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Abstract: This review highlights major developments in the application of green organocatalytic and enzymatic dynamic
kinetic resolutions (DKRs) in the total synthesis of biorelevant scaffolds. It illustrates the diversity of useful bioactive
products and intermediates that can be synthesized under greener and more economic conditions through the combination of
the powerful concept of DKR, which allows the resolution of racemic compounds with up to 100% vyield, with either
asymmetric organocatalysis or enzymatic catalysis, avoiding the use of toxic and expensive metals. With the need of more
ecologic synthetic technologies, this field will undoubtedly even more expand its scope in the future with the employment of
other organocatalysts/enzymes to even more types of transformations, thus allowing powerful greener and more economic
strategies to reach other biologically important molecules.

Keywords: Dynamic kinetic resolution, Asymmetric organocatalysis, Enzymatic catalysis, Biorelevant scaffolds, Green
synthesis

1. INTRODUCTION

To this day, the resolution of racemic compounds is still the procedure the mostly used in industry to
prepare enantiopure products despite the level of performance achieved in the field of asymmetric
synthesis. The oldest and simplest methodology for the resolution of a racemic compound is the kinetic
resolution shown in Fig. (1). In this process, one enantiomer (Sg) of a racemic mixture is faster converted
into chiral product (Pr) whereas the less reactive enantiomer (Ss) is recovered unaffected [1-4] (Fig. 1).

fast

Sg ——— P; Sg, Sg = substrate enantiomers
slow )

Ss - P Pg, Pg = product enantiomers

Fig. (1). The kinetic resolution methodology.

The principal disadvantage of this simple methodology is related to the fact that the yield of the reaction
is limited to 50%. This major drawback is overcome in dynamic kinetic resolution (DKR), which permits
the production of one of the enantiomers with up to 100% yield. The DKR methodology involves the
combination of a Kinetic resolution step with an in situ racemization of the substrate, as illustrated in Fig.
(2). The two enantiomers must equilibrate faster than the reaction of the slow-reacting enantiomer with the
chiral reagent occurs (Curtin-Hammett kinetics). If the stereoselectivity of the reaction is adequate, then a
highly enantioenriched product can be obtained with a yield of 100%. To achieve DKR, the resolution step
must be irreversible and the product cannot racemize under the reaction conditions. To reach a high level of
enantioselectivity, the selectivity (ka/kg) of the step of resolution must be at least of 20. Moreover, the
constant rate for the racemization (ki) must be faster than the constant rate of the resolution step (Ka),
otherwise an excellent level of stereoselectivity has to be insured.

fast
Sp — P; Sr, Sg = substrate enantiomers
racemization
slow
S — Py Pz, Pg = product enantiomers

Fig. (2). The DKR methodology.

Under optimal DKR conditions, an enantiopure compound can be produced with 100% vyield from a
racemic mixture. The racemization of the substrate can be achieved chemically, biocatalytically, or even
spontaneously. In all cases, the conditions will have to avoid the racemization of the formed
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enantioenriched product. The concept of DKR is applicable to enzymatic [5-10], as well as non-enzymatic
reactions [11-30]. Along with metal catalysts [31-47], green organocatalysts present advantages to be non-
toxic, cheap, and robust [48-63]. Their involvement in the total synthesis of pharmaceuticals is challenging
because the products are not contaminated by traces of hazardous metals. The impressive developments of
these green catalysts have allowed the first organocatalyzed DKRs to be achieved in the last twenty years,
contributing to a wide expansion of the scope of the DKR methodology. Along with organocatalysts,
enzymes also represent a green option for DKR in view of the mild conditions generally associated with
enzyme-catalyzed racemization processes [16, 18, 25, 64-67]. Furthermore, biocatalytic processes are often
remarkably enantio- and regioselective in comparison with more unpredictable chemical reactions. Today,
numerous key intermediates for medicinal chemistry are prepared from enzymatic DKR methodologies.
This review collects major developments in the total synthesis of biorelevant scaffolds based on the use of
green organocatalytic and enzymatic DKRs. It is divided into two sections, dealing successively with
organocatalytic processes, and enzymatic ones. It must be noted that methodologies based on the use of
enzymes and transition metals in tandem are not included in this review which focusses on green
methodologies.

2. ORGANOCATALYTIC DKRS
2.1. Synthesis of Acyclic Products

In 2005, Ward and co-workers disclosed an asymmetric direct aldol reaction between 1,4-dioxa-8-thia-
spiro[4.5]decane-6-carboxaldehyde 1 and tetrahydro-4H-thiapyranone 2 catalyzed with 50 mol% of L-
proline which evolved through DKR (Scheme 1) [68]. It afforded at room temperature in wet DMSO as
solvent the corresponding diastereo- and enantiopure (>98% ee) alcohol 3 in 56% yield. Since this reaction
was difficult to perform on a large scale, it was reinvestigated in 2006 by using more soluble L-proline-
derived catalyst 4 at only 20 mol% of catalyst loading [69]. The process afforded at room temperature
within 8 days desired enantiopure (>98% ee) product 3 with a better yield of 75% yield (Scheme 1). This
process constituted the key step of an efficient synthesis of serricornin, which is a female sex pheromone
from the cigarette beetle. The total synthesis of this acyclic product included seven steps from readily
available aldehyde 1. After the first DKR step, aldol product 3 was submitted to a stereoselective reduction
by treatment with Li(i-Bu)3;BH in THF at -78 °C, which led diastereoselectively to anti-1,3-diol 5 in 83%
yield. Then, the latter was treated with Et;SiOTf at 0 °C in dichloromethane in the presence of 2,6-lutidine
as base to give the corresponding chiral mono silyl ether 6 in quantitative yield (97%). Subsequently, a
Barton-McCombie deoxygenation of 6 into product 8 was achieved in two steps. The first one furnished
product 7 in 93% yield upon treatment with NaH and CS; in the presence of imidazole in THF at 0 °C. The
second step occurred in the presence of AIBN and tributyl-stannane to provide product 8 with 97% yield.
The latter was further submitted to Raney nickel in refluxing ethanol to yield the serricornin derivative 9 in
82% yield. Finally, exposure of 9 to acetic acid delivered expected serricornin that was actually isolated as
its acetate derivative 10 obtained with 72% from 9.
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Scheme 1. Synthesis of serricornin.

2.2. Synthesis of Monocyclic Products

In 2008, a total synthesis of NK-1 antagonist GW597599 was reported by Guercio and Bacchi [70].
Whereas the previous methodology involved a classic kinetic resolution of a ketopiperazine which was
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obtained with 38% vyield, these authors proposed a DKR methodology promoted by L-mandelic acid
(Scheme 2). Racemic ketopiperazine 11 reacted at 35 °C with dichlorosalicylaldehyde 12 to generate after
30 minutes an iminium derivative, allowing an increased acidity of the benzylic proton. The latter
intermediate racemized, resulting in the precipitation of the (S)-enantiomer as its mandelate salt, while the
undesired enantiomer 13 remained in solution ready to be further racemized. On the basis of this
methodology, enantiopure (S)-ketopiperazine 11 was isolated with an excellent yield (90% vyield). It was
used as key intermediate in a total synthesis of GW597599. The reduction of the latter intermediate into the
corresponding cyclic diamine 14 was achieved through four steps with 81% overall yield, involving
treaments with TBAB in THF, NaBH,;, BFsEt,0O, successively and then HCI in methanol [71].
Subsequently, chiral diamine 14 was regioselectively protected by treatment with Boc,O, and the resulting
N-Boc protected amine further reacted with carbamoyl chloride 15 in the presence of TEA as base to give
urea 16 [72]. Then, deprotection of 16 in the presence of MeSOsH delivered final GW597599 with 85%
overall yield from compound 14.
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"
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o 85% o
F 1 " GW597599

Scheme 2. Synthesis of NK-1 antagonist GW597599.

Chiral carboxylic acids and derivatives constitute potent medicinal molecules and, consequently, their
synthesis is challenging [73]. For instance; a-aryalkanoic acids, such as naproxen and ibuprofen, are
widely employed as nonsteroidal anti-inflammatory drugs [74]. In order to develop a novel route to
ibuprofen, Shiina et al. investigated in 2012 the esterification of a-arylalkanoic acids 17 with bis(o-
naphthyl)methanol 18 catalyzed in DMF by only 5 mol% of (R)-BTM in the presence of pivalic anhydride
as an activator [75]. The DKR process evolved through enantio-discriminating esterification of racemic a-
arylalkanoic acids 17 with alcohol 18 and racemization of the chiral a-arylalkanoic acids via the formation
of the mixed-anhydrides generated from pivalic anhydride 20 in the presence of a base, such as DIPEA.
The nature of the solvent played a major role, since the racemization was found dramatically enhanced in
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polar DMF. As shown in Scheme 3, the reaction provided after 48 hours a range of a-arylalkanoic esters
(R)-19 in 50-99% yields and 73-97% ee. Especially, substrates exhibiting electron-donating groups, such as
methyl and methoxy groups, on the phenyl ring at either ortho-, meta-, or para-positions all provided both
high yields (85-96%) and enantioselectivities (84-97% ee). The scope of the methodology was also
applicable to 2-arylpropanoic acids including several nonsteroidal anti-inflammatory drugs. All the
reactions provided the desired (R)-carboxylic esters with excellent yields (88-96%) and ee values (81-93%
ee) irrespective of the substitution pattern and the electronic eff ects on the aromatic rings of the substrates.
Moreover, the synthesis of nonsteroidal anti-inflammatory drug (S)-ibuprofen was achieved by using (S)-
BTM as an organocatalyst. Indeed, the esterification of a-arylalkanoic acid 17a with bis(a-
naphthyl)methanol 18 performed in the presence of 5 mol% of (S)-BTM in the presence of pivalic
anhydride and DIPEA as base in DMF afforded at room temperature expected enantiomeric a-arylalkanoic
ester (S)-19a with 97% vyield and 92% ee (Scheme 3). The latter was subsequently submitted at room
temperature to hydrogenation on Pd/C in THF to deliver desired (S)-ibuprofen in 92% ee and 98% yield

(Scheme 3).
o

(R)-BTM (5 mol%)
0 P1V20 1)

20 (2.4 equiv)
A
Ar\é)J\OH + (1 -Naph)ZCHOH > I‘\‘)J\OCH( 1 —Naph)2

DIPEA (4.8 equiv) :
17 18 DMF, r.t., 48 h (R)-19
50-99%, 73-97% ee
Ar = Ph, p-Tol, m-Tol, o-Tol, p-MeOC4gH,, m-MeOCg4H,,
O-MCOC6H4,p-C1C6H4, m-C1C6H4, 0-C1C6H4, I-Naph,
m-FC6H4, O-FC6H4, 3-F-4-PhC6H3, m-BZC6H4, m-PhOC6H4

ST

(S)-BTM (5 mol%)

synthesis of (S)-ibuprofen:

i-Bu Piv,0
0 20 (2.4 equiv)
*  (1-Naph),CHOH
OH 18 DIPEA (4.8 equiv)
DMF, r.t., 48 h
17a
i-Bu o H, (1 atm) i-Bu o
Pd/C (0.2 equiv)
OCH(1-Naph), OH
THF, r.t.

(S)-19a (S)-ibuprofen
97%, 92% ee 98%, 92% ee

Scheme 3. Synthesis of (S)-ibuprofen.

With the aim of developing a novel route to potent HIV inhibitor BMS-986001, Ortiz et al. investigated
in 2015 the asymmetric esterification of pyranose lactols 21 with isobutyric anhydride 22 (R* = i-Pr)
performed in the presence of levamisole as organocatalyst (Scheme 4) [76]. The reactlon evolving through
DKR afforded after 1 hour at room temperature the corresponding |sobutyl esters 23 (R = i-Bu) in 90-96%
ylelds and 55 88% ee A good tolerance for alkyl substltutlon at C2 (R = R?*=H, R® = Me: 96%, 72% ee),
C3 (R' = R® = H, R? = Me: 90%, 82% ee), and C5 (R* = Me, R? = R® = H: 91%, 96% ee) was observed
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while aryl substitution at C2 led to reduced enantioselectivity (R* = R? = H, R® = Ph: 96%, 55% ee).
Applied to benzyl anhydride (R* = Bn), the reaction of unsubstituted pyranose lactol (R* = R? = R® = H)
furnished benzyl ester 23a in 95% yield and 79% ee. This chiral compound was further converted into
BMS-986001 through five steps with 44% overall yield. The first step consisted of a diastereoselective aza-
Michael addition of p-thiocresol to the DKR product 23a carried out at 20 °C in toluene in the presence of
DIPEA as base to give sulfide 24 as an almost single diastereomer (>96% de). The latter was directly
submitted in THF at -78 °C to a diastereoselective nucleophilic addition with lithio-TMS-acetylene 25 to
afford pyranose 26 in 70% yield and >90% de. Then, hydrolysis of 26 with aqueous HCI in acetonitrile at
20 °C provided access to furanoses 28a/b through rapid equilibration of pyranoses 27a/b. When this
mixture of four lactol isomers 27a/b and 28a/b was treated in toluene at 20 °C with Bz,0 in the presence of
chiral levamisole as catalyst, it was found that furanoses 28a/b could be selectively trapped as their
bis(benzoate) derivative 29 (98:2, furanose/pyranose, 50:1 a.:3). Then, selective removal of the TMS group
in 29 by treatment with K,HPO, in the presence of n-Bus;NHSO, in aqueous toluene at 0 °C delivered
crystalline a-Bz-furanose 30 with 91% overall yield from 26. Next, a Vorbriiggen reaction with
bis(TMS)thymine occurred in the presence of TMSOTT in acetonitrile to form nucleoside 31 in 86% yield
and high p-selectivity (86% de). This nucleoside 31 was then converted with 87% vyield into
dehydrofuranose 33 through a selective sulfur oxidation mediated by Chloramine-T providing intermediate
sulfilimine 32, followed by a thermolysis at 95 °C. The final step of the synthesis dealt with a DBU-
catalyzed transesterification carried out at 60 °C in methanol, which delivered desired HIV-inhibitor BMS-
986001 with 92% vyield.
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Scheme 4. Synthesis of HIV inhibitor BMS-986001.

In 1996, the first chiral 4-(dialkylamino)pyridine catalysts were introduced by Vedejs [77]. Ever since,
these special organocatalysts have been successfully applied as promotors in many types of asymmetric
transformations including DKRs [78-81]. In 2021, Guo, Xie and Tian involved chiral 4-pyrrolidinopyridine
N-oxide catalyst 34 in the transesterification of pentafluorophenol esters 35 with diphenylmethanol 36
evolving through DKR (Scheme 5) [82]. In the presence of a base such as TEA and 10 mol% of catalyst 34
in trifloromethylbenzene, a range of esters reacted at 0 °C with diphenylmethanol 36 to produce after 72
hours chiral a-aryl a-alkyl carboxylic esters 37 in 81-91% vyields and 88-99% ee. The substrate was
racemized in the presence of TEA. The (S)-enantiomer reacted faster with 34 to form the corresponding
intermediate 38, which further underwent a nucleophilic substitution with diphenylmethanol 36 to furnish
the final product. The catalytic system tolerated esters bearing electron-donating or electron-withdrawing
substituents on the phenyl ring, thus generating the desired products in both high yields (81-91%) and
enantioselectivities (88-99% ee). It was found that the ee values arising from the reaction of ortho-
substituted esters were higher than those obtained from the corresponding para-substituted esters. In the
case of 1-naphthyl- and 2-naphthyl-substituted esters, the desired chiral carboxylic esters were obtained in
97% and 86% ee, respectively. Furthermore, changing the a-methyl group (R = Me) into an ethyl or a
benzyl substituent (R = Et, Bn) resulted in negligible changes in enantioselectivity (Ar = Ph, R = Et, Bn:
93-94% ee vs Ar = Ph, R = Me: 93% ee). Applying this methodology, four chiral esters of anti-
inflammatory drugs, such as (S)-ibuprofen ester 37a, (S)-ketoprofen ester 37b, (S)-fenaprofen ester 37c, and
(S)-flurbinprofen ester 37d, could be easily synthesized with 84-89% yields and 88-94% ee, as illustrated in
Scheme 5.
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Scheme 5. Synthesis of (S)-ibuprofen, (S)-ketoprofen, (S)-fenaprofen, and (S)-flurbinprofen esters.
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Along with esterifications, other types of transformations have been employed as key DKR steps in total
synthesis of bioactive products. For example in 2017, Salan and Piotrowski employed only 3 mol% of
chiral 4-(dialkylamino)pyridine catalyst 39 to promote a DKR process based on a three-component reaction
[83-84]. The transformation consisted in an enantioselective and regioselective three-component reaction
between acetaldehyde 41, tetrazole 40, and isobutyric anhydride 42 (Scheme 6). Carried out at 0 °C in
MTBE in the presence of TEA as base, it resulted after 14 hours in the formation of chiral hemiaminal 43
in 94% ee and quantitative yield. As detailed in Scheme 6, the reaction began with the reversible addition
of tetrazole 40 to aldehyde 41, generating transient hemiaminal species 46. Alternatively, chiral
acylpyridinium cation 47 was generated from anhydride 42 and Lewis base catalyst 39. The latter reacted
with hemiaminal species 46 to give final hemiaminal 43. An inhibitor of proprotein convertase
subtilisin/kexin type 9 (PCSK9) could be prepared from this domino product through four additional steps.
Indeed, in a first step, the magnetisation of chiral tetrazole 43 with i-PrMgCI was performed at -45 °C in
THF. Then, transmetalation to the thus-formed organozinc species was achieved in the presence of ZnCl,.
Subsequently, the addition of bromide 44 and [XantPhosPd(allyl)]CI at 45 °C underwent coupling which
furnished product 45. After deprotection performed in the presence of HCI, the final product was obtained
in 89% vyield.
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Scheme 6. Synthesis of a PCSK inhibitor.

In 2022, Xie, Tian and Guo reinvestigated the same three-component reaction by using chiral 4-aryl-
pyridine-N-oxide 48 as catalyst [85]. In this case, the reaction of tetrazole 40, isobutyric anhydride 42, and
acetaldehyde 41 was performed in mesitylene in the presence of 5 mol% of 48 and Na,CO; as base
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(Scheme 7). Carried out at -20 °C, the DKR led regioselectively (>20:1) after 72 hours to the corresponding
chiral hemiaminal 43 with 89% yield and 88% ee. The methodology was applied to the same total synthesis
of the PCSKQ inhibitor as depicted in Scheme 6.

X N
| @,
ITI@ HN O i-Pr
(0]
i-Pr
II\{I 48 (5 mol%)
N7 Na,CO; [ E

I | N 0O o PN
N SAMS H/\g\<N\N/\O P
~3 4
g\NH\  MeCHo i—Pr)J\O)J\i—Pr N !

_ 41 mesitylene, -20 °C,72h N =N
NN 0 y \ N
40 43

N
Q 89%, 88% ee

HN
N
o
—_—
_—
-0

/ % \II\J/\O)J\i-Pr
N N

N\
N N
\
PCSKD9 inhibitor
Scheme 7. Modified synthesis of a PCSK9 inhibitor.

2.3. Synthesis of Bicyclic Products

Antagonists of natural peptidic substance P are pharmaceutical agents employed against central nervous
system, gastrointestinal, or inflammatory disorders. In 2006, an efficient synthesis of precursor 49 to
substance P antagonists was disclosed by Nugent and Seemayer (Scheme 8) [86]. It was based on the DKR
of quinuclidinone 50 achieved by using L-tartaric acid (one equivalent). The almost enantiopure product
(S)-50 was obtained with 87% vyield within 12 hours. The latter was further submitted to reductive
amination with benzylamine 51 to give the corresponding chiral benzylamine 50. With this aim, chiral
benzhydryl quinuclidinone (S)-50 and benzylamine 51 were stirred in THF with Ti(Oi-Pr), and subsequently
submitted to hydrogenation at 50 psi with Pt/C to give desired chiral benzylamine 52 in 75% yield and 91% ee
as a 7:1 mixture of cis/trans diastereomers. Finally, the deprotection of the amine was achieved through
hydrogenation on Pd/C performed at 50 °C in the presence of HCI or MeSO3;H to provide expected
precursor 49 to substance P antagonists with 95% yield.
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Scheme 8. Synthesis of a pivotal precursor to substance P antagonists.

Chiral Brgnsted acids are among the most employed organocatalysts in asymmetric catalysis [87-93].
Among them, chiral phosphoric acids derived from BINOL and derivatives have been intensively used as
bifunctional catalysts in many types of asymmetric transformations including DKRs [94-99]. An example
reported by Wang and Zhu in 2016 dealt with an enantioselective two-component Ugi-type reaction
between isonitriles 53 and 3-(arylamino)isobenzofuran-1(3H)-ones 54 (Scheme 9) [100]. The process was
carried out at 0 °C by 10 mol% of chiral phosphoric acid 53 in DCE, leading in 1 hour to chiral 3-oxo-2-
arylisoindoline-1-carboxamides 56 in 74-99% yields and 62-96% ee. These bicyclic molecules are of great
importance in medicinal chemistry, which is illustrated in the skeleton of analgesic drug (R)-pazinaclone.
The mechanism of the Ugi-type reaction proposed by the authors involved the formation of iminium salt 57
which subsequently added isonitrile 53 to give nitrilium intermediate 58 (step a). The latter was
subsequently trapped by the tethered carboxylate to provide intermediate 59. Then, rearrangement of 59 via
the bridged intermediate 60 (step b) afforded final isoindolinone 56. At the same time, 59 was submitted to
an imine/enamine isomerization (steps c/d) to give isocoumarine 61 through prototropic tautomerization.
The fact that this equilibrium was faster than step b was responsible for the DKR.
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Scheme 9. Synthesis of the skeleton of (R)-pazinaclone.
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The scope of the DKR methodology reported in 2021 by Guo, Tian and Xie and described in Scheme 5
[82] was also extended to naphthyl-substituted pentafluorophenol esters 35a-b which reacted with
diphenylmethanol 36 in the presence of 10 mol% of chiral 4-pyrrolidinopyridine N-oxide catalyst 34 to
give within 72 hours through transesterification chiral a-naphthyl a-alkyl carboxylic esters 37ab with 81-
87% yields and 86-97% ee, as presented in Scheme 10 [82]. The racemization of the substrate was achieved
in the presence of TEA. This reaction was applied to the synthesis of (S)-naproxen ester 37¢ with 93% yield
and 93% ee. It must be noted that this ester could be prepared on a gram scale with 87% yield and 94% ee
with complete recovery of the catalyst which was recyclable and reusable. Furthermore, hydrogenation on
Pd/C of (S)-naproxen ester 37¢ delivered (S)-naproxen with 82% yield and 93% ee.

Ph -
g OH 34 (10 mol%) :
' O.__Ph
Ar/ﬁ]/O\C F. T )\ - Ar/\[( \(
65  Ph Ph TEA

0 36 CF3CgHs, 0 °C, 72h O Ph
35a-b 37a-b

Ar = 2-Naph, 1-Naph 81-87%, 86-97% ee

synthesis of (S)-naproxen drug ester:

L o
OO CoF's 34 (10 mol%)
o) 5

MeO TEA, 0°C ' _O_ _Ph

35¢ » \l/
N OH CF,C6Hs/CH,Cl, 72 h S

)\ MeO

37¢

Ph Ph
36 93%, 93% ee

synthesis of (S)-naproxen:

: O\l/Ph H,, Pd/C . OH
OO o OO O
MeO (@) Ph EtOH/THF, 0 °C MeO

37¢ (S)-naproxen
82%, 93% ee

Scheme 10. Synthesis of (S)-naproxen (ester).

2.4. Synthesis of Tricyclic Products

N-Heterocyclic carbenes have been widely employed in asymmetric organocatalysis in the last decades
[101-104], and more particularly in the area of domino reactions [105-130]. Aldehydes react with these
catalysts to generate (homo)enolate equivalents, which can be further trapped by electrophilic species.
Imidazolium-, thiazolium-, or triazolylidene stable carbenes [131-132] are synthesized from chiral amino
acids. The active carbene species are in situ generated through deprotonation in the presence of a base of
the precursor salts of the corresponding N-heterocyclic carbenes. It must be noted that examples of DKRs
catalyzed by N-heterocyclic carbenes still remain rare and especially their applications to the total synthesis
of bioactive products [133-134]. However in 2015, Scheidt and Cheong disclosed a rare example, which
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was applied to develop a novel total synthesis of an estrogen receptor 3-agonist (Scheme 11) [135] The key
DKR step of the sequence dealt with an intramolecular domino aldol/acylation reaction of a-substituted-f-
ketoester 62 into chiral bicyclic lactone 63 performed at 23 °C within 12 hours in DCE in the presence of 7
mol% of chiral N-heterocyclic carbene catalyst 64. The thus-formed lactone 63 was not isolated but
directly underwent at room temperature an unusual -lactone decarboxylation to give chiral cyclopentene
product 65 with 92% ee and 86% yield. This domino product was further converted into expected estrogen
receptor B-agonist through four additional steps. The first one was the hydrogenation of 65 performed on
Pd/C to give cyclopentane 66 with 48% yield and 90% de. Treatment of the latter species with a Grignard
reagent furnished Weinreb amide 67 with 90% yield. Then, 67 reacted with aryllithium reagent 69 to give
aryl ketone 68. Finally, successive treatment with TsOH in methanol followed by addition of NaBH3;CN in
the presence of HCI allowed deprotection followed by cyclization of 68, which delivered the final bioactive
product with 45% overall yield.

17



N\@,Ar )

_ OMOM  _
Ar= 2,6-Et2C6H3
0O OMOM 64 (7 mol%)
H X Cs,CO; (30 mol%)
O  MeO,C o
e0, oMoMm DCE,23°C,12h
62
OMOM OMOM
-CO, O H,, Pd/C
OMOM OMOM
MeOH, 23 °C
M602C ‘ MCOZC
65 66
86%, 92% ee 48%, 90% de
OMOM
MOMO@—U
Me(MeO)NMgCl 69
0 OMOM
MeO\N
\
67
OMOM
90%

o OMOM 1) TsOH/MeOH
O . 2) NaBH,CN, HCI
68

MOMO

estrogen receptor -agonist

97% 45%
Scheme 11. Synthesis of a benzopyran estrogen receptor (3-agonist.

2.5. Synthesis of Tetracyclic Products

In 2019, Fang et al. employed closely related chiral N-heterocyclic carbene catalyst 70 to promote the
intramolecular benzoin reaction of ketoaldehyde 71 evolving through DKR [136]. The process was carried
out at -20 °C in THF in the presence of 20 mol% of catalyst 70 and Cs,CO3as base. As depicted in Scheme
12, the benzoin reaction of substrate 71 produced within 3 hours natural and bioactive 12a-
hydroxymunduserone in 58% yield and 86% ee.
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Scheme 12. Synthesis of 12a-hydroxymunduserone.

2.6. Synthesis of Pentacyclic Products

In 2016, Wang and Zhu described a DKR process based on an asymmetric two-component Ugi-type
reaction of 3-(arylamino)isobenzofuran-1(3H)-ones 54 with isonitriles 53 catalyzed at 0 °C in DCE by 10
mol% of chiral phosphoric acid 55 (Scheme 13) [100]. This resulted within 1 hour in the formation of
chiral 3-oxo-2-arylisoindoline-1-carboxamides 56 with 74-99% vyields and 82-96% ee. These bicyclic
products constitute the skeleton of numerous bioactive products, such as analgesic pentacyclic drug (S)-(+)-
lennoxamine (Scheme 13).

0 55 (10 mol%) 0
R! R
3AMS 5
O + R3NC N-R
R4 53 DCE, 0°C, 1 h R* 8
NHR? /=0
54 R3HN
56
1_
R'=H, OMe, F 74-99%, 82-96% ece

R2 =p-C1C6H4, p—BrC6H4, p-FC6H4, p-F3CC6H4, p—MeOZCC6H4,
p-MeOC¢H,, 2-Naph, 1-Naph, m-BrC¢H,, Ph
R? = #-Bu, Cy, n-Bu, (Me),C(CO,Me)

R*=H, OMe, F
0

MeO N
wo A
o
(S)-(+)-lennoxamine

Scheme 13. Synthesis of the skeleton of (S)-(+)-lennoxamine.

Later in 2019, Fang et al. employed chiral N-heterocyclic carbene catalyst ent-70 to promote the
intramolecular benzoin reaction of ketoaldehydes evolving through DKR [136]. The process was carried
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out at 0 °C in THF in the presence of 20 mol% of this catalyst along with Cs,CO; as base. This DKR
methodology was applied to the synthesis of tephrosin and 12a-hydroxyrotenone, which are two bioactive
natural heterocycles. As presented in Scheme 14, the benzoin reaction of ketoaldehyde 72 allowed natural
and bioactive chiral tephrosin to be synthesized in 3 hours with 61% yield and 73% ee. The same reaction
conditions were also applied to the benzoin reaction of ketoaldehyde 73 which allowed bioactive 12a-
hydroxyrotenone to be synthesized with 47% yield and 98% ee albeit as a mixture of diastereomers (0%

de).
tia, O @
L
W N \N
\—®
Ar

N

CHO o Ar :p—BrC6H4 OMe
ent-70 (20 mol%)
(0] OMe
C52CO3
(0] (0] OMe THF, 0 °C
=
72 tephrosin
61%, 73% ee
CHO (@)
(0] OMe
same conditions

o) OMe g
O

73 \ 12a-hydroxyrotenone

47%, 0% de, 98% ece
Scheme 14. Synthesis of tephrosin and 12a-hydroxyrotenone.

2.7. Synthesis of Hexacyclic Products

In 2019, the scope of the precedent methodology was also employed to prepare another natural
bioactive product, namely hexacyclic milletosin (Scheme 15) [136]. Indeed, the treatment at -20 °C instead
of 0 °C of ketoaldehyde 74 with 20 mol% of chiral N-heterocyclic carbene catalyst ent-70 allowed the
direct synthesis of milletosin with 60% yield and 89% ee within 3 hours.

Ar= p—BrC6H4Ar

ent-70 (20 mol%)
0 0> Cs,CO;
0 0O ¢} THF, -20 °C,3 h
=
74

milletosin
60%, 89% ee

Scheme 15. Synthesis of milletosin.
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3. ENZYMATIC DKRS

In recent years, the use of biocatalysts in many types of organic transformations has become an
attractive green alternative to conventional chemical transformations [137-141]. Especially, intensive
progress has been made in the last decade in the combination of enzymes with the concept of green DKR
[16, 18, 25, 63-66]. Indeed, enzymatic reactions are commonly performed under atmospheric pressure and
at ambient temperature, avoiding side reactions related to more extreme conditions, such as isomerization,
racemization, epimerization, or rearrangements. Furthermore, biocatalytic processes are often remarkably
enantio- and regioselective in comparison with more unpredictable chemical reactions. Today, a number of
key intermediates for medicinal chemistry are prepared from enzymatic DKR methodologies.

3.1. Synthesis of Acyclic Products

Along with their biologic role in the synthesis of important nitrogen-containing compounds, such as
proteins, peptide hormones, and neurotransmitters, amino acids are one of the most important synthons
employed in the pharmaceutical industry for the preparation of bioactive agents [142]. Many natural as well
as unnatural amino acids have been synthesized through DKRs [143-145]. Moreover, they represent
versatile building blocks in modern drug discovery [146]. Among them, y-alkyl B-hydroxy-y-amino acids
constitute the skeletons of many natural products, such as statine. This product has been identified as a new
class of anti-HIV agents. In 2003, Kambourakis and Rozzell reported a synthesis of statine and
phenylstatine, which was based on a KRED-mediated reduction of 2-alkyl-substituted 3-ketoglutarate
diesters 75 (Scheme 16) [147]. This first step was carried out at 37 °C in the presence of KRED-10000 in
DMSO, leading to the corresponding alcohols 76 as single diastereomers with 85-95% yields within 14
hours. The DKR resulted from the rapid isomerization of the two enantiomeric diesters 75. The second step
of the synthesis involved the regioselective hydrolysis of 76 into monoesters 78. In a first time, diesters 76
were converted by treatment with NaOH into the corresponding diacids 77 which were subsequently
submitted to HCI in ethanol at 45 °C to afford monoethyl 2-alkyl-3-hydroxyglutarate 78 with excellent
yields (90-95%). The last step of the synthesis was the conversion of monoacids 78 into desired amines 81.
It was achieved by a former protection of the alcohol group into an acetate in 78 by treatment with acetic
anhydride and TMSOTT to give 79 in quantitative yields (>95%). The latter acetates were then converted
into the corresponding amides 80 by treatment with oxalyl chloride and ammonia gas. Finally, these amides
underwent Hofmann rearrangement in the presence of [bis(trifluoroacetoxy)iodo]benzene to give expected
free amines 81, namely acetates of statine (R = i-Bu) and phenylstatine (R = Bn) obtained with 45-55%
yields.
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Scheme 16. Synthesis of statine and phenylstatine.

Enzymatic reactions have proven to be effective in the synthesis of B-branched amino acids exhibiting
multiple stereocenters [148]. In this context, Renata et al. reported in 2021 the first biocatalytic DKR
focusing on the production of non-canonical B-branched a-amino acids [149]. It dealt with the
transamination of B-methylphenylpyruvic acid 82 using the thermophilic enzyme TtArAT from Thermus
thermophilus. Remarkably, this thermostable aromatic amino acid aminotransferase allowed at 40 °C and
pH 9 the synthesis of enantiopure (99% ee) B-methylphenylalanine 83 as an almost single (>90% de) syn-
diastereomer with 56-66% yield (Scheme 17). In the mechanism detailed in Scheme 17, the two substrate
enantiomers rapidly interconverted but only the (R)-configured one could preferentially undergo productive
reaction with TtArAT. This novel highly efficient methodology was used as first step in the first synthesis
of natural jomthonic acid A, which is an antidiabetic and antiatherogenic agent. The second step of the
sequence dealt with the Boc protection of the amine group in 83 which was achieved in the presence of
Boc,0. The thus-formed protected amine 84 was further treated with chiral alcohol 85 arising from a
diastereoselective a-methylation of methyl (R)-3-hydroxybutyrate. This coupling reaction was performed
in the presence of DMAP and DCC to give within 24 hours the corresponding ester 86 with 87% vyield (2
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steps). Subsequently, the latter was submitted to deprotection by treatment with HCI in dioxane, which led
to free amine 87. Then, the peptide coupling between 87 and dienic acid 88 was performed in the presence
of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide (EDCI), 1-hydroxy-1H-benzotriazole (BtOH), and
DMAP, providing ester 89 with 89% yield (2 steps). Finally, the selective methyl ester hydrolysis of 89
performed in the presence of Me;SnOH delivered expected jomthonic acid A.
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Scheme 17. Synthesis of jomthonic acid A.

3.2. Synthesis of Monocyclic Products

The synthesis of functionalized piperidines is challenging since these molecules are present in the
skeletons of numerous pharmaceuticals. Among them, Toyoota and Momose described in 1990s a novel
route to chiral 3-piperidinol alkaloids, such as (+)-prosafrinine, (-)-iso-6-cassine, (-)-prosopinine, and (-)-
prosophylline [150-151]. The four syntheses of these important products all began from the same novel 2-
piperidone building block 90, which was prepared through baker’s yeast reduction of the corresponding f3-
keto ester 91 (Scheme 18). This DKR reaction was performed with 88% vyield and complete
enantioselectivity (>99% ee). Chiral alcohol 90 could be further converted through sixteen additional steps
into (+)-prosafrinine and (-)-iso-6-cassine, and through fourteen steps into (-)-prosopinine and (-)-
prosophylline (Scheme 18).

0] 0]
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NBn _ NBn
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90
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HO HO NH 0
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NBn e
HO HO" NH 0O
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H
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O 14 steps
—_—
NBn E——
HO HO NH
CO,Et (-)-prosophylline

Scheme 18. Synthesis of (+)-prosafrinine, (-)-iso-6-cassine, (-)-prosopinine, and (-)-prosophylline.

Later, lipases have been employed to catalyze key DKR steps in the total synthesis of different
monocyclic products. For example in 2004, Pesti et al. employed a biocatalytic DKR hydrolysis to prepare
a key intermediate in the synthesis of roxifiban, which is a potent antagonist of the platelet glycoprotein
lIb/111a receptor [152]. The DKR substrate was thioester 93, previously synthesized from ester 92, which
was submitted to a lipase-catalyzed hydrolysis (Scheme 19). Thioester 93 enabled racemization to occur
under sufficiently mild conditions to also allow the enzymatic resolution to be achieved. The racemization
of thioester 93 during the DKR arose from easy retro-Michael/Michael reaction equilibrium between the
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isoxazoline ring and derived acrylate, as illustrated in Scheme 19. Using lipase Amano PS-30 in the
presence of trimethylamine as base to undergo racemization, the reaction afforded expected enantiopure
key acid 87 with 80% vyield after 41 hours.
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Scheme 19. Synthesis of a key intermediate in the synthesis of roxifiban.

In the same year, Tsai et al. reported a synthesis of anti-inflammatory agent (S)-suprofen via lipase-
catalyzed hydrolysis of the corresponding 2,2,2-trifluoroethyl ester 95 performed in aqueous cyclohexane
at 45 °C [153]. In this DKR, lipase MY from Candida rugosa was immobilized on polypropylene powders,
and trioctylamine was added as racemization agent. A hollow-fiber membrane was employed to
continuously extract the desired (S)-suprofen into an aqueous solution containing NaOH. Under these
conditions, (S)-suprofen was synthesized with 86% ee and 90% yield (Scheme 20).

lipase MY
(n-Oct);N
hollow-fiber
membrane S

= o CF; H,0 = 0]
o) cyclohexane, 45 °C 0
95 (S)-suprofen

90%, 86% ee
Scheme 20. Synthesis of (S)-suprofen.
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Later in 2006, Kamaruddin et al. reported a related enzymatic DKR applied to the synthesis of another
anti-inflammatory agent, namely (S)-ibuprofen [154]. The reaction consisted of a lipase-catalyzed
hydrolysis of the corresponding racemic ethoxyethyl ester 96 performed at 45 °C in isooctane in the
presence of 20% of DMSO as co-solvent, water, and sodium hydroxide (0.5 M). These conditions allowed
the smooth in situ racemization of the remaining (R)-ibuprofen ester substrate, thus producing within 120
hours expected enantiopure (>99% ee) (S)-ibuprofen in 86% yield (Scheme 21).

lipase C. Rugosa
OEt H,0, NaOH (0.5 M)

O\) DMSO (20% vol) WOH
o o)

isooctane, 45 °C, 120 h

96 (S)-ibuprofen
86%, >99% ee

Scheme 21. Synthesis of (S)-ibuprofen.

(1R,2S)-Dehydrocoronamic acid constitutes the skeleton of many Hepatitis C NS3 NS4A protease
inhibitors among which many are antiviral drugs. Consequently, efficient asymmetric synthesis of this
functionalized quaternary three-membered amino-acid is challenging. In 2014, Fox et al. described a novel
hydrolase-catalyzed DKR of cyclopropyl azlactone 97 to prepare chiral dehydrocoronamic acid precursors
[155]. As illustrated in Scheme 22, cyclopropyl azlactone 97 was easily racemized through a spontaneous
concerted [3,3]-sigmatropic rearrangement into achiral dihydrooxepine intermediate 98. The azlactone 97
was subsequently treated respectively with CAL-B or PSL lipases in MTBE as solvent and in the presence
of ethanol. Under transesterification conditions with ethanol, both enantiomers of the expected precursor 99
of dehydrocoronamic acid were obtained in 96-97% yields and 75-95% ee. Indeed, enantiomer (1R)-99 was
obtained with 96% yield and 75% ee from the treatment of (1S)-97 with PSL lipase during 18 days, while
enantiomer (15)-99 generated from the treatment of (1R)-97 with CAL-B lipase was produced with 97%
yield and 95% ee after 11 days. This novel methodology based on a facile racemization of
dehydrocoronamic acid allowed the asymmetric synthesis of either enantiomer of the significant
dehydrocoronamic acid precursors 99 through enzyme-mediated DKRs.
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Scheme 22. Synthesis of a precursor of dehydrocoronamic acid.

In 2012, Kalaitzakis and Smonou employed another type of enzymes, namely NADPH-dependent
ketoreductases (KREDSs), to promote the enzymatic stereoselective synthesis of stegobiol and stegobinone
which are natural sex pheromones of the drugstore beetle [156].The key steps of the synthesis were the
enzymatic reductions of a-methyl-1,3-diketone 100 and a-methyl-B-keto ester 102, respectively (Scheme
23). The regio- and stereoselective transformation of diketone 100 into diastereo- (>99% de) and
enantiopure (>99% ee) hydroxy ketone 101 with a quantitative yield was achieved by using enzyme
KRED-102. Simultaneously, the reduction of p-keto ester 102 was achieved in the presence of enzyme
KRED-B1E to afford quantitatively diastereo- (>99% de) and enantiopure (>99% ee) hydroxy ester 103. In
order to be coupled with 101, compound 103 was previously converted into intermediate 105 through
successive protection with TBDMSCI followed by hydrolysis with an overall yield of 74%. Then,
intermediates 101 and 105 were coupled to give ester 106 with 83% yield, which was further converted into
TBDMS-protected cyclic product 107 with 67% yield by treatment with TiCl, and DIPEA in
dichloromethane. Then, deprotection of the latter product in the presence of HF in acetonitrile provided
stegobiol with 80% yield. Subsequent oxidation of stegobiol with Jones reagent delivered stegobinone with
90% yield.
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Scheme 23. Synthesis of stegobiol and stegobinone.

Lamivudine is an anti-HIV nucleoside agent also effective against chronic Hepatitis B. In 2013,
Ramstrém et al. disclosed a short three-step synthesis of this product, the first step of which was an
enzymatic DKR mediated by surfactant-treated subtilisin Carlsberg (STS) [157]. As illustrated in Scheme
24, this enzyme catalyzed a domino addition/cyclization/acetylation reaction between benzoyl protected
aldehyde 108 and 1,4-dithiane-2,5-diol 109. This cascade was carried out at 4 °C in THF in the presence of
PhOACc and TEA as base, which resulted in the formation of desired chiral 1,3-oxathiolane 110 with 89%
yield and 89% ee as a mixture of two diastereomers (62% de). This key intermediate was subsequently
submitted to a Vorbriiggen coupling reaction with silylated N*-acetylcytosine 111 in the presence of TMSI
in acetonitrile at 0 °C to give the corresponding nucleoside analog 112 with 51% vyield. Finally,

deprotection of the latter by treatment with K,CO3 in methanol at room temperature delivered expected
lamivudine with 89% yield.
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Scheme 24. Synthesis of lamivudine.

Levetiracetam is an active antiepileptic drug. In 2021, a novel economic synthesis of this
pharmaceutical product was developed by Winkler and Waldvogel on the basis of an enzymatic DKR
[158]. This was achieved by using Comamonas testosteroni nitrile hydratase L48R/G54V exhibiting a high
(S)-selectivity to hydrolyze racemic nitrile 113 into the corresponding chiral amide 114 with 62% yield and
98% ee (Scheme 25). This enantiopure product was further converted into expected levetiracetam through
ruthenium-catalyzed oxidation with periodate, using only 0.5 mol% of hydrated ruthenium(lV) oxide as
catalyst. The oxidation, performed in aqueous ethyl acetate at 20 °C, occurred regioselectively in position o
to the amine, thus producing the desired drug with 76% yield.

CfNHase l > NalOy4 <_\/Qo

Y Lasmasv RuO,(H,0)x (0.5 mol%) N
. _NH - NN _NH,
N Nen H0 \/\ﬁ > H,0/AcOEt, 20 °C S
113 o) o)
114 levetiracetam
H,0 1 racemization 62%, 98% ee 76%
{ y + ~_-CHO
N
H

Scheme 25. Synthesis of levetiracetam.

3.3. Synthesis of Bicyclic Products

Diltiazem is a calcium channel blocker which is employed in the treatment of arrhythmia and
hypertension. In 1995, Matsumae et al. described a synthesis of diltiazem precursor 115 based on a DKR
reduction performed in the presence of baker’s yeast alcohol dehydrogenase [159]. As illustrated in Scheme
26, the ketone group of bicyclic substrate 115 was reduced into the corresponding alcohol, thus resulting in
the formation of expected chiral diltiazem precursor 116 with both remarkable enantio- (99% ee) and
diastereoselectivities (90% de) albeit combined with a moderate yield of 67%.
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Scheme 26. Synthesis of a precursor of diltiazem hydrochloride.

In 1996, Momose et al. reported the first total synthesis of anti-tumor agents clavepictines A and B
[160]. The first step of the synthesis of these quinolizidine alkaloids dealt with a baker’s yeast reduction of
[-keto ester 91 into the corresponding chiral 3-piperidinol 90 achieved with 88% yield and 98% ee, which
was earlier described in 1995 by the same authors (Scheme 27) [151]. This key building block was
converted into expected clavepictines B and A through twenty four and twenty five additional steps,
respectively. Furthermore, the absolute configuration of both alkaloids was determined for the first time.

O .OH
1\//[ baker's yeast p
_—

07 "N~ ~CO,Et 07~ "N” "'CO,Et
Bn Bn
91 90

88%, 98% ee

H
ACzo
24 steps pyridine .
—_ HO\ [——— ACO\
—_—
90%
. . \
clavepictine B clavepictine A
n-Hex n-Hex

Scheme 27. Synthesis of clavepictines B and A.

In 1999, the same group also developed the synthesis of alkaloid lepadin B, which is an inducer of
immunogenic cell death [161-162]. The sequence started from the same chiral building block 90 as that
employed in the precedent synthesis of clavepictines A and B [150]. In this case, this 3-piperidinol 90,
obtained with 88% yield and 98% ee from baker’s yeast reduction of [3-keto ester 91, was submitted to a
series of fourteen additional steps to deliver expected lepadin B (Scheme 28).
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Scheme 28. Synthesis of lepadin B.

In 2003, Tsai et al. reported a synthesis of anti-inflammatory agent naproxen via lipase-catalyzed
hydrolysis of the corresponding 2,2,2-trifluoroethyl ester 117 performed in micro-aqueous isooctane at 45
°C [163]. In this method, lipase MY from Candida rugosa was immobilized on polypropylene powders,
and 1,5,7-triazabicyclo[4,4,0]dec-5-ene (p-TBD) bound to polystyrene crosslinked with 2% divinylbenzene
was added as an in situ racemization agent [164]. Under these conditions, a 96% yield of the desired (S)-
naproxen was obtained after 600 hours albeit combined with a moderate enantioselectivity of 58% ee
(Scheme 29).

lipase MY :

OB prBD Ot
OO 0 OO
MeO ©

isooctane, 45 °C, 600 h MeO

117 (S)-naproxen

96%, 58% ee
Scheme 29. Synthesis of (S)-naproxen.

2,3-Dihydro-1-H-indene-1-carboxylic acid constitutes the skeleton of aryl indan-1-yl ketones among
which are inhibitors of peptidyl-prolyl-cis/trans-isomerases. In this context, Pietruszka et al. developed in
2009 a novel route to this type of molecules on the basis of an enzymatic DKR (Scheme 30). It involved the
hydrolysis of bicyclic methyl ester 118 carried out in the presence of Candida antarctica lipase B (CAL-B)
combined with a base, such as 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) as the racemization agent
(Scheme 30) [165]. The process delivered the expected almost enantiopure (97% ee) indanecarboxylic acid
119 in 95% yield within 10 hours. The latter product was further converted through a domino reaction with
two equivalents of aryl bromide 120 into expected biaryl indan-1-yl ketone 121 with 21% yield and 94%
ee, constituting a lead product for novel inhibitors of peptidyl-prolyl-cis/trans-isomerases.
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Scheme 30. Synthesis of a lead product for human peptidyl-prolyl-cis/trans-isomerase inhibitors.

(+)-Scyphostatin can be considered as the most potent inhibitor of neutral sphingomyelinase, employed
against inflammation and neurological and immunological disorders [166]. In 2010, Hoye et al. developed
a novel synthesis of the epoxycyclohexene core of this product on the basis of a DKR coupled to a
reversible vinylogous Payne rearrangement of a mixture of the pseudoenantiomeric epoxycyclohexenols
122 and 123 depicted in Scheme 31 [167]. The DKR employed lipase Amano PS, producing enantiopure
epoxy-alkenol 124 in 46% vyield, as illustrated in Scheme 31. It must be noted that this DKR is noteworthy,
because it created four stereocenters in a single step in spite of its long reaction time of 14 days.

lipase Amano PS
K vinyl acetate
HO
HO hexanes 20°C, 14 d

TrocN TrocN TrocN

122 123 124
46%, >99% ee

6)
HO

OH
EtJ\/)\)\)\/\/\/\W NH
O

(+)-scyphostatin
Scheme 31. Synthesis of the epoxycyclohexene core of (+)-scyphostatin.

o

Highly stereoselective alcohol dehydrogenases (ADHSs) have been widely employed in reductive DKR
processes of diverse a-substituted chiral carbonyl compounds toward the formation of optically pure a-
alkyl-B-hydroxy esters, a-alkyl-B-hydroxy ketones, a-amino-f-hydroxy esters, halohydrins among other
products. In these methodologies, the stereoselective reduction of the carbonyl group is combined with the
in situ racemization of the substrate, thus allowing the final products bearing two stereocenters to be
obtained as single stereoisomers among the four theoretically possible ones. In 2010, other substrates, such
as a-substituted aldehydes, were successfully submitted to NADH reductive DKR by Berkovitz and Blum,
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thus leading to the corresponding chiral a-substituted primary alcohols with 57-99% yields and 61-99% ee
[168]. The process employed at 80 °C a thermostable alcohol dehydrogenase from Sulfolobus sulfataricus
(SsADH-10) at pH 9. Especially, the reaction of 2-arylpropionaldehyde 125 afforded enantiopure (98% ee)
a-substituted primary alcohol 126 with 96% yield after 18 hours, which constituted a precursor of (S)-
naproxen (Scheme 32).

SsADH-10 B
NADH H
O O H KPO, (pH =9) OH
MeO O EtOH,80°C,18h .0
125 126

96%, 98% ee

-

. _OH
I

(S)-naproxen

MeO

Scheme 32. Synthesis of a precursor of (S)-naproxen.

In 2014, Peng et al. described an enzymatic DKR as key step in the synthesis of smoothened receptor
inhibitor 130 used as an anticancer agent (Scheme 33) [169]. This involved the transamination of 2-
substituted 4-piperidinone 127 performed with commercial transaminase enzyme ATA-036 at 50 °C in a
phosphate buffer DMSO mixture and in the presence of isopropylamine. This produced within 50-60 hours
the corresponding enantiopure (>99% ee) primary amine 128 in 85% yield as major anti-diastereomer
(>82% de). The racemization of the starting 4-piperidinone 127 could proceed through an achiral ring-
opened intermediate 131 generated by a retro-aza-Michael/aza-Michael addition, as detailed in Scheme 33.
Then, amine 128 reacted with N-carbamoylimidazole 129 in the presence of TEA in THF to form expected
smoothened receptor inhibitor 130 with 80% vyield. It must be noted that the complete synthesis required
only five steps and produced 130 in 40% overall yield without requiring any chromatography, thus, making
this synthesis suitable for large scale industrial production.
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Scheme 33. Synthesis of a smoothened receptor inhibitor.

In the same year, a lactam precursor 133 of anticancer drug niraparib was synthesized by Chung and
Bulger on the basis of a novel DKR amination [170]. As presented in Scheme 34, this amination followed
by an intramolecular cyclization of aldehyde 132 was achieved by treatment with transaminase enzyme
ATA-301 in the presence of PLP and isopropylamine as amine donor. The DKR process furnished within
42 hours enantiopure (>99% ee) lactam 133 with 82% yield. This product was further converted into
expected anticancer agent niraparib.

- H
ATA-301 N. _O
CHO pH 10.5 buffer
CO,i-Pr PLP, i-PrNH,
Br DMSO,45°C,42h Br
132 133

82%, >99% ee

_ NH
N —< >—< )
—_— ~_
[ N
CONH,

niraparib
Scheme 34. Synthesis of niraparib.
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Tofacitinib is a bicyclic protein tyrosine kinase inhibitor used against active psoriatic arthritis,
rheumatoid arthritis, and ulcerative colitis. The challenge in its synthesis is related to the presence of two
contiguous stereocenters exhibited by a piperidine moiety. In 2022, Zhu and Yao described a green
synthesis of key bicyclic intermediate 134 for the synthesis of tofacitinib, which involved an enzymatic
DKR reductive amination of piperidine 135 with imine reductase IR174 (Scheme 35) [171]. In the presence
of methylamine hydrochloride 136, the reaction afforded within 24 hours enantiopure (>99% ee) amine 134
as single cis-diastereomer (>98% ee) with 91% vyield.

IR174
CDX-901 GDH

0 NADP*

+ MeNH,+Cl

N 136 Tris-HCI buffer (pH 9) N

|
Bn 25°C, 24 h Bn

NHMe

135 134

Il““G 91%, >99% ee
- N
O

S
~
N
N H
tofacitinib
Scheme 35. Synthesis of a key intermediate for the synthesis of tofacitinib.

CONCLUSION

This review highlights major developments in the application of green organocatalytic and enzymatic
DKRs in the total synthesis of biorelevant scaffolds. It illustrates the diversity of useful bioactive products
that can be easily synthesized under these green conditions. Although impressive advances have been
achieved in asymmetric synthesis, and especially in catalysis, the resolution of racemates is still widely
employed in industry to reach chiral molecules, in spite of its major disadvantage related to the limitation
of the yield to 50%. Solving this major drawback, DKR has become a serious alternative to conventional
methods for asymmetric synthesis by allowing yields of up to 100 % yield to be achieved. In the last two
decades, the combination of the two powerful concepts, namely DKR and green organocatalysis, has
triggered an increasing and impressive interest from both the industrial and the academic perspective. This
original approach has permitted a range of chiral biorelevant molecules to be synthesized with high
enantioselectivities by using organocatalysts, such as amino acids, 4-(dialkylamino)pyridines, phosphoric
acids, N-heterocyclic carbenes among others. Furthermore along with chiral organocatalysts, many types of
enzymes have been successfully employed to promote DKR processes commonly performed under
particularly mild conditions and often remarkably enantioselectively, with significant applications in the
synthesis of biologically important products. With the need of more ecologic synthetic technologies, the
fields of organocatalytic as well as enzymatic DKRs, avoiding the use of toxic and expensive metals, will
undoubtedly even more expand its scope with the employment of other types of organocatalysts and
enzymes and develop novel transformations, thus allowing powerful greener and more economic strategies
to reach other biologically important molecules. These methodologies allow the preparation of chiral
bioactive products with the exclusion of any trace of hazardous metals. Although the first examples of
organocatalysed dynamic kinetic resolution processes were described in the last decade, a wide number of
chiral organocatalysts are nowadays available to achieve excellent levels of stereocontrol that could only
previously be achieved using biocatalysts.

LIST OF ABBREVIATIONS
ADP: adenosine diphosphate
AIBN: azobisisobutyronitrile
Ar: aryl

BINOL.: 1,1'-bi-2-naphthol
Boc: tert-butoxycarbonyl
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Bn: benzyl

Bt: benzotriazole

BTM: bis(triazolyl)- phenylmethanol ??? non
Bz: benzoyl

Cy: cyclohexyl

DBU: 1,8-diazabicyclo[5.4.0Jundec-7-ene
DCC: dicyclohexylcarbodiimide

DCE: 1,2-dichloroethane

de: diastereomeric excess

DIPEA: diisopropylethylamine

DKR: dynamic kinetic resolution

DMAP: dimethylaminopyridine

DMF: dimethylformamide

DMSO: dimethylsulfofide

EDCI: 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
ee: enantiomeric excess

GIn: glutamine

HIV: human immunodeficience virus

KRED: ketoreductase

MOM: methoxymethyl

Naph: naphthyl

MS: molecular sieves

MTBE: methyl tert-butyl ether

NADP: nicotinamide adénine dinucléotide phosphate
Oct: octyl

PCSK: proprotein convertase subtilisin/kexin
Piv: pivaloyl

PLP: pyridoxal-5-phosphate

r.t.: room temperature

TBAB: tetrabutylammonium bromide

TBD: 1,5,7-triazabicyclo[4.4.0]dec-5-ene
TBDMS: tert-butyldimethylsilyl

TEA: triethylamine

THEF: tetrahydrofuran

Tf: trifluoromethanesulfony!l

TMS: trimethylsilyl

Tol: tolyl

Ts: 4-toluenesulfonyl (tosyl)
Xantphos:4,5-bis(diphenylphosphino)-9,9-dimethylxanthene
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