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ABSTRACT: Axially chiral aldehydes have emerged recently as a
unique class of motifs for drug design. However, few biocatalytic
strategies have been reported to construct structurally diverse
atropisomeric aldehydes. Herein, we describe the characterization
of alcohol dehydrogenases to catalyze atroposelective desymmet-
rization of the biaryl dialdehydes. Investigations into the
interactions between the substrate and key residues of the enzymes
revealed the distinct origin of atroposelectivity. A panel of 13
atropisomeric monoaldehydes was synthesized with moderate to
high enantioselectivity (up to >99% ee) and yields (up to 99%).
Further derivatization allows enhancement of the diversity and
application potential of the atropisomeric compounds. This study
effectively expands the scope of enzymatic synthesis of atropisomeric aldehydes and provides insights into the binding modes and
recognition mechanisms of such molecules.
KEYWORDS: atropisomers, axially chiral compounds, alcohol dehydrogenases, desymmetrization, biaryl aldehydes

■ INTRODUCTION
Atropisomerism refers to stereoisomerism caused by restricted
bond rotation and was discovered by Christie and Kenner in
1922.1 It frequently constitutes vital structural elements for
natural products,2−5 functional materials,6,7 molecular ma-
chines,8 and bioactive molecules.9−11 Various strategies have
been developed for the construction of the stereogenic axis or
asymmetric induction after formation of the atropisomeric
bond, including desymmetrization, kinetic resolution (KR),
and dynamic kinetic resolution (DKR).12−19 Various synthetic
methodologies, such as organocatalysis20,21 utilizing N-
heterocyclic carbene (NHC),22−27 chiral phosphoric acid
(CPA),28−33 chiral secondary amine,34 thiourea,35,36 and
peptide37 catalysts, have been reported in the past decade.
Metal catalysis has also been applied in the atroposelective
synthesis utilizing Cu,38 Pd,39−41 Ir,42 and Rh43 catalysts. Very
recently, Yang and co-workers reported the CPA-catalyzed
desymmetrization of diaryl ether amines with azodicarbox-
ylates, which afforded diaryl ethers in up to 99% yields and
>99% ee (Scheme 1a).28 Other desymmetrization strategies
were reported by Zhu et al., who employed the imidodiphos-
phorimidate (IDPi)-catalyzed silylation of biaryl diols to
enable the atroposelective kinetic resolution with up to 77%
yields and 98.5:1.5 er (Scheme 1b).44 In addition, Wu et al.
reported the NHC-catalyzed desymmetrization followed by
kinetic resolution of biaryl dialdehydes to afford 47 value-

added, structurally diverse aldehydes in up to 97% yields and
>99% ee (Scheme 1c).45 However, requirements for directing
groups and additional removal steps; difficulties in the
synthesis of the complex chiral ligands, auxiliaries, or catalysts;
and stoichiometric addition of selected catalysts or reagents are
often encountered in chemical synthetic methods. Conversely,
biocatalytic asymmetric synthesis of axially chiral compounds
may offer distinct advantages, such as environmental benignity,
mild conditions, and superior selectivity. Currently, only a
handful of examples have been reported so far to synthesize
biaryls in high atroposelectivity during the past decade utilizing
biocatalysis.46,47 Enzymatic atroposelective coupling reactions
by laccases,48 copper-dependent oxidase,49 and cytochrome
P450 enzymes50−52 have been previously explored, albeit with
very limited substrate scope and atroposelectivity. Recently,
flavin-dependent halogenases (FDHs) have enabled highly
stereoselective DKR of 3-aryl-4(3H)-quinazolinones; never-
theless, the substrate loadings were limited, thus preventing
further application utility. Vanadium chloroperoxidase from
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Curvularia inaequalis (CiVCPO) can catalyze the tribromina-
tion of biaryls to transform the freely rotating biaryl axis to

sterically hindered bond, but only in racemic forms.53 We and
others have established that ketoreductases (KREDs) or

Scheme 1. Representative Atroposelective Desymmetrizations
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alcohol dehydrogenases (ADHs) can be utilized in the
desymmetrization, KR, and DKR of biaryl dialdehydes or
diaryl ethers (Scheme 1d).54−56 However, the scope was
limited to less than five substrates, the mechanisms of
enzymatic atroposelective recognition for biaryls or diaryl
ethers were not investigated, and only a limited number of
commercial KREDs have been utilized. In this endeavor, we
demonstrate that screening against a large panel of structurally
diverse ADHs enables the synthesis of both (R)- and (S)-
configured atropisomeric biaryls (Scheme 1e), and the
differences in the interactions between the substrates and the
enzymes have led to the stereodivergent desymmetrization of
the biaryl and diaryl ether dialdehydes.

■ RESULTS AND DISCUSSION
To first identify highly active and selective ADHs toward the
biaryl substrates, we employed 1a as the model substrate to
screen a panel of 92 ADHs (phylogenetic analysis of the ADHs
is shown in Figure S1) from a variety of sources (full panel
results are shown in Tables S3 and S4). To our delight, a
number of wild-type ADHs displayed high activity toward 1a,
which led to either (R)- or (S)-2a. The 10 best-performing
ADHs that exhibited the highest activity and selectivity were
selected (Table 1). The turnover number (TON, [product]final
× [catalysts]−1) of ADH-R9 was up to 481 (the enzyme
content was estimated as shown in Figure S2). ADH-R2 and
ADH-R4 afforded the (S)-2a in ee > 99%, whereas ADH-R7,
ADH-R9, and ADH-R10 afforded (R)-2a with ee > 99%. The
yields of 2a were also high (>87%). A majority of short-chain
dehydrogenases (SDRs) (except ADH-R7) displayed clear
preference toward (S)-2a, and all medium-chain dehydro-
genases (MDRs) displayed preference toward (R)-2a.
Subsequently, the substrate concentrations and the

compositions of the cosolvent DMSO were optimized (Figures
S4 and S5). Ten mM 1a in sodium phosphate buffer (NaPi
buffer) with 5% DMSO was selected as the optimal reaction
conditions. The temperature and pH of the reactions were
employed with reference to previous reports.55 Time-course
profiles of the desymmetrization of 1a by the 10 best-

performing enzymes were investigated to examine the
formation of 2a (Figures S6−S15). The over-reduced product
3a can also be observed in <5% conversions when catalyzed by
a majority of the ADHs except ADH-R4 (11.4%, Table 1, entry
4). The ee for 2a reached a maximum in 3−6 h in all cases, but
the yields of 2a exhibited different time-course profiles for
various enzymes. For example, 2a was consumed rapidly after 3
h when the reaction was catalyzed by ADH-R1 and R2
compared with no consumption after reaching the maximum
yield with ADH-R7-R9. We also performed the kinetic
resolution of rac-2a employing selected ADHs, and indeed,
the catalytic activities varied among different enzymes. As
shown in Table S5, while ADH-R3, ADH-R5-6, and ADH-R8
are inactive toward rac-2a, the rest of enzymes are able to
catalyze the kinetic resolution of 2a with moderate
conversions. ADH-R2 exhibited the highest activity for kinetic
resolution of 2a, and therefore, as shown in Figure S7, the
composition of 2a rapidly declined after 3 h. The ee of 2a did
not decrease since the desymmetrization formed (S)-2a, and
the kinetic resolution consumed (R)-2a, and vice versa. The
absolute configuration of the substrates was confirmed by
comparison with reported analytical methodologies,55 and the
rotation barriers of the monoaldehydes have also been
reported previously.54

Having established the optimal reaction conditions, the
generality of the ADH-catalyzed desymmetrization of biaryl
dialdehydes was explored. First, the scope of the biaryl
framework of the dialdehydes was examined (Scheme 2). A
variety of substrates 1b−m were synthesized and characterized.
The racemic standards for 2a−m were established by reducing
the dialdehydes by boronic hydride reagents (Figures S16−
S47). The electronic effects on the naphthalene ring of the
dialdehydes were investigated by varying the functional motifs.
Substrates bearing electron-withdrawing (F) and electron-
donating (Me, OMe) substituents are well tolerated to afford
desired products 2b−2d in good yields (up to 98%) and ee
(up to 99% for R-configuration and up to 98% for S-
configuration). Excellent ee could also be obtained for the
phenanthrene-substituted product (S)-2f. Substrates bearing

Table 1. Screening of ADHs Utilizing 1a as the Model Substratea

entry enzyme sources types 2a [%] 3a [%] ee [%] configuration of 2a

1 ADH-R1 Burkholderia gladioli SDR 94.3 ± 3.1 3.0 ± 0.8 80.4 ± 0.8 S
2 ADH-R2 Ralstonia sp. SDR 92.4 ± 2.5 1.9 ± 0.9 99.9 ± 0.1 S
3 ADH-R3 Lactobacillus kef iri SDR 47.7 ± 0.3 1.6 ± 0.3 70.1 ± 0.7 S
4 ADH-R4 Oenococcus alcoholitolerans SDR 87.5 ± 0.7 11.4 ± 1.8 99.4 ± 0.2 S
5 ADH-R5 Zymomonas mobilis MDR 87.9 ± 1.8 2.9 ± 0.4 88.3 ± 0.0 R
6 ADH-R6 Parageobacillus thermoglucosidasius MDR 90.6 ± 1.8 2.6 ± 0.4 92.5 ± 1.5 R
7 ADH-R7 Thermus thermophilus SDR 95.4 ± 0.3 3.7 ± 0.3 99.9 ± 0.1 R
8 ADH-R8 Rhodopseudomonas palustris MDR 93.5 ± 1.4 2.9 ± 0.6 95.5 ± 5.4 R
9 ADH-R9 Rhizobium etli MDR 96.7 ± 1.2 2.9 ± 1.0 99.4 ± 0.1 R
10 ADH-R10 Pseudomonas meliae MDR 95.5 ± 0.9 4.3 ± 0.9 99.9 ± 0.1 R

aReaction conditions: 1a (10 mM), NADP+ (1 mM), glucose (20 mM), glutamate dehydrogenase (GDH) (2.5 mg mL−1), ADHs (0.1 g mL−1 of
whole cell with 6 units mL−1 of DNaseI and 1 mg mL−1 of lysozyme), DMSO (5% v/v) in NaPi buffer (pH 7.4, 50 mM), at 30 °C, 800 rpm. Total
volume: 1 mL.
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phenyl (1e), methyl (1h), vinyl (1i), halogen (1k), or alkyl
(1l) substituents on phenyl rings of the dialdehydes react well
to furnish the desired biaryl monoaldehyde atropisomers at up
to 99% yields with access to both (R)- and (S)-configured
products in up to 99% ee. (R)-2j with two substitutions has
been obtained in excellent ee, but only moderate to good yields
and ee have been obtained for (S)-2j. The diaryl ether product
(R)-2m was obtained in good yields and excellent ee (up to
99%), but no enzyme showed (S)-selectivity for this substrate.
ADH-R1, -R2, and -R4 catalyzed the formation of (S)-

configured products for the substrates 1a, 1b, 1c, 1g, 1h, 1i,
and 1l. Correspondingly, (R)-monoaldehydes can be obtained
for the same range of substrates catalyzed by ADH-R7, ADH-
R9, and ADH-R10. These substrates have relatively large or
hydrophobic motifs at the phenyl ring and may have situated in
the active sites of the enzymes in similar poses. However, when
the size of the substituent increases to the anthracyl group,
ADH-R1, -R9, and -R10 all catalyze the formation of (S)-2f,
thereby indicating different binding modes compared with the
model substrate. The selectivity for ADH-R7, -R9, and -R10

Scheme 2. Substrate Scope for the ADH-Catalyzed Desymmetrization of Prochiral Dialdehydesa

aReaction conditions: 1a (10 mM), NADP+ (1 mM), glucose (20 mM), GDH (2.5 mg mL−1), ADHs (0.1 g mL−1 of whole cell with 6 units mL−1

of DNaseI and 1 mg mL−1 of lysozyme), DMSO (5% v/v) in NaPi buffer (pH 7.4, 50 mM), at 30 °C, 3−24 h, 800 rpm. Total volume: 1 mL. *3b
(5% by ADH-R2), 3c (3% by ADH-R1), 3i (3% by ADH-R7), 3k (16% by ADH-R1 and 53% by ADH-R2), 3l (2% by ADH-R1) were formed at
the sampling time, and the diol products were not found for the rest of the substrates.
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are reversed utilizing 1k as the substrate, and this is possibly
due to change in the Cahn−Ingold−Prelog rule for 2k
compared with 2a. This is not the case for 2k and 2h, which
display reversed selectivity possibly due to different inter-
actions between the substrates and the enzymes (Figure S3).
Overall, there is no definitive correlation between the type of
substituent and the selectivity. Further mechanisms of the
enzymatic recognition of substrates have been analyzed to
provide explanations at molecular levels.
Subsequently, we demonstrated synthetic applications of the

ADH-catalyzed atroposelective desymmetrization of biaryl
dialdehydes by performing semipreparative scale reaction of
1a with ADH-R10 to afford (R)-2a and ADH-R4 to afford (S)-
2a (Scheme 3). The isolated products were obtained,
respectively in 375.0 and 391.7 mg amounts with almost
perfect ee (98−99%) and good isolated yields (72−75%).

Further derivatization of the atropisomeric (R)-2a is illustrated
in Scheme 3. Condensation with hydroxylamine hydrochloride
produced 4a in 86% isolated yield and 97% ee (Scheme 3a).
(R)-2a could also undergo a Wittig reaction to afford 5a in
83% isolated yield and 95% ee (Scheme 3b).
To gain further insights into the interactions between the

substrates and key binding residues of the enzymes and the
mechanisms underlying atroposelectivity, docking of 1a to
binding sites of ADH-R4 and ADH-R10 were performed
utilizing Autodock 4.2, respectively.57 ADH-R4 and ADH-R10
afforded either (S)-2a or (R)-2a with >99% ee, respectively.
ADH-R4 is a SDR from Oenococcus alcoholitolerans
(KGO31568.1), and ADH-R10 is an MDR from Pseudomonas
meliae (WP_044345496.1). We predicted the structures using
AlphaFold258 and identified the positions of the cofactor of
ADH-R4 and ADH-R10 with reference to the previously

Scheme 3. Semipreparative Scale Reactions and Synthetic Transformations of Atropisomeric Biaryls

Figure 1. Investigations into the origin of atroposelectivity. (a) Docking model of 1a at ADH-R4. (b) Docking model of 1a at ADH-R10. (c)
Docking model of 1b at ADH-R1. (d) Docking model of 1d at ADH-R1.
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reported crystal structures (PDB ID: 4RF2 and 3OX4).
Subsequently, the interactions between the substrate and
enzymes were analyzed (Figure 1a,b). The residues S144 and
Y157 from ADH-R4 form hydrogen bonds with the substrate,
which is the main driving force for 1a to situate at a position
where the pro-S hydroxyl group points to the catalytic hydride
transfer site of the cofactor NADPH. In addition, interactions
to the naphthyl ring by surrounding residues can also be
observed, which may also contribute to the binding pose of 1a.
Similarly, hydrogen bonds between residue H266 and the
hydroxyl group at 1a are the major contributing factor for the
formation of (R)-2a. Therefore, 1a is situated in different
positions at different binding pockets of ADHs, which leads to
reversed atroposelectivity.
Furthermore, pro-atropisomeric 1b and 1d were converted

to (S)-2b and (R)-2d by ADH-R1, respectively (Figure 1c,d).
Both substrates were docked into ADH-R1 from Burkholderia
gladioli (WP_013688875.1, structure predicted by Alpha-
Fold2). The residues Y151 and S138 at ADH-R1 form
hydrogen bonds with the carbonyl group at 1b, whereas only
Y151 forms hydrogen bonds with 1d. This difference is
possibly the origin of the lower atroposelectivity for ADH-R1
toward 1d than 1b and it correlates well with the experimental
results. In addition, the naphthyl rings at 1b and 1d are
positioned differently. π-Alkyl interactions are observed
between residues L203 and L207 and the naphthyl ring of
1b, whereas additional π−π or π-alkyl interactions are formed
between residues L192 and F148 and the naphthyl ring at 1d
because of a different binding pose of 1d caused by steric
hindrance of the methoxy substitutions at 1d. Therefore, with
only the replacement of fluoro- to methoxy-substitution at the
naphthyl rings of the substrates, the configuration of the
products is reversed. In summary, the recognition of pro-
atropisomeric substrates and origin of atroposelectivity of
ADHs are distinct from the center-chiral substrates where the
dihedral angle for the hydride transfer to the carbonyl groups
on the substrates is the major contributing factor to the
configuration of the products.59,60

■ CONCLUSIONS
In summary, we have developed the highly efficient
asymmetric synthesis of axially chiral biaryls and diaryl ethers
by ADH-catalyzed desymmetrization. Several ADHs were
identified and characterized to catalyze the formation of a
range of atropisomeric monoaldehydes in moderate to
excellent ee and yields with both (R)- and (S)-configuration.
The reactions are easy to scale up with good to high isolated
yields and can be further derivatized to afford novel products.
The current methodologies greatly expand the scope of
enzymatic atroposelective reactions of biaryls and diaryl ethers.
Future work may include engineering of the enzymes with the
purpose of improving the selectivity and activity for the
stereodivergent synthesis of axially chiral products to meet
application requirements.
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