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Herein, we report the dynamic kinetic resolution asymmetric acylation of y-hydroxy-y-perfluoroalkyl
butenolides/phthalides catalyzed by amino acid-derived bifunctional organocatalysts, and a series of ke-
tals were obtained in high yields (up to 95%) and excellent enantioselectivities (up to 99%). In terms of
synthetic utility, the reaction can be performed on a gram scale, and the product can be converted into
potential biological nucleoside analog.

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

Medica, Chinese Academy of Medical Sciences.

Enantiomerically enriched ketal structures bearing quaternary
stereocenter is highly sought-after in the field of drug discovery
and development due to their prevalence in bioactive molecules
and natural products [1]. Many potential drugs, such as Obtusin
[2], Eudesmanolides [3], dioxole derivatives [4], Ossamycin [5],
Fimbricalyxlactones [6], and Preussomerin K [7], contain this im-
portant structural unit. As one of the most attractive precursor,
y-hydroxy butenolides [8] have found widespread applications in
organic synthesis, materials science, and medicinal chemistry [9].
They also serve as valuable intermediates for synthesizing com-
plex molecules [10]. Additionally, they can be modified into five-
carbon sugar analogs [11], and be made into ideal drug carriers
for targeted delivery and controlled release of therapeutic agents
[12]. However, asymmetric synthesis of cyclic ketal compounds
with quaternary stereocenter is a challenging task due to the dif-
ficulty in controlling stereochemistry and activity during the reac-
tion [13,14].

Dynamic kinetic resolution (DKR) [15-18], employing various
catalysts including biological enzymes [19], chiral DMAPs [20,21],
carbenes [22], and imidazoles [23], is an effective approach for
studying the enantioselective acylation of hemiacetals. In 1995,
Kellogg and Feringa demonstrated that lipase R immobilized on
Hyflo Super Cell could catalyze the conversion of 5-hydroxy-5H-
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furan-2-one to acetic acid 5-oxo-2,5-dihydrofuran-2-yl ester at
ambient temperature by acylation with vinyl acetate (Scheme 1a)
[19]. In recent years, the iterative development of organocatalysts
[24] has significantly advanced the asymmetric acylation of cyclic
hemiacetals. In 2008, Yamada and coworkers reported the catalytic
DKR of hemiacetal using a chiral dimethylaminopyridine (DMAP)
catalyst (Scheme 1b, left) [20,21]. In 2019, Chi and coworkers de-
veloped a new catalytic DKR strategy for the asymmetric acylation
of hydroxyphthalides using a chiral acyl azolium intermediate
derived from a carbene catalyst (Scheme 1b, middle) [22]. Very
recently, Zhang’s group reported a new method for synthesizing
chiral phthalidyl ester prodrugs using a chiral bicyclic imidazole
organocatalyst and a continuous injection process (Scheme 1b,
right) [23]. These elegant examples are mostly based on the
asymmetric acylation reaction of hemiacetals with tertiary stere-
ocenter. So far, the asymmetric acylation of hemiketal compounds
containing quaternary stereocenter based on DKR remains chal-
lenges. First, the existence of steric hindrance [25] often limits
the conversion of hemiketals to chiral ketals. Second, the unsta-
ble intermediate formed in this reaction can undergo external
aggregation [26]. Third, hemiketal compounds bearing quaternary
stereocenter have low activity and are not easily racemized [27].
Enzymes exhibit a high degree of specificity towards their sub-
strates [28]. The successful enzymatic catalysis of DKR [19] has
provided insight into our development a new strategy for the
asymmetric transformation of hemiketals to chiral ketals. Based on
our previous work [29,30], we hypothesize to use the enzyme-like
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Scheme 1. Asymmetric DKR acylation of hemiacetals and hemiketals.

properties of amino acid-derived bifunctional organocatalyst for
chiral recognition of the hemiketals. At the same time, enantiomer
of the hemiketals that are difficult to recognize will undergo rapid
racemization. This idea may contribute to the efficient DKR con-
version of hemiketals. Rationally, we propose that the bifunctional
organocatalyst first recognizes the (S)-enantiomer of the hemike-
tal through binding to the R3NH* ammonium group and through
hydrogen-bond interactions with the hemiketal substrate. Then,
the rapid racemization of the unrecognized (R)-enantiomer facili-
tates smooth DKR. Therefore, we have developed a novel strategy
for the DKR asymmetric acylation of y-hydroxy-y -perfluoroalkyl
butenolides [31]/phthalides under mild conditions. The process uti-
lizes a bifunctional organocatalyst derived from amino acids as the
catalysts for substrates chiral recognition, and does not require
the addition of other bases (Scheme 1c). The transformation of
hemiketals into chiral ketals occurs via hydrogen-bond regulation.

Initially, the DKR reaction of the hemiketal 1a with acid anhy-
drides 2b was selected as the model reaction (Table 1). Preliminar-
ily, the desired hemiketal acylation product 3a was obtained using
10mol% of the L-tert-leucine derived urea-tertiary amine bifunc-
tional catalyst C1 in toluene at 25°C. Despite its moderate (63%)
yield, it provided an ordinary (45%) enantioselective result (Table 1,
entry 1). This result indicates that the hydrogen-bond donors and
acceptor of urea and tertiary amine functional groups are suit-
able for the asymmetric DKR system of hemiketals, and it also
confirms our speculation that bifunctional organocatalyst are ca-
pable of catalyzing such DKR reaction. Then L-tert-leucine-derived
thiourea-tertiary amine bifunctional catalyst C2 afforded the corre-
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Table 1
Optimization of reaction conditions.?
o}
o o
[ o . Cat. (10 mol%)
\)J\O)j\/ solvent, time
FsC OH
1a 2a 3a
Cat.: Ar = 3,5-(CF3),P
X
H
e )L j; Q Af\N*NjiWN%CN
YD
o n
C1:X=0,n=1 C2:X=S,n=1 €5:X=0,n=1 C6:X=S,n=1
C3:X=0,n=2 C4:X=S,n=2 C7:X=0,n=2 C8:X=Sn=2
Entry Catalyst Solvent Time (h) Additive Yield (%)° ee (%)4
1 c1 Toluene 96 - 63 45
2 Cc2 Toluene 96 - 42 21
3 c3 Toluene 96 - 76 31
4 c4 Toluene 96 - 55 24
5 Cc5 Toluene 96 - 85 71
6 C6 Toluene 96 - 23 3
7 Cc7 Toluene 96 - 72 90
8 c8 Toluene 96 - 65 10
9 Cc7 DCM 96 - 53 74
10 Cc7 THF 96 - 48 74
11 Cc7 MeCN 96 - 68 40
12 Cc7 Et,0 96 - 32 91
13 Cc7 CPME 96 - 75 95
14 c7 CPME 48 3A MS 90 86
15 c7 CPME 48 4A MS 95 89
16 Cc7 CPME 48 5A MS 93 94

2 Reaction conditions: 1a (0.1 mmol), Cat. (0.01 mmol), 2a
(20 mg) and solvent (1.0 mL).

b Monitoring in different time periods.

¢ Yield of isolated product.

d Determined by HPLC analysis on a chiral stationary phase.

(0.2 mmol), Additive

sponding product 3a in 42% yield with 21% ee (Table 1, entry 2).
When the five-membered ring of the tertiary amine on the cat-
alyst was replaced by a six-membered ring C3-C4, the expected
yield and enantioselectivity were not obtained (entries 3 and 4).
To further improve the yield and enantioselectivity, we attempted
to increase the hydrogen-bond of the bifunctional organocatalyst
L-tert-leucine-derived bifunctional organocatalyst C5-C8 (entries 5-
8), containing multiple hydrogen-bond donors and tertiary amine,
were screened for their catalytic activity in toluene at room tem-
perature for 96 h. It was found that the L-tert-leucine derived urea-
tertiary amine catalyst C7 improved both the yield and enantiose-
lectivity (Table 1, entry 7; 72% yield, 90% ee). Accordingly, we se-
lected C7 as the catalyst to screen solvent (entries 9-13, see Sup-
porting information for details). The solvent cyclopentyl methyl
ether (CPME) provided product 3a in 75% yield with 95% ee (en-
try 13). To further increase the yield of the reaction (entries 14-
16, see Supporting information for more details), it was discovered
that incorporating 5A MS (molecular sieves) as an additive signif-
icantly improved the activity of the reaction. This resulted in the
formation of 3a in 93% yield with 94% ee (entry 16).

With the optimal reaction conditions in hand (Table 1, en-
try 16), a substrate screening was conducted to investigate the
reactivity of various hemiketal 1 and acid anhydrides 2 combina-
tions. As shown in Scheme 2, all substrates underwent smooth,
resulting in the desired chiral ketal products in good yields
with excellent enantioselectivities. The reaction tolerated neutral,
electron-withdrawing, and electron-donating substituents at the
ortho-, meta-, and para-positions on the aromatic ring of hemiketal
1, affording the corresponding acylation product ketals 3a-3r in
74%-95% yields with 74%-96% ee values. 2,5- and 3,5-disubstituted
1s-1u gave the corresponding products 3s-3u in 89%-93% yields
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) 3j: R? = 3-PhCgHy, 96 h, 91% yield, 94% ee
P 2 3k: R? = 4-CF3CgHy, 9 h, 74% yield, 93% ee
2 $Aa 31: R? = 4-FC4H,, 35 h, 80% yield, 74% ee
2a 3m: R? = 4-CICgH,, 20 h, 87% yield, 95% ee

3n: R? = 4-BrCqH,, 96 h, 87% yield, 95% ee

R1
C7 (10 mol%)
5A MS, CPME szo o)
, R ,/(
R3

25°C, 10-96 h

3q: 10 h, 83% yield, 93% ee  3r: 24 h, 89% yield, 94% ee

3t: 35 h, 93% yield, 91% ee
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Scheme 2. Substrate scope of ketal products. Reaction conditions: 1 (0.1 mmol), C7 (0.01 mmol), 2 (0.2 mmol), additive (20 mg) and solvent (1.0 mL). Yield of isolated product.
Determined by HPLC analysis on a chiral stationary phase. ¢ Reaction conditions: 6 (0.1 mmol), C5 (0.01 mmol), 2 (0.2 mmol), additive (20mg) and solvent (1.0 mL). Yield of
isolated product. Determined by HPLC analysis on a chiral stationary phase. ® €5 (0.02 mmol), 60 °C.

with 85%-95% ee values. 2-Naphthyl-substituted 1v could afford
3v in 87% yield with 89% ee within 80h. Hemiketals bearing
different thienyl and furyl substituents (2-thienyl 1w, 3-thienyl 1x,
2-furyl 1y and 3-furyl 1z) also showed good reactivities (83%-92%
yields, 88%-96% ee values, 3w-3z). Furthermore, we attempted to
catalyze this reaction using the enantiomer of the catalyst under
standard conditions, and successfully obtained the enantiomer of
the chiral ketal ent-3a in 91% yield and 89% ee.

Subsequently, we investigated the substituents on the 3- or
4-position of the hemiketal moiety and found that the reaction
proceeded smoothly. The product 3za-3zc could still be obtained
in 53%-77% yields with 79%-89% ee. On the other hand, acid
anhydride 2 was also shown to have a broad range of applica-
bility under standard conditions, with ketal products of 3zd-3zg
being obtainable in 55%-88% yields with 81%-95% ee. The ab-
solute configurations of these adducts were assigned based on
the crystal structure of 3a, determined by single crystal X-ray
diffraction analysis (CCDC: 2254748). In addition, Considering the
importance of fluorine substituents in pharmaceutical chemistry
[32], we also evaluated the effect of in 4-aryl-5-hydroxy-5-
(pentafluoroethyl)furan-2(5H)-ones 4 with propionic anhydride
2a. Subsequently, an investigation was conducted on the scope of
substrate applicability. All reactions with substituents proceeded
smoothly, and afforded the acylation products 5a-5f in 72%-90%

yields with 87%-95% ee. Based on previous asymmetric studies
of hydroxyphthalides [20], we aim to challenge the DKR of 3-
substituted hydroxyphthalides 6 to achieve asymmetric acylation
reaction at the quaternary stereocenter (see Supporting infor-
mation for more details). The anhydride was adjusted to acetic
anhydride, propanoic anhydride, butyric anhydride, isobutyric
anhydride, and n-valeric anhydride, respectively, and obtained
the corresponding chiral products 7a-7e in 75%-91% yields with
57%-94% ee. The results indicate that increasing the steric hin-
drance of the anhydride can affect the reaction activity. Changes
in the substituents on the benzene ring can also lead to chiral
products 7f in 72% yields with 83% ee. Naphthyl group could also
afford ketal product 7g in 83% yield with 81% ee within 96h.
Furthermore, we attempted the DKR of a six-membered ring tetra-
substituted hemiketal under standard reaction conditions, which
resulted in the chiral ketal product 7h in 65% yield with 69% ee.
The absolute configurations of these adducts were assigned based
on the crystal structure of 7f, determined by single crystal X-ray
diffraction analysis (CCDC: 2254753). Subsequent research focused
on methylphenyl peptides and found that increasing temperature
and using 20 mol% of C5 resulted in 81% yield with 99% ee.

To further understand this reaction, we selectively performed
the methylation experiment on the N-H bond and found that
the catalyst C9-C12 had a relatively large effect on the reaction
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(Scheme 3). The ketal 3a was obtained in 5%-8% yield with 0-4%
ee. It proves that the N-H bond was not only important for the
activity, but also critical for the enantioselectivity. Subsequently,
the reaction mixture of catalyst C7 with hemiketals 1a was in-
vestigated by using NMR. The analysis revealed an interaction be-
tween the pyridine nitrogen as a hydrogen bond acceptor and the
hemiketal (see Supporting information for details).

y-Hydroxy butenolides can be converted to corresponding five-
carbon sugar analogues in the field of biochemistry. To further
evaluate the synthetic potential of these asymmetric catalytic sys-
tems, we carried out a gram-scale synthesis using catalyst C7 to
synthesize chiral ketal 3a from 5-hydroxy-3-methyl-4-phenyl-5-
(trifluoromethyl)furan-2(5H)-one 1a (4 mmol) and propionic anhy-
dride 2b (8 mmol). The desired product 3a was produced in 94%
yield (1.2g) with 93% ee under standard conditions (Scheme 4a).
Treatment of the chiral ketal 3a with AIBN (2.0 equiv.), NBS
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(2.0 equiv) in CCl4 at 80°C resulted in the substitution occurring
smoothly, and afforded the brominated product 8 in 78% yield with
95% ee. The hydrolysis of compound 8 in the presence of sodium
formate successfully converted it into alcohol 9, which could be di-
rectly benzylated to obtain the product 10 in 36% yield with 4% ee.
Then a one-pot, two-step procedure involving selective reduction
of the carbon group then yielded acetyl protected ketal 11. Sub-
sequent Vorbriggen reaction with thymine furnished the nucleo-
side 12 in 72% yield with 2% ee (Scheme 4b). Nucleoside deriva-
tives have shown significant activity in the fields of anti-tumor
and anti-viral medicine [33-35]. Nucleoside analog 12 were eval-
uated for their cytotoxic activity against three human cancer cell
lines (A549, HepG2, and MCF-7 cells) in vitro using the CCK-8 as-
say. ICsy data analysis showed that compound 12 exhibited strong
cytotoxicity against A549, HepG2, and MCF-7 cells, with ICsq val-
ues of 14.62, 11.97, and 14.59 umol/L, respectively. Therefore, such
nucleoside analog may serve as potential anticancer agents and re-
quire further research.

In conclusion, we have established a DKR strategy for acy-
lation reaction of hemiketals containing quaternary stereocenter
through hydrogen-bond catalysis mode, and successfully achieved
the transformation of hemiketals to chiral ketals. The chiral prod-
ucts can be applied to the synthesis of related valuable derivatives
with good biological activity. This research has shown that the key
to achieving such DKR reaction lies in the use of chiral bifunctional
organocatalyst controlled by hydrogen-bond. Further exploration of
practical synthesis of other valuable chiral building blocks is cur-
rently ongoing in our laboratory.
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