyl oxygen and one of the NH 

groups of the catalyst's thiourea unit and via intermolecular -

stacking interactions. [30] On the other hand, electrophile (R)-2 is 

bound to the catalyst by three different types of noncovalent 

contacts: via an N-H∙∙∙Cl hydrogen bond involving the tosyl-

amide NH group, electrostatic interaction with the positively 

charged ammonium unit (denoted R4N+∙∙∙O in Figure 3), and a 

C-H∙∙∙ type interaction with the aromatic ring of the tosyl group. 

In the reaction pathway towards (S)-3a, the minor product, the 

lowest lying transition state (TS(S)) is predicted to be disfavored 

by 1.8 kcal/mol compared to TS(R). The enantiomeric ratio 

computed by considering the Boltzmann distribution of all 

transition state conformers is 98:2, which is in good agreement 

with experimental observations. 

Although the enolate activation is similar in TS(S) and the N-

H∙∙∙Cl interaction between the catalyst and substrate (S)-2 is 
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maintained, the R4N+∙∙∙O- and C-H∙∙∙ -type contacts are absent 

in this transition state due to the altered orientation of the 

butenolide ring. As chloride anions are present in the reaction 

system, fast racemization between (R)- and (S)-2 takes place, 

which is also supported by computations (the barrier for the SN2-

type racemization process is predicted to be only 15.5 kcal/mol). 

Consequently, the dynamic kinetic resolution of rac-2 would 

proceed to give (R)-3a as a major product. In this catalytic 

system, the thiourea, quaternary ammonium, and Ts amide 

moieties played cooperative roles in this trifunctional catalyst. 

This differs from Jacobsen's catalyst system,[31] because the 

leaving chloride anion is captured by the Ts amide moiety, not a 

thiourea moiety. 

In summary, we have developed a novel thiourea–quaternary 

ammonium salt catalyst (PTC-14) for asymmetric acetalization. 

In this reaction, enantioselectivity was achieved through multiple 

noncovalent interactions between the thiourea, ammonium, and 

Ts amide moieties in the catalyst and the enol and -

chlorobutenolide. The dynamic kinetic intermolecular SN2 

reaction was realized through the isomerization of -

chlorobutenolide by chloride ions. This is the first example of an 

SN2-type intermolecular asymmetric acetalization using an 

organocatalyst. This method is applicable to enantioselective 

and diastereoselective syntheses of strigolactones. Furthermore, 

the absolute stereochemistry of avenaol was determined using 

this method. DFT calculations of the transition states in this 

reaction suggested that the chlorine atom of -chlorobutenolide 

was activated by the Ts amide hydrogen atom, which was 

important for improving the selectivity. This reaction provides not 

only a new approach to the diastereoselective synthesis of 

strigolactones but also furthers our understanding of asymmetric 

acetalizations in which the leaving group is activated by the 

catalyst. 

 

Figure 3. Proposed reaction mechanism and computed transition states TS(R) and TS(S) leading to enantiomeric products (R)-3a and (S)-3a. In the transition state 

structures, the catalyst framework is represented by an isodensity surface, and all hydrogen atoms in the substrates are omitted for the sake of clarity. The 

relative stabilities of the transition states in terms of their solvation phase Gibbs free energies (with respect to the cat+/en− + 2 state) are given in parentheses.
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