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Abstract

We report herein a rare example of enantiodivergent aldehyde addition with β-alkenyl allylic 

boronates via chiral Brønsted acid catalysis. 2,6-Di-9-anthracenyl-substituted chiral phosphoric 

acid-catalyzed asymmetric allylation using β-vinyl substituted allylic boronate gave alcohols with 

R absolute configuration. The sense of asymmetric induction of the catalyst in these reactions 

is opposite to those in prior reports. Moreover, in the presence of the same acid catalyst, the 

reactions with β-2-propenyl substituted allylic boronate generated homoallylic alcohol products 

with S absolute configuration. Unusual substrate-catalyst C–H⋯π interactions in the favoured 
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reaction transition state were identified as the origins of observed enantiodivergence through DFT 

computational studies.
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Introduction

Asymmetric catalysis has significantly accrued importance in organic chemistry over the 

past three decades, as it becomes one of the most adopted approaches to synthesize chiral 

nonracemic molecules.[1,2] Among available tactics, asymmetric catalysis via biological 

molecules, transition metal complexes and small organic molecules have garnered the 

most attention. In vast majority of the enzymatic catalysis, however, minor perturbations 

to the substrate structures often have profound influences on chemical reactivities of the 

reactant, and perhaps more importantly, the optical purities of the reaction product. By 

contrast, asymmetric catalysis with transition metal complexes or small organic molecules 

are much more promiscuous toward the substrate or reagent structural variations. It is 

generally true that these processes can tolerate substrates or reagents with considerable 

structural differences to generate chiral products with comparable enantioselectivities. And 

enantiomeric products can normally be created from reactions with the antipode of the 

catalyst separately.

Pioneered independently by the Akiyama and Terada groups,[3] BINOL-derived chiral 

phosphoric acids are a class of small molecule organic catalysts that have been widely 

exploited in asymmetric catalysis.[4] In particular, the ease for modifying the substituents 

at the 3- and 3’-positions of the BINOL backbone has facilitated the development of a 

variety of acid catalysts with different electronic and steric properties. The mode of catalysis 

of chiral phosphoric acids typically involves a hydrogen-bonding network between the 

acid catalyst and the substrate. The chiral information from the resulting catalyst-substrate 

complex often dictates the formation of one enantiomer product selectively. By taking 

advantage of this novel mode of catalysis, a broad range of asymmetric transformations 

have been developed during the past 20 years using these small molecule catalysts.[4] In 

particular, several chiral phosphoric acids have exhibited excellent levels of asymmetric 

induction in aldehyde addition with allylboronates to generate highly enantioenriched 

homoallylic alcohols.[5] Owing to the exceptional fidelity of asymmetric induction from 

these catalysts, the reactions have been successfully extended to a wide range of unsaturated 

organoboron compounds.[6–9]

In connection to an ongoing synthesis project, we became interested in developing catalytic 

asymmetric methods that allow for the access to enantioenriched homoallylic alcohols 

bearing an alkene group at the γ-position, 2 and 4 (Scheme 1).[10] Such alcohols are key 

structural motifs in several members of the amphidinolide natural product family.[11,12] 

Moreover, the diene moieties of 2 and 4 can participate in a variety of transformations 

to generate important building blocks for complex molecule syntheses.[13] As illustrated 
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in Scheme 1, a chiral Brønsted acid-catalyzed aldehyde allylation approach is envisioned 

to produce enantioenriched homoallylic alcohols 2 and 4. Accordingly, we report herein 

the discovery of chiral phosphoric acid-catalyzed enantiodivergent aldehyde addition with 

β-alkenyl allylboronates. In the presence of a catalytic amount of acid (S)-A2, asymmetric 

addition to aldehydes with boronate 1a formed enantioenriched alcohols 2 with R absolute 

configuration, which is opposite to the sense of asymmetric induction of the catalyst as 

shown in prior allylation studies. On the other hand, the reactions of boronate 3 with 

the same acid catalyst afforded alcohols 4 with S absolute configuration. It is particularly 

striking that, in the presence of the same acid catalyst (S)-A2, a small structural variation 

of boron reagents 1a and 3 (a methyl group) led to the formation of alcohol products 

with opposite configuration. This serendipitous discovery provides a rare example of 

enantiodivergent catalysis by chiral phosphoric acids.[14]

Results and Discussion

We began our studies by developing suitable conditions for asymmetric addition to 

benzaldehyde with pinacol boronate 1a. Following the initial report from the Antilla 

group,[5a] chiral phosphoric acid (S)-A1 (TRIP) has been employed to catalyze asymmetric 

aldehyde addition with a wide array of allyl,[6] allenyl,[7] and propargyl boronates[8] to 

form highly enantioenriched alcohol products. Therefore, we anticipated acid (S)-A1 should 

catalyze the reaction of boronate 1a with benzaldehyde to give product (S)-2a with high 

enantiopurity.[9] When 1a (1.2 equiv) was treated with benzaldehyde at −45 °C in the 

presence of 5 mol% of acid (S)-A1, alcohol (S)-2a was obtained in 86% yield, albeit with 

only 79:21 er. It has been shown that the diol motif on boron could drastically influence the 

enantioselectivities of the reactions.[8b,15] We were intrigued whether the enantioselectivity 

could be improved by modifying the diol unit of boron reagent 1a. Toward this end, we 

prepared a small collection of boronates 1b–f and conducted reactions of benzaldehyde 

with 1b–f in the presence of acid catalyst (S)-A1. Much to our dismay, while the yields of 

product 2a were high, the enantioselectivities of these reactions were not improved. The 

enantiomeric ratios of product (S)-2a range from 79:21 er to 55:45 er, with the one from the 

reaction with pinacol boronate 1a being the best (Table 1).

Besides (S)-A1, several other chiral phosphoric acids have been shown to catalyze 

asymmetric aldehyde addition to form alcohol products with excellent optical purities.
[5b,c,8b] To explore whether the structures of chiral phosphoric acids could impact 

enantioselectivities of the reaction, several catalysts (S)-A1–A8 were evaluated for the 

reactions of 1a with benzaldehyde. As illustrated in Table 2, while the reaction with 

acid (S)-A1 as the catalyst gave alcohol (S)-2a in 79:21 er, the reaction with 9-anthracyl-

substituted acid (S)-A2 afforded product 2a in 90:10 er, strikingly, with (R)-2a as the 

major enantiomer (entry 2, Table 2). In accord with mechanistic studies from prior chiral 

phosphoric acid-catalyzed asymmetric aldehyde allylboration,[5,9] enantiomer (S)-2a should 

be formed selectively with (S)-A2 as the catalyst. However, we consistently obtained the 

same results after conducting the reaction several times with acid catalyst (S)-A2 from 

different commercial sources. Given the high fidelity of asymmetric induction[5,6] in chiral 

phosphoric acid-catalyzed allyl addition reactions, it is completely unexpected that acids 
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(S)-A1 and (S)-A2, which bear the same chiral (S)-BINOL backbone, afforded opposite 

enantiomers of product 2a. Intriguingly, acid catalysts with other aromatic groups such as 

9-phenanthrenyl [(S)-A3] or 1-pyrenyl [(S)-A4] only gave near racemic product 2a (entries 

3 and 4). To probe whether such phenomena are true for chiral phosphoric acids with 

other backbones, we conducted the reactions with (S)-A5 or (S)-A6 as the catalyst, both of 

which have an H8-BINOL unit. As we surmised, the reaction with (S)-A5 as the catalyst, 

which is closely related to (S)-A1 (TRIP), gave (S)-2a (84:16 er) as the major enantiomer 

(entry 5). By contrast, the reaction with acid (S)-A6, which resembles (S)-A2, produced 

enantiomer (R)-2a (77:23 er) preferentially (entry 6). The same trend was observed again 

for the reactions with catalysts (S)-A7 and (S)-A8, both possessing an identical SPINOL 

backbone. While (S)-2a (81:19 er) was formed as the major enantiomer with catalyst (S)-A7 

(entry 7), the reaction with acid (S)-A8 as the catalyst delivered (R)-2a in 76:24 er (entry 

8). Among these acids we evaluated, the reaction with (S)-A2 was the most enantioselective. 

Final tweak of the reaction conditions revealed that 4 Å molecular sieves are important 

to the enantioselectivity of the reaction (entry 9). A slight boost of the optical purity of 

(R)-2a was achieved with (S)-A2 as the catalyst when the reaction was conducted in a 1:1 

toluene and cyclohexane mixed solvent system (entry 10). These results indicate that the 

reactions selectively generated the (S)-enantiomer of 2a when acid (S)-A1, (S)-A5, or (S)-A7 

bearing a 2,4,6-triisopropyl-phenyl group was employed as the catalyst. On the other hand, 

the reactions with acid (S)-A2, (S)-A6, or (S)-A8, which has a 9-anthracyl group, preferred 

forming enantiomer (R)-2a selectively.

The general applicability of the reaction is summarized in Table 3. A variety of aldehydes 

participated in the reaction to give alcohols (R)-2 in 72–98% yields with 90:10 to 98:2 

er. To confirm the R absolute configuration of the hydroxyl group in 2, modified Mosher 

ester analyses were conducted with several representative alcohols 2 (bottom panel, Table 

3).[16] The results are fully consistent with assigned R configuration of the hydroxyl group 

in alcohols 2. Moreover, X-ray crystallography analyses of compounds 2f, 2i, 2j and 2k 
further corroborated the R absolute configuration of hydroxyl group. To the best of our 

knowledge, such a chiral phosphoric acid-catalyzed asymmetric allylation that produces 

opposite enantiomers from acid catalysts bearing the same chiral backbone has not been 

documented in any prior literature.[17] It is apparent that the steric model established by the 

Goodman group is not operational in this case.[9a] A new mode of catalysis is likely involved 

in these reactions.

To investigate whether the observed enantiodivergence with catalysts (S)-A1 and (S)-A2 

is applicable to other systems, we evaluated asymmetric aldehyde addition with several 

other unsaturated boronates. As shown in Scheme 2, the reaction of allylboronate 5 with 

benzaldehyde in the presence of acid (S)-A1 produced homoallylic alcohol 6 in 88% 

yield with 98:2 er. When acid (S)-A2 was employed, the same alcohol 6 was obtained 

in 93% yield with a lower enantiomeric ratio (82:18). In both cases, the major enantiomer 

product 6 has the same configuration. The reactions of γ-ethoxy-E-allylboronate 7 with 

either acid catalyst (S)-A1 or (S)-A2 also gave identical product 8 with comparable 

enantioselectivities.[18] The same trend was observed again in reactions with propargylic 

boronate 9, both delivering alcohol 10 with similar enantiomeric purities.[8b] For reactions 
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with allenyl boronate 11, homopropargylic alcohol 12 obtained via catalyst (S)-A1 is 

highly enantioenriched (95:5 er).[7a] When acid (S)-A2 was employed, much lower ee was 

observed for alcohol 12 (67:33 er). Nevertheless, the major enantiomers from these two 

reactions share the same absolute configuration. However, we discovered that the reactions 

of allenyl boronate 13 employing acid (S)-A1 as the catalyst afforded homopropargylic 

alcohols 14 (97:3 er) and 15 (98:2 er) with S configuration.[7e] By contrast, the enantiomeric 

products, ent-14 (80:20 er) and ent-15 (81:19 er) with R absolute configuration, were 

isolated in the reactions with acid (S)-A2 as the catalyst. Among all examined boron 

reagents, only reactions with the methyl-substituted allenyl boronate 13 exhibited a similar 

enantiodivergence behavior to the reactions with 1a. Again, it is intriguing that the trends of 

enantioselection in the reactions with allenyl boronates 11 and 13 are drastically different, 

given the small structural difference between the two boron reagents.

Enantioenriched alcohols 4 are valuable intermediates in organic synthesis. Methods that 

allow for highly enantioselective preparation of such molecules are rare.[13a] We were 

intrigued whether the reaction could be extended to boron reagent 3, as it could readily 

provide the access to chiral nonracemic alcohols 4 (Scheme 3). Based on the results in 

Tables 2–3, it was expected that acid (S)-A2-catalyzed reaction of aldehydes with reagent 3 
should form alcohols (R)-4 selectively. As shown in Scheme 3, when reagent 3 was treated 

with benzaldehyde at −45 °C in the presence of acid (S)-A1, alcohol 4a was obtained in 87% 

yield with 78:22 er. The S absolute configuration of major enantiomer (S)-4a is consistent 

with the sense of asymmetric induction of acid catalyst (S)-A1 in prior reports (also see the 

results of reagent 1a with acid (S)-A1 as the catalyst shown Table 1). When the reaction 

of 3 was conducted with acid (S)-A2 as the catalyst, product 4a was isolated in 90% yield 

in 91:9 er, surprisingly, also with the S absolute configuration. Mosher ester analyses of 4a 
further confirmed the S absolute configuration of the hydroxyl group.[16] It is apparent that 

the major enantiomers obtained from these two reactions with reagent 3 share the same S 
configuration, regardless of the structures of the acid catalysts (S)-A1 and (S)-A2.

Table 4 summarizes the scope of aldehyde in reactions with reagent 3 in the presence of 

acid catalyst (S)-A2. Alcohol products (S)-4a–i were isolated in 76–99% yields with 91:9 

to 96:4 er. The S absolute configuration of the hydroxyl group was established by Mosher 

ester analyses of several representative alcohols 4.[16] The X-ray crystallography analyses 

of compounds 4b, 4e and 4f further confirmed the absolute configuration. It is remarkable 

that, even though the only difference between two boronate reagents, 1a and 3, is a methyl 

group, acid (S)-A2-catalyzed reactions with these two reagents gave alcohols (R)-2 and (S)-4 
with opposite absolute configuration (Tables 3 and 4). Again, these data point to potential 

different modes of catalysis of acid (S)-A2 in reactions with reagents 1a and 3.

Adducts 2 and 4 obtained from these reactions contain a diene unit, which can undergo 

various chemical transformations. As shown in Scheme 4, Cu-catalyzed protoboration of 

the mono-substituted alkene unit of 2a gave boronate 16 in moderate yield. Alternatively, 

protection of the hydroxyl group of 2a gave TBS-ether 17, which underwent the same 

protoboration process to afford boronate 18 in 86% yield. Diene 17 participated in Pt-

catalyzed 1,4-diboration at 80 °C to deliver boronate 19 in 87% yield.[19] Cobalt-catalyzed 
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coupling of diene 17 with ethyl acrylate gave skipped diene 20 in 83% yield with 16:1 

E-selectivity at the methyl-substituted olefin group.[20] Subsequent DBU-promoted alkene 

isomerization of 20 produced conjugated diene 21 with > 30:1 Z-selectivity. The alkene 

geometry of 20 and 21 was assigned by nOe studies. In addition, [4+2] cycloaddition of 

the diene group of 17 with dimethyl acetylenedi-carboxylate followed by DDQ-mediated 

aromatization gave product 22 in 92% yield.[21] 1,4-Diboration of TBS-ether 23 was 

also conducted, affording diboronate 24 in 92% yield. Lastly, the diene group of 23 
participated in La(OTf)3-catalyzed [4+2] cycloaddition with diethyl azodicarboxylate to give 

tetrahydropyridazine 25 in 95% yield.[22]

Computational Studies

To elucidate the origins of observed enantiodivergence in the chiral phosphoric acid (S)-A1 

and (S)-A2-catalyzed aldehyde addition with boronate 1a, and to investigate the origins of 

the asymmetric induction in (S)-A2-catalyzed reactions with reagent 1a, density functional 

theory (DFT) calculations were performed using Gaussian 16.[23] At the theoretical level, 

geometries were optimized at B3LYP/6–31G(d), and single-point energies and solvent 

effects were investigated at M06–2X/6–311+G(d,p)-CPCM (toluene).[24] Thermochemistries 

were corrected with the Head-Gordon and Grimme corrections using GoodVibes version 

3.0.1, with quasiharmonic approximations to entropy and enthalpy and corrected for 

228.15 K.[25] Conformation searches were conducted using the CREST conformer-rotamer 

ensemble sampling tool version 2.10.2 with xtb version 6.3.3.[26]

Two different catalysis models, reported by the Goodman and Houk groups, were utilized 

for computational studies.[7a,9a,b] As shown in Figure 1, in the Goodman model, the chiral 

phosphoric acid catalyst forms a ternary complex with the aldehyde and allylboronate. The 

competing reaction transition states feature a bidentate chelate via hydrogen bonding of the 

acid catalyst with the hydrogen atom of the aldehyde and the axially positioned oxygen 

atom of the boronate. In the Houk model, the chiral phosphoric acid coordinates to the 

equatorially oriented oxygen atom of the boron reagent, and the phosphoryl oxygen interacts 

with one hydrogen atom of the phenyl group in reaction transition states. On the basis of 

prior reports on chiral phosphoric acid (S)-A1-catalyzed allylboration reactions, the most 

favorable transition state, TS-ax, involves the si-face addition to benzaldehyde via the axial 

model, which leads to the formation of major enantiomer (S)-6.[5,9] Meanwhile, the lowest 

energy transition state (TS-eq) delivering the minor enantiomer (R)-6 corresponds to the 

equatorial model, with the allylboronate attacking the re-face of benzaldehyde.

To gain insights into the roles of 3- and 3’-substituents of phosphoric acid catalysts in 

determining the enantioselectivity of aldehyde addition with reagent 1a, computational 

studies on acid (S)-A1-catalyzed reaction of benzaldehyde with boronate 1a were performed 

first. The reaction formed a pair of enantiomers, (R)-2a and (S)-2a, in a 21:79 ratio, favoring 

enantiomer (S)-2a (entry 1, Table 1). As shown in Figure 2, for the re-face attack that 

leads to minor enantiomer (R)-2a, transition state TS-1-eq via the equatorial model is 

preferred to transition state TS-1-ax via the axial model by 2.0 kcal mol−1. Meanwhile, 

transition state TS-2-ax, featuring the si-face attack via the axial model to give (S)-2a, 

is found to be 1.0 kcal mol−1 lower in energy than transition state TS-1-eq. The energy 
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difference between TS-1-eq and TS-2-ax is in good agreement with the enantioselectivity 

observed experimentally (21:79 er). Moreover, formation of (S)-2a as the major enantiomer 

is consistent with the sense of asymmetric induction of (S)-A1 in all prior reports on chiral 

phosphoric acid (S)-A1-catalyzed aldehyde allylboration reactions (More details are given in 

Supporting Information, Figure S1 and the accompanying discussions).[5,6]

Next, DFT calculations on chiral phosphoric acid (S)-A2-catalyzed benzaldehyde addition 

with boron reagent 1a were conducted. In this reaction, alcohol (R)-2a was obtained as the 

major enantiomer in 90:10 er (entry 2, Table 2). As illustrated in Figure 3, the calculations 

revealed that transition state TS-3-ax via the axial model, which features a re-face attack 

to give (R)-2a, is 4.1 kcal mol−1 more favorable in energy than transition state TS-3-eq via 

the equatorial model (which also delivers (R)-2a). This finding is in sharp contrast to the 

results obtained from the calculations on (S)-A1-catalzed re-face addition to benzaldehyde 

with 1a, where transition state TS-1-eq via the equatorial model is energetically more 

favorable than transition state TS-1-ax via the axial model. Moreover, transition state 

TS-3-ax (re-face attack) is calculated to be1.2 kcal mol−1 more favorable than transition 

state TS-4-ax (si-face attack). This finding is in good accord with the experimentally 

observed enantiomeric excess of (R)-2a (90:10 er). The results indicate that substituting 

the 2,4,6-triisopropylphenyl group with a 9-anthracyl group in the catalyst completely alters 

the enantioselection of the reaction.

To probe the origins of energy difference between reaction transition states TS-3-eq and 

TS-3-ax with the 9-anthracyl group in the catalyst, non-covalent interaction (NCI) analyses 

were conducted (Figure 4).[27] The independent gradient model (IGM) was chosen due to 

its ability to extract intermolecular NCIs. The calculations indicate there is no apparent 

steric difference in transition states TS-3-eq and TS-3-ax. However, the key difference 

between the two transition structures is the position of the β-vinyl group of boronate 

1a. In disfavored transition state TS-3-eq, the vinyl group of boronate 1a points away 

from the anthracyl group of the acid catalyst. By contrast, it parallels to the anthracyl 

group in favored transition state TS-3-ax (shown as the large green discs, Figure 4), 

suggesting the presence of strong C–H⋯π interactions in transition state TS-3-ax. Further 

calculations were performed by replacing the vinyl group of 1a with a hydrogen atom 

then calculating the single-point without optimization. The energy difference between two 

competing transition states decreased to 0.4 kcal mol−1, which is significantly smaller 

than the one between TS-3-eq and TS-3-ax (4.1 kcal mol−1). These data suggest that the 

attractive C–H⋯π interactions between the vinyl group and the anthracyl group are likely 

responsible for the preference of transition state TS-3-ax over TS-3-eq in chiral phosphoric 

acid (S)-A2-catalyzed aldehyde addition with reagent 1a.

To clarify the factors that control the enantioselectivity in acid (S)-A2-catalyzed reaction 

with reagent 1a, where TS-3-ax is more favorable than transition state TS-4-ax by1.2 

kcal mol−1, the distortion/interaction analyses of the transition states were carried out.[28] 

The geometries of transition states TS-3-ax and TS-4-ax are divided into two fragments: 

the acid catalyst and boronate-benzaldehyde complex. According to the calculations, the 

distortion energy difference of acid catalyst and boronate-benzaldehyde complex between 
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TS-4-ax and TS-3-ax is −0.7 and 0.2 kcal mol−1, respectively. On the other hand, the 

computed interaction energy favors TS-3-ax by 2.4 kcal mol−1 over TS-4-ax. Therefore, the 

total energy of TS-4-ax is1.9 kcal mol−1 higher than TS-3-ax using distortion/interaction 

analyses. Inspection of the optimized geometries by NCI analyses confirms that the origins 

of difference in interaction energy are mainly due to the C–H⋯π interactions (Figure 4). 

In the favored transition state TS-3-ax, the vinyl group of 1a interacts more strongly with 

the anthracyl group of catalyst (S)-A2 (shown as the large green discs in TS-3-ax, Figure 

4). By contrast, in the disfavored transition state TS-4-ax, the vinyl group is positioned 

into the narrow pocket of the acid catalyst. Such an arrangement leads to the vinyl group 

adopting a T-shape conformation with the anthracyl group of (S)-A2, which results in 

much weaker C–H⋯π interactions (shown as the small green discs in TS-4-ax, Figure 4). 

Therefore, transition state TS-3-ax features much stronger C–H⋯π interactions between 

reagent 1a and acid catalyst (S)-A2. Moreover, single-point calculations were conducted 

by replacing the vinyl group of boronate 1a with a hydrogen atom (Figure 4). The energy 

difference between two competing transition states decreases to −0.9 kcal mol−1, which 

again suggests the difference of C–H⋯π interactions in transition states TS-3-ax and 

TS-4-ax of (S)-A2-catalyzed reaction with reagent 1a is the crucial contributor to the 

observed enantioselectivity. It is worth noting that such C–H⋯π interactions have not 

been documented in prior phosphoric acid-catalyzed aldehyde addition with unsaturated 

organoboron compounds. This serendipitous discovery could be valuable for the design of 

novel chiral phosphoric acid catalysts that exploit such C–H⋯π interactions.

As shown in Table 4, the reactions between aldehydes and reagent 3 with phosphoric acid 

(S)-A2 as the catalyst provided alcohols (S)-4 as the major enantiomers of the reactions. 

The sense of asymmetric induction of acid (S)-A2 in these reactions is the same as those 

with acid (S)-A1 as the catalyst (Scheme 3). However, such sense of asymmetric induction is 

opposite to the one from reactions with reagent 1a (Table 3), even the same catalyst (S)-A2 

was employed in these reactions. To probe the origins of observed enantioselectivities in 

these reactions, theoretical studies were conducted on the reaction between boronate 3 and 

benzaldehyde with acid (S)-A2 as the catalyst. As depicted in Figure 5, transition state 

TS-5-ax with the re-face attack on benzaldehyde is calculated to be 2.0 kcal mol−1 less 

favorable compared to transition state TS-6-ax with the si-face attack. The reaction via 

the lower energy transition state, TS-6-ax, gave product (S)-4a as the major enantiomer, 

which is consistent with the experimental results. Closely examining the optimized geometry 

of TS-5-ax revealed that the methyl group of boronate 3 is oriented toward the narrow 

pocket of acid catalyst (S)-A2, which results in weak C–H⋯π interactions (shown as the 

small green discs in TS-5-ax, Figure 5, bottom panel). Moreover, this orientation results 

in the absence of stabilizing C–H⋯O=P hydrogen-bonding interactions between the phenyl 

hydrogen and phosphoryl oxygen of the catalyst, which further destabilizes transition state 

TS-5-ax. By contrast, transition state TS-6-ax exhibits the attractive C–H⋯O=P hydrogen-

bonding interaction in addition to strong C–H⋯π interactions, which ultimately makes 

TS-6-ax the favored transition state in the reaction with reagent 3. Overall, chiral phosphoric 

acid (S)-A2-catalyzed aldehyde addition with boronate 3 proceeds through the energetically 

more favorable TS-6-ax to afford product 4a with S absolute configuration. This analysis is 

consistent with the experimental observation.
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Conclusion

In summary, we report our serendipitous findings on the enantiodivergence of chiral 

Brønsted acid-catalyzed allylation. With the same acid catalyst (S)-A2, the reactions 

of aldehydes with β-vinyl substituted allylboronate 1a gave alcohol products 2 with R 
absolute configuration as the major enantiomer, while the reactions with a structurally 

closely related reagent, β−2-propenyl substituted allylboronate 3, generated S-enantiomers 

of alcohol products 4 preferentially.[29] Moreover, in reactions with reagent 1a, the sense 

of asymmetric induction of acid catalyst (S)-A2 is opposite to those in prior reports.[30] 

Such discrepancy in enantioselectivities and asymmetric induction has not been disclosed 

in any chiral phosphoric acid-catalyzed asymmetric aldehyde addition reactions. DFT 

computational studies were conducted to probe the origins of observed enantiodivergence. 

Unusual C–H⋯π interactions between the boron reagent 1a and the catalyst (S)-A2 were 

identified as the dominant contributor to the observed enantioselectivities. These results 

could be highly valuable for the development of novel chiral phosphoric acid catalysts by 

exploiting the C–H⋯π interactions as part of the design elements.
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Figure 1. 
The axial model (Goodman) and the equatorial model (Houk) for chiral phosphoric acid 

(S)-A1-catalyzed allylboration of benzaldehyde with 5.
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Figure 2. 
DFT-optimized transition states TS-1-eq, TS-1-ax, and TS-2-ax of chiral phosphoric acid 

(S)-A1-catalyzed addition to benzaldehyde with reagent 1a. Energy differences are given in 

kcal mol−1. Non-critical hydrogen atoms in all computed structures are hidden to improve 

clarity.
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Figure 3. 
DFT-optimized transition states TS-3-eq, TS-3-ax, and TS-4-ax of chiral phosphoric acid 

(S)-A2-catalyzed addition to benzaldehyde with reagent 1a. Energy differences are given in 

kcal mol−1. Non-critical hydrogen atoms in all computed structures are hidden to improve 

clarity.
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Figure 4. 
Color-filled NCI isosurfaces of transition states TS-3-eq, TS-3-ax, and TS-4-ax (blue: 

strong attraction; green: weak interactions; red: steric effect). Right column: single-point 

calculations by replacing the vinyl group of 1a with a hydrogen atom. Energy differences are 

given in kcal mol−1. Non-critical hydrogen atoms in all computed structures are hidden to 

improve clarity.
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Figure 5. 
DFT-optimized transition states TS-5-ax and TS-6-ax of chiral phosphoric acid (S)-A2-

catalyzed addition to benzaldehyde with reagent 3. Bottom panel: color-filled NCI 

isosurfaces (blue: strong attraction; green: weak interactions; red: steric effect). Energy 

differences are given in kcal mol−1. Non-critical hydrogen atoms in all computed structures 

are hidden to improve clarity.
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Scheme 1. 
Proposed approach to γ-alkenyl homoallylic alcohols 2 and 4.
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Scheme 2. 
Evaluation of the reactions with other unsaturated boron reagents.
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Scheme 3. 
Asymmetric aldehyde addition with reagent 3.
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Scheme 4. 
Derivatization of reaction products.
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Table 1:

Initial studies with allylboronates 1 bearing different diol groups.[a–c]

entry boronate yield (S)-2a:(R)-2a

1 1a 86% 79:21

2 1b 98% 72:28

3 1c 75% 70:30

4 1d 92% 68:32

5 1e 80% 63:37

6 1f 86% 55:45

[a]
Boronate 1 (0.12 mmol, 1.2 equiv), benzaldehyde (0.1 mmol,1.0 equiv), (S)-A1 (5 mol %), 4 Å molecular sieves (50 mg), toluene, −45 °C.

[b]
Yields of isolated products are listed.

[c]
Enantioselectivities were determined by HPLC analysis.
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Table 2:

Optimization of the chiral phosphoric acid catalyst.[a–f]

entry catalyst major product yield (S)-2a:(R)-2a

1 (S)-A1 (S)-2a 86% 79:21

2 (S)-A2 (R)-2a 98% 10:90

3 (S)-A3 (S)-2a 92% 52:48

4 (S)-A4 (S)-2a 80% 53:47

5 (S)-A5 (S)-2a 86% 84:16

6 (S)-A6 (R)-2a 92% 23:77

7 (S)-A7 (S)-2a 86% 81:19

8 (S)-A8 (R)-2a 80% 24:76

9[e] (S)-A2 (R)-2a 86% 25:75

10[f] (S)-A2 (R)-2a 92% 7:93
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entry catalyst major product yield (S)-2a:(R)-2a

[a]
Reaction conditions: boronate 1a (0.12 mmol, 1.2 equiv), benzaldehyde (0.1 mmol, 1.0 equiv), phosphoric acid (5 mol %), 4 Å molecular sieves 

(50 mg), toluene (0.3 mL), −45 °C, 48 h.

[b]
Yields of isolated products are listed.

[c]
The absolute configuration of the hydroxyl group in 2 was established by Mosher ester analyses.

[d]
Enantiomeric ratios were determined by HPLC analysis.

[e]
The reaction was conducted without 4 Å molecular sieves.

[f]
The reaction was conducted in toluene/cyclohexane (1:1). Cy: cyclohexane.
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Table 3:

Scope of aldehyde for reactions with boronate 1a catalyzed by (S)-A2.
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Table 4:

Aldehyde scope for (S)-A2-catalyzed reactions with boron reagent 3.[a–c]

[a]
Reaction conditions: boronate 3 (0.12 mmol, 1.2 equiv), aldehyde (0.1 mmol, 1.0 equiv), phosphoric acid (S)-A2 (5 mol %), 4 Å molecular 

sieves (50 mg), toluene/cyclohexane (1:1, 0.3 mL), −45 °C, 48 h.

[b]
Yields of isolated products are listed.

[c]
Enantiomeric ratios were determined by HPLC analysis.
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