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Catalytic reductive desymmetrization of malonic
esters

Pengwei Xu® and Zhongxing Huang © &

Desymmetrization of fully substituted carbons with a pair of enantiotopic functional groups is a practical strategy for the syn-
thesis of quaternary stereocentres, as it divides the tasks of enantioselection and C—C bond formation. The use of disubstituted
malonic esters as the substrate of desymmetrization is particularly attractive, given their easy and modular preparation, as well
as the high synthetic values of the chiral monoester products. Here, we report that a dinuclear zinc complex with a tetradentate
ligand can selectively hydrosilylate one of the carbonyls of malonic esters to give a-quaternary f-hydroxyesters, providing a
promising alternative to the desymmetric hydrolysis using carboxylesterases. The asymmetric reduction features excellent
enantiocontrol that can differentiate sterically similar substituents and high chemoselectivity towards the diester motif of sub-
strates. Together with the versatile preparation of malonic ester substrates and post-reduction derivatization, the desymmetric

reduction has enabled the synthesis of a diverse array of quaternary stereocentres with distinct structural features.

an enduring challenge in organic synthesis'~, as these motifs

are prevalent in bioactive molecules and add considerably to
the degree of saturation and three-dimensionality of molecules,
parameters that are increasingly recognized as crucial to drug effec-
tiveness™’. While the majority of existing approaches hinge on the
enantiofacial selection of prochiral reactants®” and cationic inter-
mediates®~'’, a growing number of desymmetrization processes have
emerged in recent years describing efforts to selectively transform
one of the enantiotopic substituents on a preformed quaternary car-
bon (Fig. 1a). As the desymmetrization process splits up the demand-
ing tasks of enantiocontrol and C—C bond formation, almost any
type of enantioselective transformation could be employed in the
paradigm to forge quaternary stereocentres using suitable prochi-
ral substrates. While the desymmetric approach continues to find
success in assorted substrates, such as 1,3-diketones, diols, dienes
and small rings, accessibility of the prochiral reactants and versatil-
ity of the chiral products remain two of the ultimate touchstones
for the synthetic value and practicality of desymmetrization'"'?. In
this Article, we consider a,a-disubstituted malonic esters as an ideal
class of desymmetrization substrates owing to their straightforward
preparation from diesters and monoesters, diverse substituents that
can be introduced to the carbon centre and high synthetic values of
the resulting chiral monoesters (Fig. 1b). Nonetheless, as the ester
carbonyls are directly bonded to the congested quaternary carbon,
it is non-trivial to devise a catalytic system that has both high reac-
tivity and precise enantiocontrol while inhibiting the undesired
overreaction to give achiral bis-functionalization products.

To date, desymmetrization of malonic esters is predominated by
the catalytic hydrolysis using crude pig liver esterase (PLE, EC 3.1.1)
to give a-quaternary carboxylic acids'>'". A widely recognized cubic
model by Jones and co-workers (as illustrated in Fig. 1c) indicated
that the excellent stereoselectivity of crude PLE originates from the
organized orientation of substrate within two polar binding sites
(Peyon and Py, ) and two hydrophobic pockets'™'® (Hy ., and Hpay)-
However, the limited size of the large hydrophobic pocket (H,.)
inhibits the reactivities of malonic esters with large substituents'®
(for example, biphenyl groups) and enantioselection between two

| nantioselective construction of quaternary stereocentres is

small and sterically similar substituents, such as methyl and ethyl,
is suboptimal’. The applicability of crude PLE is also weakened by
its accessibility to only one of the enantiomers and undesired rever-
sals of stereoselectivity were observed for substrates with similar
structures'’. Nevertheless, a recent advance in recombinant DNA
technology has enabled the production of pure isoenzymes of PLE
(ref. ') with distinct reactivities and opposite stereoselectivities'®,
thus offering an additional source of catalysts for application.

In comparison, nonenzymatic approaches for the desymmetri-
zation of malonic esters are largely elusive. While isolated cases of
intramolecular desymmetrization have been reported*~*, the more
daunting challenge of creating acyclic quaternary stereocentres has
not been addressed. We anticipated that a reductive desymmetri-
zation would be a practical alternative to the enzymatic hydroly-
sis of malonic esters, as the resulting aldehyde or primary alcohol
is highly versatile and differs considerably in reactivities from the
unreacted ester (Fig. 1d). Thus, the ensuing chemoselective trans-
formation of the pair of functional groups, together with the diver-
sity of substituents that can be introduced during the substrate
preparation, would facilitate the modular construction of a myriad
of quaternary stereocentres with distinct structural features. We also
hypothesized that silanes would be a prominent choice of reductant
for the desymmetrization, as hydrosilylation has proven to be a mild
and selective method for carbonyl reduction and can be enabled by
a variety of catalysts*=*. The high enantioselectivities obtained in
the reduction of ketones and imines are particularly encouraging’,
as we seek to devise chiral catalyst manifolds that can deliver the
hydride selectively to one of the carbonyls of malonic esters. In
addition, as a generally inert reductant in the absence of activating
catalysts, silanes would not give background reduction that erodes
the enantioselectivity of the desymmetrization.

Results and discussion

Zinc-catalysed asymmetric hydrosilylation of malonic esters.
Considering that zinc complexes are one of the most widely used
catalysts for carbonyl hydrosilylation”’* and have demonstrated
great potential as alternatives to expensive noble metal catalysts*~2,
we initiated our search of desymmetrization catalysts by employing
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Fig. 1| Quaternary stereocentres via desymmetrization of malonic esters. a, Quaternary stereocentres can be generated via two major approaches.
They can be synthesized from an enantioselective C—C bond formation reaction of prochiral substrates or intermediates, such as alkenes and enolates.
Alternatively, quaternary stereocentres can be accessed by desymmetrizing one of the enantiotopic functional groups on a preformed tetrasubstituted
carbon. b, Synthesis and desymmetrization of malonic esters. Disubstituted malonic esters can be synthesized using two sequential substitution reactions
from unsubstituted malonic esters. In addition, through a combination of acylation and substitution reactions, monoesters can also be used to access
disubstituted malonic esters. The desymmetrization of disubstituted malonic esters will give chiral monoesters with a quaternary stereocentre. FG,
functional group. ¢, Assisted by computational methods, Jones and co-workers proposed a cubic model for the active site of crude pig liver esterase.

The model consists of two hydrophobic pockets (H,, .. and Hs..,,) and two polar binding sites (P, and Pg,.). Take dimethyl methyl(phenyl)malonate as
an example, the phenyl and methyl substituents are proposed to fit into the large and small hydrophobic pockets, respectively. This orientation would
place the Pro-(S) ester in proximity to the serine hydrolysis site and eventually gives the desymmetrization product with R configuration. d, Our proposed
reductive desymmetrization initiates with the enantioselective hydrosilylation of the malonic ester to give Int-A. If Int-A undergoes an in situ elimination
to Int-B, a further hydrosilylation of the resulting aldehyde would take place and the alcohol product will be generated after workup. Alternatively, the
silylation of Int-A with silane would release Int-C from the catalyst which, after workup, gives the aldehyde product. ML, ligated metal complex.

diethylzinc with a variety of chiral alcohol- and amine-based
ligands (Fig. 2a and Supplementary Fig. 1). To our delight, the
monoreduction product (2) of malonic ester 1 was generated using
simple (S)-a,a-diphenylprolinol (L1), albeit with marginal yield
and enantioselectivity. More encouragingly, when diethylzinc and
L1 were applied in a 2:1 ratio instead of an equimolar manner, a
higher enantioselectivity was observed, indicating a possible role
of bimetallic zinc species as the reduction catalyst. Indeed, it was
discovered that the use of Zn-ProPhenol complex™*, a prominent
catalyst known for its well-defined dinuclear structure, resulted in
an enhanced enantioselectivity. However, the yield of the desym-
metrization remained low when (S,S)-ProPhenol (L2) or its closely
related pseudo-C, symmetric derivatives (Supplementary Fig. 1)
were employed. We envisioned that structural pruning of the
ProPhenol skeleton would be beneficial, as the low reactivities may
arise from the insufficient size of its pocket that struggles to host
both the disubstituted malonic ester and silane reductant. Indeed,
while the truncated ProPhenol (L3) with one sidechain removed
was ineffective, improved reactivity and enantioselectivity were
obtained when one of the prolinol motifs was replaced by a smaller
and achiral triarylmethanol anchor. Further iterative optimization
of the tetradentate scaffold led to L4 as the optimal ligand and com-
parison among a series of derivatives (L5-L13) indicated that the
steric bulkiness of 1-naphthyl groups on the achiral anchor (Ar')
and the electron-rich 4-methoxyphenyl substituents of the prolinol
(Ar?) are both critical for the high reactivity and enantioselectivity
(Fig. 2b). It is worth noting that, based on the variable-temperature
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NMR experiment (Supplementary Fig. 2), L4 exists as a pair of
inseparable diastereomers that differ in the helicity of the triaryl-
methanol group. Their high interconversion barrier also suggests
that the helicity of the dinaphthyl motif has little effect on the enan-
tioselectivity of the desymmetrization.

The desymmetrization turned out to be highly chemoselective—
the aldehyde (3) and bis-reduction (4) products were generated only
in trace amounts. On the other hand, the yield and enantioselectiv-
ity of the desymmetrization reached optimum when diethylzinc and
L4 were used in a 2:1 ratio, consistent with the proposed dinuclear
mode of the catalyst (Fig. 2c). The use of trimethoxysilane as the
reductant also proved critical, as bulkier triethoxysilane and other
common primary, secondary and tertiary silanes showed minimal
or no reactivity (Fig. 2d). In addition, dimethyl and dibenzyl malo-
nic esters could both participate in the desymmetrization to give
enantioenriched monoesters, notwithstanding the inferior reactiv-
ity compared with their ethyl counterpart.

Substrate scope of malonic esters. The reductive desymmetriza-
tion could be readily scaled up and a gram-scale synthesis of chiral
hydroxy ester 2 was accomplished with a lowered catalyst loading
(Table 1). Additionally, phenyl, aryl and heteroaryl groups (16 and
17) with different electronic properties (5-11) and substitution
patterns (12-15) could all be accommodated to yield a diverse
array of benzylic stereocentres in good yields and enantioselectivi-
ties. We also demonstrated that quaternary stereocentres could be
rapidly forged from two nonsteroidal anti-inflammatory drugs,
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Fig. 2 | Zinc-catalysed desymmetric hydrosilylation of malonic esters. a, Discovery of a tetradentate ligand for dinuclear zinc complex. The ligand
screening reactions were run with 0.1mmol malonic ester, 300 mol% trimethoxysilane, 10 mol% ligand and 10 mol% diethylzinc when [Zn]/L=1:10r

20 mol% diethylzinc when [Zn]/L = 2:1in toluene at 0 °C for 7 h. The yield and e.e. refer to the reduction product 2. Aldehyde 3 and diol 4 were identified
as the by-products. Compared with simple prolinol ligand L1, (5,5)-ProPhenol L2 and truncated ProPhenol L3, desymmetrization with tetradentate ligand
L4 gives a significantly higher yield and enantioselectivity. Np, naphthyl. b, Results of the reaction in a when L4 was replaced by its variants. Inferior
performance in reactivity and enantioselectivity of L5-L9 indicates that the fused ring structure and sterics of 1-naphthyl groups are critical for the
desymmetrization, while results of L10-L13 show that the electron-rich 4-methoxyphenyl substituents on the prolinol motif of L4 are also indispensable.
aThe first reaction listed, using L4, gave <2% of 3 and <2% of 4. ¢, Investigation of different diethylzinc/L4 ratios on the reactivity and enantioselectivity
of the desymmetrization reaction shown in a. These reactions were run with 10 mol% L4 and varied amounts of diethylzinc ranging from 5 to 40 mol%.
Both the yield and e.e. of the desymmetrization product 2 reached optimum when diethylzinc and L4 were used in a 2:1 ratio, which indicated a possible
dinuclear zinc complex as the catalyst. d, Control experiments using silanes other than trimethoxysilane or malonic esters with alkyl groups other than
ethyl for the desymmetrization reaction shown in a with L4. The results of these reactions showed that bulkier triethoxysilane and other common primary,
secondary and tertiary silanes are inferior reductants for the desymmetrization compared with trimethoxysilane. While dibenzyl and dimethyl malonate
did give the monoester products, their yields and e.e. are lower than those of the diethyl malonate 1. N.R., no reaction; Bn, benzyl.

flurbiprofen (18) and carprofen (19), via malonic ester synthesis
and subsequent desymmetrization. It is worth noting that the car-
bamate motifs in the carprofen derivative (19) and the aryl ester in
11 were both found intact after the hydrosilylation, showcasing the
high chemoselectivity of the dinuclear zinc catalyst. Meanwhile, the
enantioselectivity of the desymmetrization diminished significantly
when methyl was replaced with larger groups (20-24), presumably
due to the smaller difference in size between the pair of substituents
on the quaternary carbon. Nevertheless, we were delighted to find
that the enantioselection improved when a ligand equipped with
a bulkier prolinol sidearm (L13) was employed and the enhance-
ment enabled us to synthesize enantioenriched esters with various
C1-C3 units, including halomethyl (21 and 22), propargyl (23) and
allyl groups (24). Moreover, a good enantioselectivity was also
obtained when malonic ester was substituted with a 3-phenylpropyl
group (25), probably owing to its large size that considerably
outcompetes phenyl.
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In addition to aryl groups, alkenyl sp® substituents on the
malonic esters were well tolerated to yield allylic quaternary stereo-
centres with assorted olefins, including cyclic (26 and 27), 1,2- or
1,1-disubstituted (28 and 29) and a-olefins (30 and 31). Malonic
ester with both a vinyl and a phenyl group also proceeded smoothly
(32). The olefin moieties in these chiral synthons add greatly to the
synthetic value of the reduction products, as they can serve as an
additional handle for further modification.

Di-C(sp?)-substituted malonic esters with various steric/elec-
tronic properties and pendant functional groups are another
important class of substrates (Table 2). Gratifyingly, a simple malo-
nic ester with a methyl and a benzyl group (33) was successfully
desymmetrized and equally excellent yields and enantioselectivi-
ties were obtained for its higher homologues (34 and 35). We were
also delighted to find that oxygen-containing functional groups,
such as ethers (36) and alcohols with different types of protecting
group (37-39), were compatible with the reduction to give chiral
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Table 1| Substrate scope of aryl- or alkenyl-substituted malonic esters®

Ar
HO . Ar
(S)-L4, Ar=
[e) [o) ZnEt, (20 mol%) (o] /—
(S)-L4 (10 mol%) . OH OH N
107 7 SoEt +  (MeO)SiH EtO <~ “OH
2 Toluene, 0 °C, 7 h ";, ey e,
R' R then EtsN-3HF R' R : ﬁ_Np (S)-L13, Ar=
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Me
-2 &
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. . Intac
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Mé 7 Mé 7 Mé 7 MéE ME Mé 7
W, Lo 3 o
Q O ° ¥
!
Me
(-)-13, 98% yield (-)-14, 87% yield (-)-15, 95% yield (-)-16, 73% yield (-)-17, 77% yield From flurbiprofen
98% e.e. 85% e.e. 97% e.e. 95% e.e. 94% e.e. (-)-18, 94% yield
96% e.e.
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q |
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N 3 E0” 7 oH - oH
""luCOzEt Me - .
OH
Cl
From carprofen (-)-20 (-)-21, 74% yield (+)-22, 65% vyield (-)-23, 86% yield
(-)-19, 80% yield L4: 24% e.e. 68% e.e. (L13) 61% e.e. (L13) 66% e.e. (L13)

96% e.e. L13: 74% yield, 80% e.e.
[0}
(0]
EtO
EtO 4 OH wd

(-)-24 (-)-25, 89% yield (-)-26, 70% yield
L4: 8% e.e. 84% e.e. (L13) 89% e.e.
L13: 84% yield, 66% e.e.
o
) OH Eto) ¢ OH
Mé CO,Et mé =
(-)-29, 89% Yield (-)-30, 68% yield
96% e.e. 81% e.e.

OH Me :\COQEt

Et0” 7~ “oH
< NP OH

Me
CQ Me

(-)-27, 52% yield
92% e.e.

(-)-28, 88% yield
83% e.e.

(+)-31, 82% Yield
63% e.e. (L13)

@ (-)-32, 65% yield

77% e.e. (L13)

2Unless otherwise noted, desymmetrization reactions were run with 20 mol% ZnEt,, 10 mol% tetradentate ligand L4, 0.3 mmol malonic ester and 300 mol% trimethoxysilane in toluene at O °C for 7 h (see
Supplementary Information Section 6 for full details). ®The absolute configuration of 2 was determined through the oxidation of the primary alcohol to acid and comparison with reported literature data.

and chemically differentiated 1,3- and 1,4-diols. The zinc catalyst
could also deliver the desymmetrization product that contains
a thioether motif (40) efficiently and enantioselectively without
being affected by its high Lewis basicity. We were particularly inter-
ested to discover that the substrate containing a phthalimide unit
could undergo the desymmetrization chemoselectively with the
strained imide intact and the multi-functional product (41) could be
viewed as a chiral 1,3-amino alcohol or -amino ester. A successful
attempt was also made to fashion a quaternary stereocentre with
moderate enantioselectivity on the alkyl chain of oxaprozin that
consists of an oxazole moiety (42).
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Dialkyl-substituted malonic esters with unsaturated groups,
such as allyl (43), cinnamyl (44), geranyl (45) and propargyl (46)
motifs, reacted smoothly to give homoallylic’homopropargylic
stereocentres®. It is worth noting that when a p-pinene-derived
substrate with pre-existing stereocentres was used, a match-mis-
match effect was observed: while (S)-L4 gave excellent reactiv-
ity and enantioselection (47), its enantiomer led to both lower
diastereoselectivity and reduction rate (48). Considering that the
construction of stereocentres containing a pair of small and mar-
ginally differentiated substituents is a notoriously challenging task
for both enzymatic and chemical catalysis***’, we were most excited
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Table 2 | Substrate scope of alkyl-substituted and cyclic malonic esters?
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o
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98% e.e. 99% e.e. 99% e.e.
EtO,C EtO.C
K B
B OH Me
Ph
(+)-57, 66% vyield, 96% e.e. X =0 or OH

(aldehyde:alcohol 1:3.3) (-)-58,9 81% yield, 97% e.e.

(aldehyde:alcohol 1:2.0)

X =0 or OH
(-)-59,9 90% yield, 94% e.e.
(aldehyde:alcohol 1:1.3)

(+)-50, 91% yield

92% e.e.° p-bromobenzoyl ester of 50

EtO,C, —OH

(+)-54, 88% yield
74% e.e. (L13)

(+)-55, 73% vyield
62% e.e. (L13)

(-)-56, 71% yield, 88% e.e.
(aldehyde:alcohol 1:6.6)

EtO,C

EtO,C =X

O

X =0 or OH
(-)-60,9 95% yield, 98% e.e.
(aldehyde:alcohol 1.6:1)

(+)-61, 61% yield
56% e.e.

2Unless otherwise noted, desymmetrization reactions were run with 20 mol% ZnEt,, 10 mol% tetradentate ligand L4, 0.3 mmol malonic ester and 300 mol% trimethoxysilane in toluene at O °C for 7h
(see Supplementary Information Section 6 for full details). "The absolute configuration of 33 was determined through the hydrolysis of the ethyl ester to acid and comparison with reported literature
data. “The absolute configuration of 50 was determined by X-ray crystallography after derivatization to its p-bromobenzoyl ester 50a. “These optical rotation signs refer to the alcohol products. Cbz,

benzyloxycarbonyl; Bn, benzyl; Bz, benzoyl.

to find that an ethyl-methyl quaternary stereocentre (49) could be
efficiently formed in higher enantioselectivity than in the conven-
tional PLE-catalysed hydrolysis'’. Compared with crude PLE, the
dinuclear zinc catalyst also has a better tolerance for substituents
of large sizes. Notably, while malonic ester-containing large biphe-
nyl (13) and adamantylmethyl (50) groups reacted efficiently in the
reduction, they were used as ‘borderline substrates’ to define the
size of Jones and co-workers’ PLE model, as their hydrolysis took
days to complete or reach only marginal conversion, respectively'.
Malonic esters with a tertiary alkyl substituent were also reduced

638

efficiently. While the enantiodifferentiation between tertiary alkyl
and methyl groups is excellent (51-53), decreased enantioselectiv-
ity was observed for substrates with both a tertiary and secondary
alkyl substituent (54 and 55).

The reductive desymmetrization can also provide an expeditious
route towards chiral carbocycles (56-59) and heterocycles (60 and
61) with quaternary stereocentres by using cyclic malonic esters that
are readily accessible from mono-substituted malonic esters via var-
ious transformations, such as oxidative coupling, Conia-ene reac-
tion and [3+2] cycloaddition. However, the enantioselection of a
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Fig. 3 | Application of the reductive desymmetrization. a, Reductive desymmetrization of heteroatom-substituted malonic esters (see Supplementary
Information Section 6 for full details). The compatibility of the desymmetrization with substituents of various electronic and steric properties showcases
the potential of the method in the synthesis of structurally diverse tetrasubstituted stereocentres. b, Desymmetrization products 2 and 49 can proceed
through a sequence of cyanation and succinimide formation to access chiral anti-absence drugs methsuximide and ethosuximide, respectively (see
Supplementary Information Section 7 for full details). Ms, methanesulfonyl. ¢, Chiral hydroxy ester 15 can be readily halogenated to give B-chloro, -fluoro,
-bromo and -iodo esters with a quaternary stereocentre. The oxidation using DMP (Dess-Martin periodinane) and amination under Mitsunobu conditions
both proceeded smoothly to give corresponding aldehyde (75) and p-amino ester derivative (76), respectively. Through sequential ester hydrolysis

and intramolecular esterification, 15 was converted into lactone 77 in a good yield (see Supplementary Information Section 7 for full details). DAST,
diethylaminosulfur trifluoride; NPhth, phthalimidyl; DEAD, diethyl azodicarboxylate; r.t., room temperature. See Fig. 2 caption for other definitions.

diester embedded on a pyrrolidine skeleton (61) was only moderate,
as the steric bulk of the carbamate unit is relatively far away from the
stereocentre. It should be noted that, unlike acyclic malonic esters
that gave alcohols as the reduction product in high chemoselectiv-
ity, the reactions with cyclic substrates often resulted in a mixture of
aldehyde and alcohol. We propose that the different product selec-
tivity results from the rigidness and steric congestion of the inter-
mediates (see above, Fig. 1d, Int-A) from cyclic substrates that may
disfavour the in situ elimination to aldehyde (Int-B) and further
hydrosilylation to silyl ether. Instead, the direct silylation of Int-A
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would release silyl acetal Int-C that only yields the aldehyde prod-
uct during the workup.

Application and mechanistic investigation of the catalytic reduc-
tive desymmetrization. We sought to apply the reductive desym-
metrization to the synthesis of heteroatom-substituted tertiary
stereocentres (Fig. 3a). Our preliminary results demonstrated that
tertiary alkyl fluoride 62 could be accessed in moderate enantiose-
lectivity from the corresponding fluorinated malonic ester. On the
other hand, the reductive desymmetrization of malonic esters with
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Fig. 4 | Kinetic study and proposed hydride transfer transition states. a, Kinetic resolution of structurally similar monoesters (see Supplementary
Information Section 8 for full details). The asymmetric hydrosilylation of several monoesters with a similar structure to malonic ester 1 was run and
monitored. The comparison among these monoesters and malonic ester 1indicated that the presence of a second coordinating functional group in
addition to the ester, such as the ether in 80 and amide in 82, is important for a high level of enantiocontrol. SM, starting material; TMS, trimethylsilyl.
b, The dinuclear zinc manifold 83 is proposed to be generated via the reaction of the tetradentate ligand and diethylzinc. It is also hypothesized that,
during the hydride transfer, the two carbonyls of the malonic ester can chelate to the less sterically hindered zinc centre with the larger substituent (R))
pointing to the inner and upper space of the catalyst framework (84), or each coordinate to one of the zinc centres with the larger group pointing to the
opposite side of the diarylprolinol (85). In both orientations, the hydride transfer can proceed via either of the possible six-membered transition states
assisted by zinc alkoxide (84-0 and 85-0) or zinc hydride (84-H and 85-H). R, smaller substituent.

640 NATURE CHEMISTRY | VOL 13 | JULY 2021 | 634-642 | www.nature.com/naturechemistry


http://www.nature.com/naturechemistry

NATURE CHEMISTRY

a benzyl-protected alcohol (63) or amine (64) gave good enantiose-
lectivities and offered an expeditious access to chiral 1,2-diol and
serine derivatives. Additionally, enantioenriched thioether (65) and
selenoether (66) were successfully obtained from malonic ester sub-
strates with highly Lewis-basic chalcogen atoms directly attached.

Next, the versatility of the desymmetrization product was dem-
onstrated through a rapid succinimide formation that brought the
quaternary stereocentres along to two anti-absence drugs, methsux-
imide (68) and ethosuximide (70), in their enantioenriched forms
(Fig. 3b). Meanwhile, chiral and disubstituted p-lactone 77 was
readily constructed from the chiral product 15 via hydrolysis and
Mitsunobu reaction (Fig. 3c). Additionally, the common hydroxy
ester core of the desymmetrization product could also be converted
into other valuable and acyclic chiral synthons, such as f-halo esters
(71-74), a-formyl esters (75) and f-amino esters (76) in a straight-
forward manner.

Intrigued by the high chemoselectivity and enantioselectivity of
the dinuclear zinc catalyst towards malonic esters, we envisioned
that structurally similar monoesters with different electronic, steric
and/or coordination properties (78-82) could serve as an informa-
tive probe for the catalyst-substrate interaction, considering that
the kinetic resolution of these a-quaternary monoesters should
proceed through similar chiral recognition as the desymmetriza-
tion of diesters™ (Fig. 4a). Compared with standard malonic ester
substrate 1, the replacement of one ester with a plain n-butyl group
resulted in a much lower reduction rate (78) and only slight enanti-
oselection with a negligible s-factor (the ratio of the rate constants
for the hydrosilylation of the two enantiomers of the monoester
reactant). While a monoester with a small fluorine substituent as
an electron-withdrawing surrogate for an ester (79) reacted consid-
erably faster in comparison, the enantioselectivity remained mar-
ginal. On the other hand, the presence of a Lewis-basic ether motif
(80) as a potential second coordination site (besides the ester) was
shown to enhance the enantioselection. The effect of chelation was
further supported by the inhibited reactivity of hydroxy ester 81
where the oxygen is shielded by a trimethylsilyl group. The inac-
tivity also explains the high mono-/di- selectivity observed in the
desymmetrization (low yield of 4, Fig. 2b, see above), as the lack
of chelation in the silylated monoreduction product should prevent
hydrosilylation of the remaining ester group to give diols. The indis-
pensable role of chelation was further evidenced by the superior res-
olution rate and selectivity of an amide-substituted monoester (82)
that closely resembles the malonic ester substrate. Together, results
from the structure-reactivity/selectivity study of these monoesters
provided indirect evidence for chelation as a major contributing
factor to the high reactivity and enantioselectivity of the desymme-
trization of malonic esters.

Therefore, we postulated that there are two interaction modes
between the malonic ester substrate and possible dinuclear zinc
catalyst (for example, 83) derived from the deprotonation of the
ligand with diethylzinc (Fig. 4b). In a classic chelation mode 84,
both carbonyls of the malonic esters are coordinated to the less
sterically hindered zinc centre, with the larger substituent (R))
pointing towards the inner and upper space of the catalyst frame-
work to avoid clashing with the naphthlenes. On the other hand, a
‘two-point chelation’ (85) could also give the correct enantioselec-
tivity. In this mode, each carbonyl is coordinated to one of the zinc
atoms and R; would point to the opposite side of the large diarylp-
rolinol due to repulsion. Under either substrate—catalyst interaction
mode, the key hydride transfer step could proceed through possible
zinc hydride intermediates, originally proposed by Mimoun et al.”
in the hydrosilylation of ketones. As well as the direct transfer via
a four-membered transition state between zinc hydride and car-
bonyl (not shown), a pentavalent hydridosilicate could assemble
in a relatively open space inside the catalyst pocket (84-H) or
above the gem-dinaphthyl unit (85-H) to enable the transfer in a
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six-membered transition state. Alternatively, without the involve-
ment of zinc hydrides, alkoxide ligands of the zinc complex could
also participate in the hydride transfer (84-O and 85-0) to give zinc
hemiacetalates and a silyl exchange in the later stage would regener-
ate the zinc-bonded alkoxide™.

In summary, the desymmetric reduction reported here signifi-
cantly enhances the potential of easily available malonic esters to
access valuable chiral synthons containing quaternary stereocen-
tres. By alternating the oxidation state of one of the enantiotopic
esters, the asymmetric reduction offers a practical alternative to
the esterase-catalysed desymmetric hydrolysis by creating abun-
dant capacity for product derivatization. The dinuclear zinc catalyst
developed here is capable of exerting exceptional enantiocontrol
and reducing malonic esters with high chemoselectivity, possibly
through a chelating mode of substrate—catalyst interaction. By con-
necting the well-established malonic ester synthesis with the ver-
satile derivatization of the p-hydroxyester product, the reductive
desymmetrization here is expected to provide expeditious routes
towards a plethora of chiral synthons with quaternary stereocentres.
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Methods

Caution-safety when working with diethylzinc. Diethylzinc is a highly
pyrophoric chemical and can be dangerous when not handled properly. Diethylzinc
solution should be stored under an inert atmosphere and kept away from oxidants,
water and heat. Diethylzinc solution can be handled inside a glovebox filled with
inert gas (such as nitrogen or argon). When used in a fumehood, be sure to lower
the sash down to the lowest operable height and remove all inflammable materials
from the hood. In addition, transfer of diethylzinc solution using a syringe should
be performed with the diethylzinc container and receiving tube both under an
inert atmosphere (that is connected to a Schlenk line or using a balloon). The
residual diethylzinc solution in the syringe should be diluted in a flask with hexane
and consequently quenched with dropwise addition of isopropanol.

General procedure for catalytic reductive desymmetrization. To an oven-dried
10 ml round-bottom flask was added L4 (71.5mg, 0.1 mmol) or L13 (96.0 mg,

0.1 mmol). The flask was sealed with a rubber septum and evacuated/refilled three
times with nitrogen. Then, 2ml of freshly distilled toluene was added to the flask
using a syringe in the presence of a nitrogen balloon and the mixture was stirred
at room temperature for 5min. Subsequently, diethylzinc (200 pl, 1.0 M solution
in hexane, 0.2 mmol) was added to the flask slowly using a syringe. The resulting
catalyst solution was stirred at room temperature for 30 min before use.

A separate oven-dried 25 ml Schlenk tube was sealed with a rubber septum
and evacuated/refilled 3 times with nitrogen. Under a nitrogen atmosphere, 3ml of
freshly distilled toluene, malonic ester (0.3 mmol, 100 mol%) and trimethoxysilane
(110 mg, 0.9 mmol, 300 mol%) were added using a syringe. The mixture was
stirred and cooled to 0°C using a cooling bath and 0.6 ml of the aforementioned
catalyst solution was added using a syringe to initiate the reduction. The reaction
mixture was stirred at 0°C for 7 or 24h and 0.5 ml triethylamine trihydrofluoride
was then added to quench the reaction. The mixture was diluted with 2 ml diethyl
ether, allowed to warm to room temperature and stirred for 1h. Subsequently, the
reaction mixture was passed through a small plug of silica gel, eluted with diethyl
ether (proceed with care as the remaining triethylamine trihydrofluoride reacts
with silica gel and releases heat). The filtrate was concentrated under reduced
pressure and submitted to flash column chromatography (hexanes/ethyl acetate) to
yield the desymmetrization product.
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Data availability

The data supporting the findings of this study are available within the paper and

its Supplementary Information. Crystallographic data for 50a reported in this
Article have been deposited at the Cambridge Crystallographic Data Centre, under
deposition number CCDC 2025159. Copies of the data can be obtained free of
charge via https://www.ccdc.cam.ac.uk/structures/. Source data are provided with
this paper.
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