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a b s t r a c t

Chiral alcohols and amines are important structural units widely existing in pharmaceuticals, agrochem-

icals, and food additives. Dynamic kinetic resolution (DKR) is an efficient strategy to deliver optically

active alcohols and amines from their racemates. For the development of DKR method, racemization cat-

alyst plays as a crucial element with the requirement of compatibility with the kinetic resolution (KR)

system. In this paper, recent advance in the catalytic racemization of secondary alcohols and amines

is summarized based on different types of racemizing intermediates, which are redox racemization via

ketone/imine intermediates, racemization via radical intermediates, and racemization via carbocation in-

termediates. Enzymatic racemization of secondary alcohols and amines is also enclosed.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Optically active alcohols and amines are important substruc-

tural units, which have found wide applications in pharmaceu-

ticals, agrochemicals, and food additives [1–3]. Kinetic resolu-

tion (KR) is a practical access to optically pure enantiomers from

racemic alcohols or amines. However, the theoretical yield of the

product (e.g. (R)-product in Scheme 1) in a KR process is limited

to 50%, with 50% recovery of the other enantiomer, (S)-substrate,

due to the high interconversion energy barrier (�Grac) of each

substrate enantiomer to the other, which restricts its real appli-

cations (Scheme 1) [4]. In view of the above problems, one elegant

solution is to utilize dynamic kinetic resolution (DKR) strategy. In

combination with the KR process, DKR still relies on stereochemi-

cal editing–efficient racemization, in which one enantiomer of the

substrate is continuously isomerized to the other by decreasing

TSrac energy barrier (from �Grac to �G’rac). Therefore, DKR de-

livers the corresponding enantiopure products from racemic forms

of secondary alcohols or amines with a theoretical yield of 100% in

a one-step manner [5–7].

Racemization catalysis plays as a crucial element to ensure the

efficient DKR transformations, and there are several requirements:

(1) racemization catalysis selectively works on the interconversion

of the two enantiomers of the substrate, while inert on the formed
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chiral product; (2) racemization rate should be competitive, or

even faster than the consumption of the reactive enantiomer (krac
> kfast >> kslow); (3) racemization catalysis has to be compatible

with the reaction system of KR. Through the summary of relevant

literatures, this paper classifies the racemization of secondary al-

cohols and amines into three chemocatalytic pathways as the first

part based on the different types of intermediates, which are redox

racemization via ketone/imine intermediates, racemization via rad-

ical intermediates, and racemization via carbocation intermediates

(Scheme 2). Moreover, enzymatic racemization of secondary alco-

hols and amines has also been developed as an efficient tool, thus

summarized as the second part.

2. Chemocatalytic racemization of secondary alcohols and

amines

2.1. Redox racemization via ketone/imine intermediates

Redox racemization of secondary alcohols and amines under

transition-metal catalysis via ketone/imine intermediates is a typi-

cal racemization pathway (Scheme 3). In a redox catalytic cycle, as

the initial step, a transition metal interacts with a chiral secondary

alcohol or amine to deliver ketone/imine intermediate respectively

via hydrogen abstraction. Subsequently, the released metal hydride

species would reduce the formed ketone/imine intermediate to af-

ford the racemic alcohol or amine, reforming metal catalyst which

closes the catalytic cycle. The past few decades have witnessed sig-

nificant progress in this field. Catalysis based on noble transition

https://doi.org/10.1016/j.cclet.2023.109160
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Scheme 1. Kinetic resolution (KR) and dynamic kinetic resolution (DKR). kR is the rate constant for the reaction of (R)-isomer; kS is the rate constant for the reaction of

(S)-isomer; krac is the rate constant for the interconversion of the two substrate enantiomers.

Scheme 2. Racemization of secondary alcohols and amines. X=O or NR.

Scheme 3. Redox racemization of secondary alcohols and amines under transition-

metal catalysis via ketone/imine intermediates.

metals has been well developed, including rhodium, ruthenium,

iridium, and palladium. In recent years, the application of 3d

transition metals in the racemization of secondary alcohols and

amines, especially iron has drawn increasing attentions, thereby

targeting DKR transformations.

2.1.1. Rhodium catalysts

In 1996, Williams and co-workers developed the first chemoen-

zymatic DKR reaction of secondary alcohols using rhodium acetate

as the racemization catalyst (Scheme 4) [8]. With vinyl acetate as

the acyl donor, when 1-phenylethanol was employed as the tem-

plate substrate under dual catalysis of Rh2(OAc)4/o-phenanthroline

and PFL (Pseudomonas fluorescens lipase), the reaction delivers

single-conformation acetylated product in 60% yield with 98% ee

at 20 °C in 72 h. Obviously, the enantioselectivity outcome of this

Scheme 4. DKR of secondary alcohols under dual catalysis of lipase and rhodium.

reaction is higher than it should be theoretically if proceeding via

a simple kinetic resolution (at this conversion, the highest possible

enantioselectivity of the ester is 66% ee). The obtained results indi-

cate a simultaneous transformation of each alcohol enantiomer to

the other, and Rh2(OAc)4, together with o-phenanthroline are re-

sponsible for the interconversion process.

2.1.2. Ruthenium catalysts

Aiming at the development of DKR of secondary alcohols and

amines, homogeneous racemization catalysts based on ruthenium

is dominating in this field. Pioneering DKR applications utilizing

a homogeneous Ru-based racemization catalyst has been devel-

oped by Bäckvall et al. (Scheme 5) [9]. In the reaction system,

when Shvo’s Ru-complex, {[(η5-Ph4C4CO)]2H}Ru2(CO)4(μ-H) was

used as the racemization catalyst, p-chlorophenyl acetate as the

acyl donor, the DKR of secondary alcohols was realized with an

additive of acetophenone, and chiral product 2 could be obtained

from racemic alcohol 1 in 92% yield with >99% ee. In the catalytic

cycle, initially Shvo’s Ru-complex could be easily to split into two

monomeric species (Int-1 and Int-2) on heating in solution. The

racemization mechanism consists of a combination of outer-sphere

dehydrogenation of alcohol substrate by Int-2, and re-addition of

hydrogen to the ketone by similar pathway with Int-1. Later, the

catalytic system developed by the same group and others were

also studied to be effective for the DKR of various aliphatic alco-

hols as well as benzylic alcohols [10–22]. It is worth noting that

Bäckvall’s group successfully synthesized anti-hypertensive drug

propanolol by dynamic kinetic resolution of the racemic azido al-

cohol in 2001 [19].

In 1999, Park and co-workers presented a new catalyst,

(η5-indenyl)RuCl(PPh3)2 for the racemization of secondary alcohols

in the presence of triethylamine and oxygen (Scheme 6) [23]. Un-

like previously reported protocols by Bäckvall et al. [9], ketones

were not required as hydrogen mediators in this process. This Ru-

catalyzed racemization was coupled with enzymatic acetylation for

the DKR of secondary alcohols. Notably, stoichiometric amounts of

an organic base (Et3N) are necessary in this dual catalytic system.

2
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Scheme 5. Shvo’s Ru-complex as the racemization catalyst to realize the DKR of

secondary alcohols.

Scheme 6. (η5-Indenyl)Ru complex as the racemization catalyst for the DKR of sec-

ondary alcohols.

Scheme 7. (η6-p-cymene)Ru complex/TEMPO as cooperative racemization catalysts.

In 2002, Sheldon and co-workers developed a new catalytic sys-

tem of [TosN(CH2)2NH2]RuCl(p-cymene) ([Ru]−2) and TEMPO to

complete the racemization of chiral secondary alcohols (Scheme 7)

[24]. Instead of a base, TEMPO was used as the co-catalyst in com-

bination with [Ru]−2, and the racemization system is also compat-

ible with enzyme-catalyzed KR reactions. Finally, enantiomerically

pure 1-phenylethyl acetate was obtained in 76% yield with >99%

ee. The alcohol substrate was simultaneously consumed via a side

reaction, the oxidation of alcohol by TEMPO to deliver acetophe-

none as observed during the reaction.

Independently, Kim, Park, and co-workers reported a novel

ruthenium catalyst (aminocyclopentadienyl ruthenium chloride

complex) ([Ru]−3) that can racemize secondary alcohols effi-

ciently at room temperature without the aid of hydrogen media-

tors (Scheme 8) [25,26]. Furthermore, this racemization conditions

Scheme 8. η5-Ru complex ([Ru]−3) as the racemization catalyst for the enzymatic

DKR of secondary alcohols.

are compatible with an enzymatic KR process to develop the DKR

transformations.

In 2005, the Bäckvall group achieved a breakthrough in the

development of novel and efficient racemization catalysis. When

Ru-complex (η5-Ph5C5)Ru(CO)2Cl ([Ru]−4) was activated by potas-

sium t-butoxide, the in-situ generated Int-7 can racemize sec-

ondary alcohols efficiently via redox pathway at room tempera-

ture (Scheme 9) [27]. The racemization system could be extended

in cooperation with lipase for the DKR development, which is in-

vestigated to be compatible with a wide range of secondary al-

cohols. Mechanism studies showed that ligand exchange of Int-7

with a secondary alcohol leading to Int-8, which underwent β-

elimination from an alkoxide complex to produce a hydride ketone

complex Int-9. The reversible migratory insertion subsequently oc-

curs in Int-9 to deliver the racemic alcohol coordinated complex

Int-10. It has to be emphasized that the ketone stays coordinated

before the migratory insertion occurs, and does not leave the co-

ordination sphere, supporting inner sphere mechanism [28]. In

this way, the formation of ketone, a common side-product pro-

duced during redox-racemization, was kept at a low level, thus

chiral product could be isolated in high yield. In addition, [Ru]−4

and lipase-cocatalyzed DKR of 1-(6-chloropyridin-3-yl)ethanol, β–

chloro alcohol and β-hydroxynitrile as the key step in the syn-

thesis of chiral Me-imidacloprid (a chloronicotinyl insecticide), (R)-

bufuralol (a non-selective β-adrenoceptor blocking agent) and du-

loxetine (an antidepressant drug), respectively [29–31].

In 2007, Kim and Park’s group further modified Bäckvall’s

ruthenium complex catalyst [Ru]−4 by replacing CO with PPh3,

and this new catalyst [Ru]−5 was successfully applied in the DKR

of secondary alcohols (Scheme 10) [27,32]. In the racemization op-

erations, the use of strong base is not required, which can improve

the compatibility with functional groups, especially those are sen-

sitive under basic conditions. Instead, silver oxide was employed

3
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Scheme 9. [Ru]−4 as the racemization catalyst for the DKR of secondary alcohols.

Scheme 10. [Ru]−5 as the racemization catalyst.

Scheme 11. Non-enzymatic DKR of secondary alcohols by cooperatively using Bäck-

vall’s ruthenium complex and the planar-chiral catalyst.

as a weak base to transiently deprotonate the alcohol substrate,

thus the analogous alkoxide complex Int-8 would be formed from

[Ru]−5 via ligand exchange. The following inner sphere mecha-

nism is the same as shown in Scheme 9. Finally, the racemization

system was found to be nicely compatible with lipase catalysis, and

the DKR of secondary alcohols was consequently realized in ambi-

ent atmosphere with isopropenyl acetate as the acylating agent.

In 2012, differing from previous enzymatic DKR processes, Fu et

al. developed an unprecedented non-enzymatic DKR of secondary

alcohols (Scheme 11) [33]. By using Bäckvall’s ruthenium complex

[Ru]−4 as the racemization catalyst, Fu’s group realized the syn-

thesis of various chiral secondary alcohols via enantioselective acy-

lation with a planar-chiral catalyst of DMAP derivative [(C5Ph5)-

DMAP∗]. It is noteworthy to mention that this non-enzymatic DKR

dramatically extended the substrate scope of secondary alcohols.

Scheme 12. Non-enzymatic DKR of secondary alcohols by combining Bäckvall’s

ruthenium complex with isothiourea-derived HyperBTM catalyst.

Scheme 13. (η5-triphenylindenyl)Ru(CO)2Cl [Ru]−6 as the racemization catalyst.

Besides a methyl group, relatively larger R groups including ethyl,

i-Pr, and cyclopentyl can also be tolerated, leading to the corre-

sponding esters in excellent yields with good enantioselectivity.

Moreover, the absolute configuration of the produced chiral esters

is believed to be accordingly reversed by using an enantiomeric

planar-chiral catalyst, which breaks limitation of enzyme catalysis

to be able to deliver only one enantiomer. Mechanistic studies indi-

cate that acyl transfer from the catalyst to the alcohol is the rate-

determining step of the DKR, and carbonate anion serves as the

Brønsted base during the acyl transfer.

Very recently in 2021, Piotrowski, Suna, and co-workers em-

ployed Bäckvall’s ruthenium catalyst [Ru]−4 to develop a new

non-enzymatic DKR approach of secondary alcohols by using

isothiourea-derived HyperBTM as the enantioselective acylation

catalyst (Scheme 12) [34]. Compared to Fu’s protocols, this method

used easy-to-handle crystalline ester as the acylating agent, and

DKR takes place at room temperature under an ambient atmo-

sphere. However, only moderate enantioselectivity was obtained in

many cases.

In 2006, Zhang and co-workers synthesized a η5-coordination

ruthenium complex, (η5-triphenylindenyl)Ru(CO)2Cl ([Ru]−6), per-

forming as an efficient racemization catalyst towards chiral sec-

ondary alcohols (Scheme 13). Compared with Bäckvall’s ruthe-
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Scheme 14. Air-stable [Ru]−7 bearing alkoxyl-functionalized ligand.

Scheme 15. Synthesis and reactivity-investigation of [Ru]−7 derivatives in alcohol

racemization.

nium complex [Ru]−4, a fused benzene ring was introduced to

replace two phenyl substituents on the η5-Cp-moiety. This new

Ru-complex was easily accessible from 2,3-diphenylindenone in

two steps, and racemization of secondary alcohols could be com-

pleted at room temperature in 30min [35]. Compared with the

system using [Ru]−4, a stronger base such as sodium hydride or n-

butyllithium was necessary to activate the catalyst to achieve much

faster racemization rate than that with KOtBu.

In Kim and Park’s previous work, aminocyclopentadienyl ruthe-

nium chloride complex [Ru]−3 was successfully used in the DKR

of secondary alcohols. However, because of its air sensitivity dur-

ing the transformations, the reaction has to be operated under

an inert atmosphere. The development of an air-stable racemiza-

tion catalyst becomes highly desirable. In 2005, Kim and Park’s

group synthesized a novel ruthenium complex [Ru]−7 by replac-

ing the amino-substituent in [Ru]−3 with an alkoxyl group. These

air-stable ruthenium catalysts could be efficiently employed in the

DKR transformations together with Novozym 435 at room temper-

ature in the air (Scheme 14) [36]. Meanwhile, by linking the ruthe-

nium complex to a polymer support, [Ru]−7′ can still maintain its

catalytic activity, and was applicable to the DKR of alcohols as a

recyclable catalyst.

After that, Kim and Park’s group continuously studied the

substituent effect on the catalytic activity of [Ru]−7 derivatives

in alcohol racemization (Scheme 15) [37]. The authors synthe-

sized a series of derivatives of [{η5-Ar4C4COC(=O)Ar}Ru(CO)2Cl]

to investigate the electronic effects of substituents, and concluded

that Ru-complexes with an electron-donating substituent exhibited

higher activity than those of relative electron-deficiency, e.g., the

catalytic performance of [{η5-Ar4C4COC(=O)Ar}Ru(CO)2Cl] (Ar=4-

methoxyphenyl) in the racemization of 1-phenylethanol is much

better than that of [{η5-Ph4C4CO(C=O)pH}Ru(CO)2Cl].

Early in 2000, Kim, Park, and co-workers applied commercially

available (p-cymene)-ruthenium(II) complex to the DKR of allylic

alcohols [38]. This is the first example of non-Cp-coordinated

ruthenium complex as the racemization catalyst. The reaction can

take place at room temperature and is compatible with a variety

of allylic alcohols. Later, the group successfully extended the appli-

cation scope to general secondary alcohols by using ionic liquid,

[BMIM]PF6 ( [BMIM]=1–butyl–3-methylimidazolium) to enhance

the racemization activity (Scheme 16) [39].

In 2011, Riant, Aribi-Zouioueche, and co-workers also reported

the DKR of various secondary benzylic and aliphatic alcohols by

using the same ruthenium(II) complex cooperatively with TEMPO,

and CALB as the enantioselective acylation catalyst (Scheme 17)

[40]. Moreover, they found that the addition of a suitable salenol

Scheme 16. Employment of non-Cp-coordinated (p-cymene)-ruthenium(II) com-

plex.

Scheme 17. Catalytic racemization using (p-cymene)-ruthenium(II) complex to-

gether with TEMPO and salenol ligand.

Scheme 18. [Ru]−8 as the racemization catalyst.

ligand (L) can significantly improve the racemization efficiency of

the system.

In 2006, Hulshof’s group reported a DKR method to access sec-

ondary alcohols, where a di-nuclear ruthenium complex was re-

sponsible for alcohol racemization, simultaneously bearing tetraflu-

orosuccinate and rac-BINAP ligands (Scheme 18) [41]. Under dual

catalysis of [Ru]−8 (only 0.1 mol%) and Novozym 435, the DKR re-

action efficiently produced target product in good yield and excel-

lent ee with isopropyl butyrate as the acyl donor. K2CO3 was the

base to activate the Ru catalyst. In addition, the reaction can run

smoothly in the absence of ketones as well.

In 2010, a well-defined 16-electron ruthenium complex [Ru]−9

bearing an NHC ligand was reported by Nolan’s group, which is

applicable to secondary benzylic and aliphatic alcohols (Scheme

19) [42]. Inspired by Shvo’s catalyst (Scheme 5), the authors

supposed simple well-defined complex adopting the 16-electron

configuration might exhibit catalytic activity on alcohol racem-

ization. By using ruthenium catalyst bearing a NHC ligand of

N,N’-dicyclohexylimidazol-2-ylidene, alcohol racemization was

completed within 30min at room temperature. The studies

showed that steric hindrance of NHC ligand is the key element

to ensure the alcohol racemization, which prevented additional

coordination of an external ligand to ruthenium, forming a stable

18-electron metal center. The detailed mechanism is the similar as

shown in Scheme 9.

Later in 2011, the same group further developed two well-

defined 16-electron ruthenium hydroxide complexes [Ru]−10A

and [Ru]−10B, which also bear bulky NHC ligands respectively

(Scheme 20) [43]. The difference is the anion of hydroxide in each

catalyst, replacing chloride in [Ru]−9. In this way, the use of an

external base can be avoided, e.g. KOtBu to activate the inert Ru-
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Scheme 19. Ru-NHC complex [Ru]−9 as the racemization catalyst.

Scheme 20. Synthesis and reactivity investigation of Ru-NHC hydroxide complexes

in alcohol racemization.

hydroxide complex to initiate the racemization process. Both Ru-

NHC complexes can be prepared simply by stirring [Cp∗Ru(NHC)Cl]
with dried CsOH or stirring the precursor [Cp∗RuCl]4 with corre-

sponding NHC and CsOH in one-pot. In contrast, [Ru]−10A showed

slightly higher efficiency in alcohol racemization, and could be suc-

cessfully applied to the DKR reactions.

In 2017, by introducing different types of ligands, Joó and

co-workers synthetized several other Ru-NHC complexes, i.e.

[RuCl2(NHC)(η
6-arene)], and Ru-complexes bearing three types

of ligands [RuCl(NHC)(η6-arene)(PR3)] [NHC=bmim or emim;

arene=benzene or p-cymene; phosphine ligand=PPh3 or 1,3,5-

triaza-7-phosphaadamantane (pta)] (Scheme 21). These Ru-NHC

complexes can also serve as racemization catalysts in the DKR of

secondary alcohols [44].

Aiming to the DKR of amines, in 2002 the Bäckvall group em-

ployed Shvo’s Ru-complex as the racemization catalyst to the re-

action of chiral phenylethanamine (Scheme 22) [45]. By adding

2,4-dimethyl-3-pentanol as hydrogen donor, the formation of by-

products was successfully inhibited. In addition, this catalytic sys-

tem avoids the use of a strong base and reducing agent so that it

has nice tolerance of functional groups.

Scheme 21. Synthesis of (η6-arene)Ru-complexes bearing different types of ligands.

Scheme 22. Shvo’s Ru-complex as the racemization catalyst for amines.

In 2005, the same group modified Shvo’s Ru-complex, by re-

placing all phenyl groups with p-methoxyphenyl substituents on

cyclopentadienyl-ligands, the step of re-addition of hydrogen is ac-

celerated, thus reducing the formation of imine as the main side-

product (Scheme 23). Finally, by cooperatively using [Ru]−11 and

lipase catalysis, target chiral amines were successfully obtained

in high yield and enantioselectivity in the presence of Na2CO3 in

toluene at 90 °C [46]. Later, they studied kinetic isotope effect on

the competitive racemization of a 1:1 mixture of deuterated and

non-deuterated amine, and the reaction outcomes supported that

β-hydride elimination was involved in the rate-determining step.

The chemoenzymatic DKR protocol has been applied to the syn-

thesis of norsertraline, an antidepressant of the selective serotonin

reuptake inhibitor (SSRI) [47].

In 2019, De Vos and co-workers developed a heterogeneous

ruthenium racemization catalyst for the DKR of aliphatic amines

[48]. The heterogeneous Ru-catalyst was immobilized on zeolite,

and showed well activity on the racemization of amines at 70 °C
in aprotic polar solvents, but has to be charged with pressurized

hydrogen (10 bars). Consequently, a combination of racemization

and KR system, DKR delivers aliphatic amines in good yield and

enantioselectivity.

2.1.3. Iron catalysts

With the cooperative catalysis of racemization and KR process,

DKR have emerged as an effective tool, featuring prominent ad-

vantages for the synthesis of chiral secondary alcohols and amines.

However, the high cost of precious metals would definitely limit

their real applications. Therefore, the use of earth-abundant and

cheap metals as racemization catalysts in DKR transformations

has attracted considerable attentions. In 2016, Bäckvall’s group re-

ported the first example of iron-catalyzed racemization of sec-

ondary benzylic alcohols (Scheme 24) [49]. This protocol proceeds

under mild reaction conditions, and completely racemic alcohols

could be obtained at 50 °C within 30min under [Fe]−1 (2.5 mol%),

exhibiting the high efficiency of this octahedral Fe-complex toward

alcohol racemization. However, the DKR of secondary alcohols was

not realized with [Fe]−1 in this report.

In the same year, Rueping’s group developed the first protocol

for the DKR of secondary alcohols by cooperative iron/lipase catal-

ysis (Scheme 25) [50]. Various racemic alcohols can be transformed

to the enantioenriched acetates under this dual catalysis, avoiding

the use of noble metals. In this reaction, Knölker-type iron complex

6
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Scheme 23. Modified [Ru]−11 as the racemization catalyst for the DKR of amines.

Scheme 24. Octahedral complex [Fe]−1 for alcohol racemization.

Scheme 25. Knölker-type iron complex [Fe]−2 for the DKR of alcohols in coopera-

tion with lipase.

[Fe]−2 was employed, and a detailed study of the iron complex

demonstrated that the iron-catalyst promoted the hydrogen auto-

transfer of alcohols under mild reaction conditions, which allows

the combination with enzymatic resolution to realize DKR. Choos-

ing p-chlorophenyl acetate as acetylating reagent could reduce the

production of the side-product, acetophenone.

Shortly afterwards in 2017, the Bäckvall group independently

reported a metalloenzymatic DKR of secondary alcohols under dual

catalysis of iron and lipase (Scheme 26) [51]. The stable iron com-

Scheme 26. [Fe]−3 as the precursor for alcohol racemization.

Scheme 27. Racemization pathway of amine with Pd Catalyst and the possible side

reactions.

plex [Fe]−3 is the precursor of active catalytic species A, which

was in situ generated via activation with TMANO (trimethylamine

N-oxide) from [Fe]−3. Then, species A dehydrogenates the alcohol

to deliver the corresponding ketone, and [Fe]−2 hydrogenates ke-

tone back to produce racemic alcohol. Among them, Na2CO3 and

catalytic amounts of ketone play important roles in facilitating the

re-addition of hydrogen to ketone. This procedure allows various

enantiomerically pure benzylic and aliphatic acetates to be pre-

pared directly from racemic alcohols in good yields and with ex-

cellent ee.

2.1.4. Other transition metal catalysts

Given the fact that many palladium complexes could catalyze

elimination of hydrogen from amine and hydrogenation of imines,

palladium is considered as a potential catalyst for amines racem-

ization. Palladium-catalyzed racemization of amines was firstly

reported as early as 1996 [52], under dual palladium on char-

coal and CALB (Novozym 435) catalysis, the racemization of

phenylethylamine compounds was realized by Schimossek’s group

(Scheme 27). But because of the formation of side-products such

as ethylbenzene and bis(1-phenylethyl)amine during racemization,

the reaction is low-yielding over long-time running.

In the following decade, Jacobs, Park, Kim and co-workers

continued to improve the catalytic system. Using heteroge-

neous catalysts [Pd/BaSO4, metallic palladium nanoparticles (NPs),

Pd/AlO(OH)] can inhibit the occurrence of side reaction of con-

densation between amine and imine intermediates, and improve

the catalytic efficiency of palladium [53–59]. In 2013, the Bäck-

vall group develop efficient multifunctional hybrid catalysts that

nanopalladium and enzyme were simultaneously immobilized into

the same cavities of the mesocellular foam to achieve the DKR of

amines [60].

Metallic palladium nanoparticles (NPs) could efficiently racem-

ize chiral amines, however, their applications in DKR of secondary

alcohols was rarely reported. In 2017, Li’s group applied a heteroge-

nous catalyst, metallic palladium nanoparticles Pd@SBA-15 into

7
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Scheme 28. DKR of secondary alcohols with metallic palladium nanoparticles (NPs)

as the racemization catalyst.

Scheme 29. Pentamethylcyclopentadienyliridium(III) iodide dimer for the DKR of

amine derivatives.

Scheme 30. Raney Ni/Co for amine racemization in a hydrogen atmosphere.

Scheme 31. Raney NiNPs as the racemization catalyst.

the DKR of secondary alcohols, which bears an aryl substituent

(Scheme 28) [61]. Under the cooperative catalysis of Pd@SBA-15

and lipase CALB, one-pot DKR of secondary alcohols was achieved

with the assistant of microwave. However, it is noteworthy to men-

tion that the DKR reaction has to be conducted under an atmo-

sphere of 5% H2 to prevent the dehydrogenation of alcohol sub-

strate, forming ketone side-product.

In 2007, a simple, efficient, iridium-based catalyst sys-

tem for the racemization of a variety of amines, including

tetrahydroisoquinoline (THIQ) was developed by Page’s group

(Scheme 29) [62,63]. In the reaction, Cp∗Ir(III) iodide dimer

(Cp∗ =pentamethylcyclopentadienyl) performs as a pre-catalyst,

which reacts in situ with amines to form active species for amine

racemization, the SCRAM catalyst. This pre-catalyst was air- and

water stable, and could be compatible with enzymes in mild con-

ditions.

Besides novel transition metals, dynamic racemization catalyzed

by non-noble 3d transition metals has attracted even higher atten-

tions. However, amine racemization by 3d transition metals was

much less investigated. In 2008, De Vos et al. found that Raney

Ni performed high efficiency as a heterogeneous catalyst in the

racemization of optically active aliphatic amines (Scheme 30) [64].

Instead, hydrogen pressure was shown as the critical parameter

in controlling the chemoselectivity during racemization. Moreover,

they also realized amine racemization under the catalysis of Raney

Co.

Just like palladium, the activity of nickel can be enhanced

by working with NPs in racemization reactions. In 2013, the

same group continuously utilized a catalyst of nickel nanoparticles

(NiNPs) for the racemization of either aliphatic or benzylic primary

amines (Scheme 31) [65]. The employed nickel nanoparticles were

prepared by reducing nickel(II) bromide with sodium hydride in

the presence of lithium t-butoxide in toluene, and were stable in

the ionic liquid tetrabutylammonium bromide. The catalytic sys-

Scheme 32. Racemization via the Meerwein-Ponndorf-Verley-Oppenauer (MPVO)

reaction mechanism.

Scheme 33. Racemization via active radical intermediate, X=O or NH.

Scheme 34. Thiyl-radical-mediated racemization of amines.

tem can complete most racemization processes within a few hours

with excellent selectivity.

In 2006, Berkessel et al. demonstrated that chemoen-

zymatic DKR of secondary alcohols is possible in high

yields and enantioselectivity through the use of an inex-

pensive and readily available aluminum catalyst in combi-

nation with lipase catalysis (Scheme 32) [66]. Racemization

of secondary alcohols by aluminum catalyst proceeds via the

Meerwein−Ponndorf−Verley−Oppenauer (MPVO) transformations

between the alcohol and the corresponding ketone. The bisphenol-

type ligands play a dual role in the DKR. Firstly, they improve the

activity of aluminum catalyst by hindering their polymerization.

On the other hand, bisphenol aluminum complexes retain alcohol

racemic activity in the presence of lipase. In the report, ketone

was generated in situ after the acyl group being transferred from

enol acetate by lipase. However, enol acetate has to be accordingly

used based on the alcohol substrate.

2.2. Racemization via radical intermediates

Radical mediated reversible hydrogen atom abstraction/transfer

(HAA/HAT) from the stereogenic center of compounds is another

method of racemization. The transient formation of active radical

intermediate Int-23 by a polarity-matched HAT mediator is the key

element to promote such alcohol/amine racemization (Scheme 33).

In the past few decades, radical-mediated racemization of chiral

aromatic amines and aliphatic amines were rapidly developed, es-

pecially those based on a thiyl radical. Recently, the combination

of radical mediated racemization and enzymatic resolution has be-

come the focus of chemists.

In 2006, Bertrand et al. presented a thiyl-radical-mediated

racemization protocol for benzylic amines (Scheme 34) [67].

The authors concluded two key factors to achieve thiyl-radical-

mediated racemization of amines: (1) abstractor and substrate

must be polarity-matched to each other. The electrophilic thiyl rad-

ical and strongly nucleophilic carbon-centered radical of α-position

of amine, which were two radical species of opposite polarity,

would accelerate the hydrogen atom transfers; (2) bond dissoci-

ation energies (BDEs) of the thiol S–H bond and the C–H bond

of the substrate, has to match with each other. In the racem-
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Scheme 35. Thiyl-radical-mediated DKR of aliphatic amines in cooperation with

Novozym 435.

Scheme 36. UV-irradiation-assisted radical-mediated racemization of aliphatic

amines.

ization system of benzylic amines, the stoichiometric amounts of

thiol were added as racemization mediator, with 2,2′-azobis(2-
methylpropionitrile (AIBN) as radical initiator. Among them, α-C–H

BDE is calculated to be 340–360kJ/mol for benzylic amines, while

the S-H BDE of p-methylthiophenol is 340–350kJ/mol, indicating

the matched BDEs of the involved bond during racemization. It is

noteworthy to mention that competitive oxidation of the interme-

diate α-amino radical makes the method more efficient for sec-

ondary and tertiary amines compared to primary ones.

Later, Bertrand’s group extended this protocol to non-activated

aliphatic amines, and further realized thiyl-radical-mediated

racemization of more challenging amines in the presence of AIBN

(Scheme 35a) [68]. Because of higher BDEs of α-C-H bonds in

aliphatic amines than those in benzylic amines, thiols having

stronger S-H bonds were chosen for aliphatic amines. Guided by

the calculated α-C−H BDEs and S-H BDE, the racemization of non-

activated aliphatic amines was successfully achieved with alka-

nethiols and methyl thioglycolate (The S-H BDEs of alkanethiols

and methyl thioglycolate are 360–370kJ/mol). Authors discovered

that the knowledge of the reaction enthalpy is critical to select the

appropriate thiol.

In a previous study, Bertrand found the α-C−H BDE of amine

is stronger after acylation (approximately increased by 17kJ/mol)

[68], implying that the absolute configuration of the chiral acy-

lated product can be maintained in the presence of a suitable thiyl-

radical mediator. Based on it, later in 2007, they successfully de-

veloped the DKR of aliphatic amines by combining thiyl-radical-

mediated racemization with lipase-catalyzed enzymatic resolution

(Scheme 35b) [69]. In this reaction, thiol 3 was used as racemiza-

tion catalyst, and Novozym 435 was used as co-catalyst to react at

80 °C for 2h, delivering optically pure amides with high enantios-

electivities.

Bertrand’s group continued to extend the application scope of

the radical-mediated racemization of amines. In 2008, Bertrand et

al. employed UV irradiation to trigger the formation of active thiyl-

radical species, thus racemizing non-activated aliphatic amines un-

der mild reaction conditions (Scheme 36). The process could re-

alize efficient racemization of aliphatic amines at 30 °C [70]. The

racemization efficiency depends on the complex interplay of sev-

eral factors such as α-C-H BDE, amine ionization potential, amine

basicity, and thiol acidity. The relatively low-temperature range

Scheme 37. DKR of amines by visible-light photoredox and enzyme catalysis.

Scheme 38. DKR of alcohols enabled by photoredox and enzyme catalysis.

creates conditions for subsequent research on the DKR of aliphatic

amines cooperatively with thermolabile enzymes.

Based on the concept of racemization via radical intermedi-

ates, in 2018, Zhou’s group developed a photoenzymatic DKR of

amines by coupled visible-light photoredox and enzyme catalysis

(Scheme 37) [71]. The iridium-photocatalyst was irradiated by a

white LED lamp (32W) to produce a photoexcited complex, which

was reduced by nOctSH to generate the active thiyl radical, trig-

gering the HAT process and consequently racemizing amine sub-

strates. The DKR protocol was successfully achieved under mild

conditions (38 °C), thus allows a variety of primary amines to be

converted into chiral products in high yield and with excellent

enantioselectivity. Impressively, this method can also be extended

to deliver chiral 1,4-diamine derivatives with high diastereo- and

enantioselectivities.

In 2023, Collins’ group reported a remarkable chemoenzymatic

DKR of secondary alcohols and amines proceeding a racemiza-

tion pathway via radical intermediates. They employed a het-

eroleptic copper complex and a commercially available lipase (Can-

dida antarctica lipase B) (Scheme 38) [72]. Racemization secondary

alcohols and amines were achieved by combining copper-based

photocatalysis with thiyl-radical-promoted hydrogen atom transfer
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Scheme 39. Racemization of secondary alcohols by forming a transient sp2-

carbenium ion; LA= Lewis acid.

Scheme 40. Racemization of allyl alcohols under the catalysis of oxovanadium.

process. The radical-mediated racemization is compatible with the

enzyme-catalyzed KR system, and optically secondary alcohols and

amines were obtained in 60%−97% yield with 76%−99% ee. It is

noteworthy to mention that this is the first DKR example of sec-

ondary alcohols achieved through a radical-racemization pathway.

2.3. Racemization via carbocation intermediates

Chiral secondary alcohols could be racemized under the catal-

ysis of acid through a sequential and reversible protonation and

water loss to form a transient sp2-carbenium ion (Scheme 39). In

this way, a Lewis acid or Brønsted acid can promote the racem-

ization of secondary alcohols in principle. However, strong acids

are generally incompatible in DKR process due to the general for-

mation of corresponding alkenes as the main side-product. Akai

and Jacobs developed the DKR of secondary alcohols by using oxo-

vanadium catalyst, a Lewis acid. Ruggeri and House independently

employed heterogeneous acids AmberlystI and DeloxanI acid resins

as the catalyst to realize racemization of benzylic alcohols [73,74].

These methods greatly enriched the acid-catalyzed racemization of

secondary alcohols.

In 2006, Akai and co-workers developed a novel DKR process

of allylic alcohols by using oxovanadium compound [VO(OSiPh3)3]

as the racemization catalyst (Scheme 40) [75]. The reaction could

take place under mild conditions to afford chiral products with

excellent enantiomer resolution and chemical yields. The racem-

ization process enabled by [VO(OSiPh3)3] proceeds via a tran-

sient π-allyl carbocation. In this way, dynamic equilibrium was

set up between different isomers of allylic alcohol, and the re-

Scheme 41. Vanadyl sulfate as the racemization catalyst.

Scheme 42. Lipase/oxovanadium co-catalyzed DKR of propargylic alcohols.

action undergoes chemo- and enantioselective esterification by li-

pase with the unique selectivity of less-hindered side. Therefore,

[VO(OSiPh3)3] does not only perform as the racemization catalyst

of allylic alcohols, but also accounts for 1,3-transposition of the hy-

droxy group during the overall transformations. Later, the same

group used polymer-bound vanadyl phosphate and mesoporous-

silica-immobilized oxovanadium (V-MPS) as heterogenous racem-

ization catalyst, and successively achieved efficient DKR extension

to other types of secondary alcohols, and asymmetric synthesis of

(R)-imperanene [76,77].

In 2007, the Jacobs group further reported the racemization of

benzylic alcohols with inorganic oxovanadium compounds, vanadyl

sulfate (VOSO4) or vanadium oxide (V2O4) (Scheme 41) [78]. This

V-catalyzed racemization was also compatible to combine with a

lipase-catalyzed KR, leading to a chemoenzymatic DKR of benzylic

alcohols. The DKR was operated in a one-pot manner, and does not

need any additives or specifically designed acyl donors. Under opti-

mized conditions, the DKR process delivered the corresponding es-

ters in good yield with high optical purity. Unfortunately, the sys-

tem failed to be applicable to general aliphatic alcohols (R1 = alkyl

group).

In 2019, Akai and co-workers continuously applied the devel-

oped lipase/oxovanadium co-catalytic system in the DKR of propar-

gylic alcohols (Scheme 42) [79]. In this report, V-MPS4, with oxo-

vanadium moieties being covalently bound to the inner surface of

mesoporous silica, not only catalyzes the racemization of propar-

gylic alcohols, but also can promote a side reaction to form the

corresponding conjugate enals 62 through Meyer−Schuster rear-

rangement of propargylic alcohols. By screening the reaction con-

ditions, the authors found that a magic solvent (trifluoromethyl-

benzene) could suppress the rearrangement of propargyl alcohols

while effectively accelerating the racemization. Finally, the DKR
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Scheme 43. Biphasic DKR of secondary alcohols with acid zeolites.

Scheme 44. DKR of benzylic alcohols using Zr-β or Al-β zeolites.

process could produce the corresponding optically active esters in

good yields with excellent ee.

In 2003, Jacobs and co-workers firstly realized biphasic DKR

of a series of benzylic alcohols by using heterogeneous acid zeo-

lites (Scheme 43) [80,81]. Biphasic DKR of racemic 1-phenylethanol

could be achieved under dual catalysis of H-β zeolite and Novozym

435 at 60 °C in two phases. The overall DKR transformations con-

sist of H-β zeolite-catalyzed racemization in water layer, and the

lipase-catalyzed KR in organic layer. Unfortunately, the protocol is

incompatible with electron-rich benzylic alcohols substrates, be-

cause of the formation of stable ether in the zeolite pores. Later in

2014, Bäckvall, Deska, and co-worker extended the biphasic strat-

egy to the DKR of allylic alcohols under cooperative catalysis of

Novozym 435 and Dowex 50Wx4 [82].

In 2007, Jaenicke’s group developed the DKR of secondary al-

cohols in a single nonaqueous liquid phase by combining zeolite-

catalyzed racemization and enzyme-catalyzed transesterification

(Scheme 44) [83]. The authors achieved DKR transformations in a

single-phase by doping β zeolites at a low level with other met-

als (e.g. Sn, Zr, Al, Ti). Among them, hydrophobic Zr-β and Al-β
were investigated to give the best performances. During racemiza-

tion, styrene was formed as the major side product. Along with the

racemization of alcohol materials, zeolite catalyst also caused a loss

of the enantiomeric purity by racemizing the product esters. How-

ever, this could be significantly suppressed by using larger acyl-

transfer reagents, such as vinyl octanoate. The resulting bulky es-

ter is not allowed to enter the active sites, avoiding subsequent

racemization in the pore channels of zeolite catalyst. In this way,

(R)-esters were produced in good yield with excellent enantiose-

lectivity.

In 2010, the group of Yang realized highly efficient DKR of sec-

ondary benzylic alcohols with acid resin, the racemization cata-

lyst (Scheme 45A) [84]. In this way, chiral ester was efficiently af-

forded under dual catalysis of acid resins (CD8604) and Novozym

435. Notably, styrene was not detected as the side-product in this

catalytic system, which could be generally formed during alco-

hol racemization via a carbocation intermediate. Later in 2012,

Zhang’s group realized a similar DKR by using H-β nanozeolite

microsphere (β-ZMS) to racemize alcohol substrate (Scheme 45B)

[85]. Compared to commercially available zeolite β (C-β), β-ZMS

was equipped with more externally accessible acid sites and short

microporous channel, which endows the catalyst with higher se-

lectivity for small substrates by reducing diffusion time of sub-

strate/product in the three-dimensional framework. Meanwhile,

the authors also found that β-ZMSs showed higher racemization

efficiency for the large sec–alcohol molecules, such as racemic 1-

(1-naphthyl)-ethanol. In previous work on the DKR for secondary

alcohols [84], Yang et al. found that the acid resins (CD8604) were

Scheme 45. Acid catalysts for alcohol racemization via carbocation intermediates.

Scheme 46. Dowex 50WX8 as the racemization catalyst for tertiary alcohols.

able to gradually dissolved in the solvent, which would reduce the

enzyme activity because of the solved acid group-SO3H. In 2013,

they continued to develop a new DKR protocol by using a low-

cost solid super acid TiO2/SO4
2− to racemize alcohol substrates

(Scheme 45C) [86]. TiO2/SO4
2− catalyst is sufficiently stable and

compatible with enzyme-catalyzed KR system. In 2014, the same

group used a more cost-efficient sulfonated sepiolite for the DKR

of secondary benzylic alcohols at room temperature (Scheme 45D)

[87]. Sepiolite is one of the cheapest minerals with large spe-

cific surface areas. Owing to these characters, sulfonated sepio-

lite displayed higher efficiency of catalytic activity in racemizing

1-phenylethanol, compared to previously reported acid resins (CD-

550, CD-8604), and solid super acid TiO2/SO4
2−.

Recently in 2017, Bäckvall and co-workers reported a heteroge-

neous acid-catalyzed racemization of tertiary alcohols (Scheme 46)

[88]. By examining the activity of several acidic resins with differ-

ent acidities, Dowex 50WX8 was investigated as the optimal resin

to exhibit the best performance. In this way, chiral tertiary alco-

hols could complete the racemization within 5–8h at room tem-

perature. It is noteworthy to mention that racemization of tertiary

alcohols is conceptually impossible through other pathways, e.g.

redox racemization or racemization via radical intermediates. Al-

though the DKR of tertiary alcohols has not been realized yet, due

to the relatively poor KR performance of lipase towards bulky al-

cohols [89], this method could be considered as optional racemiza-

tion tool for the development of DKR transformations in the future.

3. Enzymatic racemization of secondary alcohols and amines

Enzymatic racemization of optical activity secondary alcohols

and amines are cost-effective. Harsh reaction conditions are gen-

erally nonessential, endowing the catalytic process with high com-

patibility with the KR process. Because of mild reaction conditions
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Scheme 47. Dual enzymatic DKR of α-hydroxycarboxylic acids.

Scheme 48. Racemization of α–hydroxy ketones by Lactobacillus paracasei DSM

20207.

Scheme 49. Dual enzymatic racemization system by using a pair of stereo-

complementary biocatalysts.

and green environmental protection in enzymatic racemization,

it has attracted considerable attentions to explore the DKR of

secondary alcohols and amines by utilizing an enzyme-catalyzed

racemization. However, due to the specificity of biosynthetic path-

ways, most of active molecules in living organisms are chiral iso-

mers, which would selectively interact with one enantiomer of the

substrate, limiting the nature to proceed racemization pathways.

Exploring application potentials of racemases in the DKR reaction

has been continuously pursued by chemists [5].

In 1999, Faber and co-worker reported a stepwise deracemiza-

tion reaction of (±)-mandelic acid by using a two-enzyme sys-

tem, i.e. lipase and mandelate racemase (Scheme 47) [90]. Firstly,

Pseudomonas sp. lipase catalyzed enantioselective O-acylation of

(±)-mandelic acid; subsequently, mandelate racemase acts as a

racemization catalyst to convert the configuration of unreacted (R)-

mandelic acid in aqueous buffer. After four cycles of KR and racem-

ization, (S)-O-acetylmandelic acid was obtained in good yield with

excellent enantioselectivity. Later, the same group extended the

applicability of this stepwise deracemization protocol to other α-

hydroxycarboxylic acids bearing α-aliphatic and α-aromatic sub-

stituents respectively by using whole resting cells of Lactobacillus

paracasei DSM 20207 [91,92]. In 2006, they realized racemization

of α–hydroxy ketones at physiological conditions by using Lacto-

bacillus paracasei DSM 20207 (Scheme 48) [93].

In 2007, Kroutil’s group developed a racemization strategy that

is based on the reversible interconversion of substrate enantiomers

by using a pair of stereo-complementary biocatalysts. To prove

the effectiveness of this strategy, the authors successfully achieved

racemization of various sec–alcohols under the catalysis of a pair of

stereo-complementary biocatalysts ADHs (ADH-“A” from Rhodococ-

cus ruber, and LK-ADH, ADH from Lactobacillus kefir). Interconver-

sion of alcohol enantiomers was realized via the intermediate of

their corresponding ketones (Scheme 49, left) [94]. In 2009, Faber’s

group extend dual enzymatic system to α-hydroxycarboxylic acids

Scheme 50. Alcohol dehydrogenase W110A TeSADH as the racemization catalyst.

Scheme 51. Dual enzymatic DKR of secondary alcohols.

Scheme 52. Dual enzymatic DKR of secondary alcohols.

[95]. By using a pair of stereo-complementary α-hydroxycarboxylic

acid dehydrogenases (D-HicDH from Lactobacillus confusus DSM

20196, and l-HicDH from Lactobacillus paracasei DSM 20008)

as coupled active catalysts, efficient racemization of various α-

hydroxycarboxylic acids was completed via a reversible oxidation–

reduction sequence (Scheme 49, right). These racemization strate-

gies are expected to be further combined with a lipase mediated

kinetic resolution.

In 2013, Musa and co-workers achieved racemization of sec-

ondary alcohols by using alcohol dehydrogenase, from Ther-

moanaerobacter ethanolicus (W110A TeSADH) (Scheme 50) [96]. The

enzymatic racemization catalysis of W110A TeSADH exhibits good

thermal stability and high tolerance with organic solvents, allow-

ing the racemization process taking place in media containing up

to 50% (v/v) of organic solvents. Subsequently, the authors further

improved the efficiency of the enzymatic system by using Trp-110

mutants of TeSADH in the presence of oxidized and reduced forms

of nicotinamide–adenine dinucleotide. The authors also found that

the W110G mutation and triple mutant W110A/I86A/C295ATeSADH

gave a noticeable enhancement in racemization performance than

the previously reported mutant W110A TeSADH [97].

In 2016, Musa and co-workers described the preliminary re-

sults of dual enzymatic DKR of secondary alcohols (Scheme 51)

[98]. Combining xerogel-immobilized W110A racemization cataly-

sis with Candida antarctica lipase B (CALB)-catalyzed KR, the au-

thors developed the dual-enzymatic DKR transformation in a one-

pot operation. The enzymatic racemization could take place in or-

ganic solvents, which provides conditions for subsequent CALB-

catalyzed KR. However, the efficiency of dual enzymatic DKR is still

at a relatively low level, thus needs to be further improved in the

future.

In 2018, Kroutil and co-workers described a biocatalytic

racemization by employing the triple mutant W110A/I86A/C295A

TeSADH (alcohol dehydrogenase from Thermoanaerobacter pseu-

doethanolicus) (Scheme 52) [99]. By mutating specific sites of the

wild-type enzyme, not only can the substrate range be broad-

ened, but the original selectivity is also preserved. TeSADH WIC

was employed as a non-stereoselective ADH to racemize secondary

alcohols, and in this way the dual-enzymatic DKR of 1-phenyl-2-

propanol and 2-hexanol were realized by combining racemization
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Scheme 53. ACL racemase as the racemization catalyst for amines.

Scheme 54. DKR transformations to chiral α-amino acids from α-aminonitriles.

Scheme 55. Single lipase-catalyzed DKR of α-aminonitriles.

in aqueous phase with KR in organic phase. In the system, the au-

thors added catalytic amounts of ketone to increase the racemiza-

tion rate, and used a polyvinylidene difluoride (PVDF) membrane

in a Tea-Bag construction for compartmentalization of the two re-

action systems, impelling the dual and biphasic enzymatic DKR of

secondary alcohols.

Due to the necessity for harsh conditions to enable racemiza-

tion, amine racemization generally faces to higher challenge than

alcohol racemization, bringing disadvantages regarding the issue of

compatibility with KR processing [100]. In 2005, Asano’s group re-

ported an efficient DKR of amino acid amide in the presence of

α-amino-ε-caprolactam (ACL) racemase from Achromobacter obao

and d-aminopeptidase (Scheme 53) [101]. The system could pro-

duce (R)-amino acid with excellent yield and ee from l-amino

acid amide by a combination of ACL racemase (EC 5.1.1.15) and d-

stereospecific hydrolase.

In 2011, the same group developed the first DKR access to

chiral α-amino acids from α-aminonitriles (Scheme 54) [102]. As

the initial step, racemic α-aminonitrile was hydrolyzed by non-

stereoselective nitrile hydratase (NHase) from Rhodococcus opa-

cus 71D. Subsequently, the resulting racemic α-amino acid amide

was hydrolyzed by stereoselective amino acid amide hydrolase d-

aminopeptidase from Ochrobactrum anthropi C1–38 to deliver chi-

ral α-amino acids, and meanwhile the remaining α-amino acid

amide was racemized by ACL racemase.

In 2011, Ramström’s group reported a dual-function DKR of α-

aminonitriles by a single catalyst of B. cepacia lipase (Scheme 55)

[103]. The enzyme has both racemase activity and normal lipase

transesterification activity in the system. The reactions were per-

Scheme 56. Stereo-complementary ω-transaminases as the coupled racemization

catalysts.

Scheme 57. Stereo-complementary amine transaminases for amine racemization.

formed with phenyl acetate as acyl donor under the catalysis of B.

cepacia lipase at 40 °C in tbutyl methyl ether (TBME). In this way,

chiral amide products were obtained in good yields with high ee

values. The racemization mechanism is proposed to proceed via

continuous retro-Strecker C–C bond breaking and Strecker bond

reformation reactions.

In 2011, Faber and co-workers realized enzymatic racem-

ization of α-chiral primary amines by a reversible deami-

nation/amination sequence catalyzed by commercially available

stereo-complementary ω-transaminases (Scheme 56) [104]. In the

system, employing a pair of ketone/amine co-additives as amino-

group shuttles, various primary amines could be efficiently racem-

ized under mild reaction conditions.

Recently in 2018, Berglund and co-workers reported a novel

biocatalytic method for enzymatic racemization of primary amines

by using stereo-complementary amine transaminases (Aspergillus

oryzae (R)-ATA [Ao-(R)-ATA] and the Cv-(S)-ATA) (Scheme 57)

[105]. This one-pot enzymatic racemization of 1-methyl-3-

phenylpropylamine was achieved by using enantiopure d- or

l-alanine as amino donor. It is necessary to emphasize that, com-

pared with previous reports, this process shows reduced complex-

ity and better atom economy.

4. Conclusion

The advances of racemization of secondary alcohols and amines

through different catalytic pathways during the past three decades

have been concluded in this review, i.e. redox racemization via ke-

tone/imine intermediates, racemization via radical intermediates,

racemization via carbocation intermediates, and enzymatic racem-

ization. These stereochemical editing strategies [106,107] would be

expected to be compatible with KR catalysis, to apply in the DKR

to provide new methods for the synthesis of enantiopure alco-

hols and amines. The redox racemization of secondary alcohols

and amines is mainly achieved by employing noble transition met-

als complexes, based on Ru, Ir, Rh, Pd, etc. In addition, the use

of earth abundant and more readily available metals, such as Al

and Fe is the development trend of this approach. Radical medi-

ated racemization of amines was initially developed by Bertrand’s

group, which can be compatible with enzyme-catalyzed KR to de-

liver optical active products. With the efforts of Bertrand and Zhou
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et al., radical-mediated racemization has been continuously im-

proved, especially by introducing photochemical initiation. In ad-

dition, the DKR of secondary alcohols with racemization via radi-

cal intermediates has been realized by Collins’ group. Racemization

via carbocation intermediates has been realized based by forming

a transient sp2-carbenium ion. In the presence of a Lewis acid or

Brønsted acid, racemization of secondary alcohols was able to oc-

cur under either homogeneous catalysis such as oxovanadium cat-

alyst, or heterogeneous catalysis such as acid resins and acid ze-

olites. Notably, this racemization strategy is still limited to alco-

hol substrates currently. Enzymatic racemization could be operated

under mild reaction conditions. This protocol is generally environ-

mentally benign, exhibiting application potentials in bis-enzymatic

DKR in a one-pot manner. However, the reported bis-enzymatic

DKR examples were still limited, and need to be further developed.

In the future, chemists will pay more attentions to the fol-

lowing aspects when developing catalytic racemization systems of

alcohols and amines: (1) More efficient and environmentally be-

nign catalysis will be focused on, especially those based on 3d

transition-metals [108–113]; (2) The catalytic systems should have

higher compatibility with KR processes, and tolerate various func-

tional groups with broader substrate scope; (3) Easy to handle and

salable catalysis would be followed with interests, which can be

applied to industrial processes.
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[99] J. Popłoński, T. Reiter, W. Kroutil, ChemCatChem 10 (2018) 763–768.

[100] M. Höhne, U.T. Bornscheuer, ChemCatChem 1 (2009) 42–51.

[101] Y. Asano, S. Yamaguchi, J. Am. Chem. Soc. 127 (2005) 7696–7697.
[102] K. Yasukawa, R. Hasemi, Y. Asano, Adv. Synth. Catal. 353 (2011) 2328–2332.

[103] P. Vongvilai, M. Lindler, M. Sakulsombat, et al., Angew. Chem. Int. Ed. 50
(2011) 6592–6595.

[104] D. Koszelewski, B. Grischek, S.M. Glueck, W. Kroutil, K. Faber, Chem. Eur. J. 17
(2011) 378–383.

[105] F. Ruggieri, L.M.V. Langen, D.T. Logan, B. Walse, P. Berglund, ChemCatChem 10

(2018) 5012–5018.
[106] G. Tan, F. Glorius, Angew. Chem. Int. Ed. 62 (2023) e202217840.

[107] Y.A. Zhang, V. Palani, A.E. Seim, Y. Wang, K.J. Wang, A.E. Wendlandt, Science
378 (2022) 383–390.

[108] P. Ye, X. Liu, G. Wang, L. Liu, Chin. Chem. Lett. 32 (2021) 1237–1240.
[109] Y. Xiao, W. Huang, Q. Shen, Chin. Chem. Lett. 33 (2022) 4277–4280.

[110] D. Wei, C. Darcel, Chem. Rev. 119 (2019) 2550–2610.
[111] Q.S. Xu, C. Li, Y. Xu, et al., Chin. Chem. Lett. 31 (2020) 103–106.

[112] G.K. Zeng, L.Y. Shen, Q.S. Zheng, T. Tu, ACS Catal. 13 (2023) 6222–6229.

[113] X.Y. Liu, H.B. Zhu, Y.J. Shen, J. Jiang, T. Tu, Chin. Chem. Lett. 28 (2017)
350–353.

15




