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% Check for updates Acylation stands as a fundamental process in both biological pathways and

synthetic chemical reactions, with acylated saccharides and their derivatives
holding diverse applications ranging from bioactive agents to synthetic
building blocks. A longstanding objective in organic synthesis has been the
site-selective acylation of saccharides without extensive pre-protection of
alcohol units. In this study, we demonstrate that by simply altering the chirality
of N-heterocyclic carbene (NHC) organic catalysts, the site-selectivity of sac-
charide acylation reactions can be effectively modulated. Our investigation
reveals that this intriguing selectivity shift stems from a combination of fac-
tors, including chirality match/mismatch and inter- / intramolecular hydrogen
bonding between the NHC catalyst and saccharide substrates. These findings
provide valuable insights into catalyst design and reaction engineering, high-

lighting potential applications in glycoside analysis, such as fluorescent
labelling, o/p identification, orthogonal reactions, and selective late-stage

modifications.

Acylation and its related reactions', involving the process of reacting
a carboxylic acid and its derivatives with an alcohol to form the cor-
responding esters, represent fundamental processes in both biological
systems and synthetic chemistry”. They constitute privileged meth-
ods for generating structurally diverse molecules® ™. Notably, acylsu-
gars exemplify a significant class of these compounds, characterized
by the esterification of various hydroxyl groups of saccharides with
carboxylic acids. Acylsugars play crucial roles in biological processes
as intrinsic components or secondary metabolites, serving as phar-
maceuticals, food additives, and natural insecticides ™" (Fig. 1a). For
example, Taraxiroside B and its derivatives, derived from Taraxacum
officinale, have demonstrated inhibitory activities against o-
glucosidase'®, while sucrose esters Peruvioses A to F exhibit o-

amylase inhibitory properties, thereby exerting hypoglycemic
effects”. Additionally, glucose ester chaenomeloidin exhibits promis-
ing therapeutic effects against stomach cancer. On the other hand,
synthetic chemists also employ acylation to modify sugars of interest
and/or optimize their biopharmaceutical profiles (Fig. 1a). For
instance, palmitoylation of clindamycin improves pediatric com-
pliance due to the better taste and less gastrointestinal irritation.
Sugars esterified with fatty acids have been established as safe and
effective adjuvants for eliciting humoral responses®.Furthermore,
Synthesis of natural products with multiple acyl groups is challenging
such as Ellagitannin®*, Despite their significance and the general ease
of acylation, the facile assembly of acylsugars still presents challenges
in selectively acylating specific hydroxyl groups within saccharides.
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Fig. 1| Overview of site-selective acylation on sugars. a Significance of acylsugars. b Site selective modifications onto saccharides. ¢ This work: carbene-controlled site-

divergent acylation assisted by hydrogen bonding.

Additionally, elucidating their biosynthesis also demands precise
determination of the acylation site on sugar cores'.

To address these challenges, the scientific community has devised
various strategies for controlling the selective transformations of
carbohydrates® 2. Among these approaches, one of the most suc-
cessful methods involves covalent bond formation such as using
organoboron/organotin (Fig. 1b)***. By selectively masking particular

hydroxyl groups or enhancing their reactivity, site-selective
acylation®?¢, alkylation”°, tosylation*°, and glycosylation* have
been achieved. Notably, Miller introduced chiral ligands CuCl,(R)
PhBOX into selective acylations onto 4, 6-O-benzylidene protected
monosaccharides*. After that, Niu's group developed the chiral
copper-catalyzed divergent alkylation onto monosaccharides in the
presence of borinic acid®* or hypervalent iodine*. Furthermore,
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structural modifications of small organocatalysts have yielded pro-
mising results (Fig. 1b). Histidine-based catalyst developed by Miller’s
group pioneered the organocatalyzed regioselective functionalization
of cabohydrates**¢. Hamachi’s tri-DMAP systems illustrated that
achiral organocatalysts are also competent for site selective
acylations*’*8, Kirch’s group optimized the peptide-appended DMAP
and achieved selectively acylation on polyhydroxylated compounds
including partially protected monosaccharides*. Kawabata and col-
leagues have modified DMAP catalysts with chiral amino acids,
enabling the selective acylation of unprotected glucoside at the 4-OH
position with 6-OH serving as a directing group™. Likewise, Jacobsen’s
group has designed a series of bis-thiourea catalysts with C-H/m
interactions to glycosyl acceptors, resulting in impressive glycosyla-
tion onto minimally protected sugars in a selective manner®. Tang
group investigated selective acylation on C2-OH/C3-OH of benzylidene
protected glucosides in presence of chiral benzotetramisoles (BTM)*%
Despite these notable advances, regioselective functionalization onto
saccharides still suffer from poor generality and adaptability. addres-
sing these limitations remains a key focus in the field to enable more
versatile and efficient acylation methods. N-heterocyclic carbenes
(NHCs) are important organocatalysis in reactions like acyl transfer,
conjugate additions, and umpolung reactivity. Their tunable electronic
and steric properties of NHCs allow chemists to modify their structure
for specific catalytic applications, making them highly adaptable for a
wide range of reactions. Their effectiveness in controlling reaction
selectivity, both regio- and stereoselectivity, has led to widespread use
in modern organic synthesis. Our groups have developed program-
mable selective acylation of saccharides using the combination of
carbene and boronic acid®. In this study, we established an NHC cat-
alyzed acylation system to selectively target individual hydroxyl
groups within monosaccharides (Fig. 1c). Our approach relied on the
chirality match/mismatch to achieve specific transformations of
hydroxyl groups, facilitated by inter- and intramolecular hydrogen
bonding network in the monosaccharides to increase the nucleophi-
licity at the corresponding site. Particularly, we successfully accom-
plished 3-0/2-O selective acylation on glycosides through -1
interactions, and the interaction between acyl azolium and the
hydrogen bonding network. This was supported by both density
functional theory (DFT) calculations and NMR analysis. The efficacy of
our strategy was further demonstrated through selective synthesis of
chaenomeloidin, Gal/Glu differentiation, o/f identification of gluco-
sides, and orthogonal reactions. The carbene-catalyzed site-selective
acylation offers valuable insights into the relationship between chir-
ality and regioselectivity, which is particularly useful in the synthesis of
complex glyco-structures and could have far-reaching implications in
stereoselective organic synthesis.

Results and discussion

We initiated the establishment of site-selective acylation using methyl
6-O-trityl-a-D-glucopyranosides 1, which possess three secondary
hydroxyl groups forming a common unit of hydrogen bonding net-
work within six-membered sugars. This represents a common chal-
lenge encountered in carbohydrate synthesis. carbene-catalyzed
oxidative reactions were employed to achieve selective acylation.
Preliminary screening highlighted the challenges involved and
revealed varying acylation ratios across the three secondary hydroxyl
groups (Supplementary Fig. S4). However, NHC A catalyzed benzoy-
lation of 1 in CH,Cl, did not exhibit preference for either the 2-O or
3-0 position in the presence of benzaldehyde, DQ (3,3',5,5-tetra-tert-
butyldiphenoquinone), and K,COj3 (entry 1). 4-OH was successfully
deactivated under such circumstance. In contrast, the use of achiral
NHC B resulted in the predominant formation of the 3-O acylated
product with a regioselectivity of 1:5 and a yield of 68% (entry 2). Upon
employing chiral aminoindane-based NHC C, the site selectivity
improved to 1:11 with an 80% yield (entry 3). However, replacing the

-Mes groups of NHC with phenyl or pentafluorophenyl groups
(NHC D, E) resulted in decreased yield and selectivity (entries 4-5).
Subsequently, utilizing chiral morpholine-based NHCs F, G, and H
led to the exclusive formation of the 3-O acylated product with yields
ranging from 79% to 90% (entry 6-8). Notably, NHC F(entry 6),
brominated NHC G (entry 7)and nitrated NHC H (entry 8, reaction time
4 h) all exhibited the excellent selectivity with 85%, 90% yield and 79%
yield. This finding suggests that electronic tuning of N-heterocyclic
carbene (NHC) catalysts can significantly impact both reaction rate
and equilibrium. Introducing stronger electron-withdrawing groups
may accelerate the reaction rate, although this could push the
equilibrium toward less favorable conditions. This aligns with Burke’s
notable research on electronic tuning of acyl donors and their coun-
terions, where similar strategies of electron manipulation are
employed to control reactivity and selectivity in catalytic processes™.
Further optimization based on the conditions outlined in entry 7
resulted in the quantitative formation of the 3-O-benzoylated product
(entry 9). Of important note, elongation of reaction time to 48h
did not change the regioselectivity ratios and yields. Additionally,
various bases and solvents (entry 9-11, and see Supplementary
Table S1) were examined for the selective acylation of the 3-OH posi-
tion. We observed that weaker bases, NaHCO;, yielded only trace
amounts of the product (entry 10), whereas stronger organic bases
such as DBU and DABCO led to suppressed yields and diminished
selectivity (entry 11-12).

Following the successful differentiation of the 3-OH group, we
endeavored to tackle the challenge of achieving selective acylation at
the 2-OH position (see Supplementary Table S2 for more information).
Aware of that bases may play the important role in the regioselective
acylation®*, we were pleased to observe an increased selectivity of 4:1
when employing NHC ent-G in CH,Cl, in the presence of DABCO. Ether
solvents such as THF (entry 14, 10%), Et,O (entry 15, 86%), and iPr,O
(entry 16, 90%) resulted in enhanced 2-OH selectivity with ratios of 5:1,
9:1, and 10:1, respectively. This suggests that solvents affect the acy-
lation of the 2-OH group, and ether solvents are favorable for the site
selectivity. Subsequently, by increasing the loading of NHC ent-G
(20 mol %) and DABCO (20 mol %) in a dilute solvent (iPr,O, 8 mL),
excellent identification of the 2-OH group was achieved at 0 °C with a
yield of 93% and a regioselectivity rate of 20:1 (entry 17). During the
screening. No acyl migration was observed under the reaction condi-
tions. Additionally, we investigated the substitution of NHC G and ent-
G in the respective standard conditions (entry 18 and entry 19), which
both resulted in decreased yields and regioselectivities.

With two optimized conditions established, exceptional site
selectivity and reaction generality were initially demonstrated during
the substrate scope extension of 3-OH acylation (Fig. 2). A wide array of
aromatic and aliphatic aldehydes proved suitable in the catalytic sys-
tem without compromising regioselectivity (3a-3x), including sub-
stituted benzaldehydes (F, Cl, Br, I, CN, CH;, OCHj3, tBu, Ph, COOCH3,
etc.) at various positions (para, meta, ortho), heterocyclic aldehydes
(3t-3v), and aliphatic aldehydes (3w-3ad). Notably, only single isomers
were observed in each case (3aa-3ad) without the formation of over-
acylated products. However, conjugated m-planar systems (3f, 3s, 3x)
and ortho-substituents (3q) may slightly impact the acylation process,
resulting in slightly reduced yields (72%-80%) in these instances. Ali-
phatic aldehydes also led to lower yields probably due to their less
reactivity. Alterations to the trityl group, anomeric configuration, and
modification (3ae-3ai) did not compromise selectivity or yields, sug-
gesting their interactions with the catalyst are distant from the key
interactions governing selectivity. The examination of methyl N-acetyl-
D-glucosamine revealed well-preserved selectivity and yield (3aj).
Finally, we extend our method to the mannoside. The conversion rate
was very low, and the product 3ak was obtained regioselectively in 36%
yield in presence of NHC ent-G. Overall, the selectivity of this trans-
formation is exceptional coupled with satisfactory yields.
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Differing from the selective transformation of 3-OH, acylation of  withdrawing substituent, resulted in decreased but still good yields
2-OH proved sensitive to both the electronic and steric nature of and selectivity (4a-4ab). This underscores the critical importance of
substrates (Fig. 2). In the presence of NHC ent-G, deviations from the electronic property matching between chiral acyl azolium and carbo-
benzene ring, whether introducing electron-donating or electron- hydrate substrates. Heterocycles (4w-4y) were also well tolerated with
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Nature Communications | (2025)16:54 4


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55282-y

good yields and selectivity. Although aliphatic substrates were less
suited to this reaction, conversion into phenol esters addressed this
limitation. Marketed drugs were effectively adorned with glucosides
using this approach without compromising selectivity (4z-4aa). Fur-
ther exploration of glucoside alterations revealed the indispensable
role of the a-anomeric configuration in selectivity (4ab-4ai). This
method is not applicable to acylation of 2-OH of B-pyranoside sub-
strates. Replacement of the anomeric -CH; group with an allyl group or
phenyl group resulted in products 4ac and 4ad with slightly increased
yields (98% or 96%, respectively) and exclusive selectivity. Using p-
NO,-phenyl glucoside with a strong electron-withdrawing anomeric
group (4ae) and/or thioglycoside (4af), the exceptional selectivity was
maintained with yields of 78% and 74%, respectively. Additionally,
xyloside (4ag, 8:1 85%) and galactoside (4ah,89%) also exhibited good
suitability in this transformation, likely due to structural alterations
being distant from the site for chirality match / mismatch. Finally,
examination of more complex glucosides with a bridged ring, such as
ertugliflozin, yielded a sole product 4ai albeit with congested
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anomeric steric hindrance, providing further evidence of the key role
of the anomeric unit in the selective acylation process.

Chaenomeloidin and salicin belong to a large family of biologi-
cally active phenolic glycosides. In comparison to salicin, chaenome-
loidin features a benzoyl group installed at the 3-OH position.
Reported strategies have required four steps to convert salicin to
chaenomeloidin, yielding less than 10%. Therefore, we endeavored to
efficiently convert salicin into chaenomeloidin using our methodol-
ogy. By simply masking the primary alcohols, gram scale synthesis of
chaenomeloidin 6 in a site-selective manner was achieved with 71%
yield (Fig. 3a).

Fluorescent labeling is a valuable technology for substance iden-
tification and biological tests. Selective fluorescent labeling of sac-
charides may offer fundamental tools for interpreting complicated
glycan’s sequences™ . To this end, we replaced the trityl group of the
model substrate with a fluorescent 7-diethylaminocoumarin (7).
Another fluorescent azobenzene 8 was selectively installed at the 3-OH
position, resulting in the synthesis of a dual fluorescent-labeled
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Fig. 3 | Synthetic utilities and features. a Selective synthesis of chaenomeloidin from Salicin. b Dual fluorescent labeling, ¢ fluorescent labeling on glucosides over
galactosides and o/p identification. d Orthogonal acylation on minimally protected saccharides.
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glucoside 9 with excitation at 644 nm and emission at 646 nm (Fig. 3b).
Additionally, we demonstrated the ability to label glucosides over
galactosides in a competitive manner (Fig. 3c). At a concentration of
0.1 mM, the glucoside was identified by azobenzene 8 in 92% isolated
yield, while the galactoside was recovered in 97% isolated yield. At a
concentration of 6.25mM, the a-glucoside 1a +1f3 was converted into
4a with a regioselectivity of 20:1 and a yield of 93%, while the -
glucosides 1 were quantitatively recovered. These techniques may
facilitate the development of chemical reporters and biomimetic
receptors for monosaccharides and glycans.

Furthermore, we showcased orthogonal acylation on minimally
protected sugars as another notable feature of our strategy (Fig. 3d).
Product 12 was synthesized from 6-O-trityl-a-D-galactopyranosides
using our 2-OH selective transformation. It underwent subsequent

3-OH selective acylation to afford the single product 13 with two
minimally protected monosaccharide residues in 95% yield. These
synthetic utilities proceeded smoothly with minimal protection,
offering promising prospects in synthetic chemistry and biological
applications.

DFT calculations were conducted to elucidate the mechanism of
site-divergent O-acylation catalyzed by different NHC enantiomers,
specifically focusing on entries 9 and 17 of Table 1, which demon-
strated selectivity towards O3- and O2-acylation, respectively (see SI
Section 7). We examined the key transition state (TS) structures for the
acylation step, allowing attacks from either the (Re)-face or the (Si)-
face of the acyl azolium intermediate by the 2-OH and 3-OH groups.
Thorough conformational samplings ensure that the most stable TS
for each possibility is used for comparison (see SI section 7.3 on

Table 1| Condition screening for 3-OH/2-OH selectivity®

1.1 equiv. PhCHO, 10 mol% NHC, 10 mol% base

TrtO
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H
%&ﬂ
HO
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TrO TrtO
0 0,
HO& + H%&A
Oi( HO OYO

; OMe Ph , OMe b OMe
Entry NHC Base Solvent Ratio (C2/C3)° Yield (major)°
1 A K5COs CH,Cl, 14 48%
2 B K,COs CH,Cl, 1:5 68%
3 Cc Ko,CO3 CH,Cl, 1N 80%
4 D K>,CO4 CH,Cl, trace
5 E Ko,CO3 CH,Cl, 1:2 75%
6 F K5COs CH,Cl, C3only 85%
7 G K,COs CH,Cl, C3only 90%
8° H K,CO3 CH,Cl, C3only 79%
of G KoCOg CH,Cl, C3only quant.
10 G NaHCO4 CH,Cl, trace
n G DBU CH,Cl, C3only 55%
12 G DABCO CH,Cl, 1:6 57%
13 ent-G DABCO CH,Cl, 4: 5%
14 ent-G DABCO THF 5:1 10%
15 ent-G DABCO Et,O 9:1 86%
16 ent-G DABCO iPro,O 10:1 90%
17° ent-G DABCO iPr,O 20:1 93%
18" G DABCO iPr,0 Trace
19° ent-G KoCOg CH,Cl, 31 64%

N 3\0 X=H, NHCF
NVE\Ph NHC A "'N\>§N y O o - Br, NHC G/
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“Reaction conditions: 1a (0.1mmol), base (0.1 equiv.), DQ (3,3',5,5'-tetra-tert-butyldiphenoquinone, 1.1 equiv.) solvent (2 mL).
PThe ratio of product was determined by 'H NMR. The altered synthetic routes were used to validate the results (see Supplementary Information 4.2).

‘Isolated yield.

9The reaction could be finished within 9 h.

°The reaction could be finished within 4 h.

NHC (0.15 equiv.), base (0.15 equiv.), PhCHO (2.0 equiv.).
SNHC (0.2 equiv.), base (0.2 equiv.), iPr,O (8 mL), 0 ‘C, 24 h.

"The absolute structures of NHC G / ent-G were confirmed by X ray crystallization of their starting materials: CDCC 2339260 for NHC G and 2338074 NHC ent-G, see Supplementary Section 8 in

Supplementary Information.
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conformational considerations). For NHC G (entry 9), the calculated TS
barriers for the model reaction indicate that both the 2-OH and 3-OH
groups most favorably attack at the carbonyl carbon of the acyl azo-
lium intermediate from the (Re)-face (Fig. 4a). However, the calculated
TS barriers suggest that 3-OH acylation via TS_bl_G_03_Re has a barrier
that is 3.7 kcal/mol lower than 2-OH acylation via TS_bl_G_02_Re. This
predicts that O3-acylation is kinetically most favorable, resulting in an
estimated regioselectivity ratio of > 516:1 over O2-acylation, consistent
with the experimentally observed exclusive 3-OH acylated product.
The lower energy barrier of O3-acylation TS, TS_bl_G_03_Re, over 02-
acylation TS, TS_bl_G_02 Re, may be attributed to the late transition
state and more favorable non-covalent interactions (NCls) observed in
the former. In TS_b1_G_03_Re, the O-C bond formed between hydro-
xyl group of sugar and carbonyl carbon of acyl azolium intermediate is
shorter (218A) than in TS bl.GO2Re (248A, Supplementary

Fig. S6); in addition, the -t interaction is presumably stronger in the
former (3.64 A) than the latter (3.68 A, Supplementary Fig. $6). Addi-
tionally, the NCI plots suggests that TS_bl_G_03_Re may benefit from
more attractive interactions than in TS_bl_G_02_Re (Supplementary
Fig. S7), thereby greatly stabilizing the transition state structure. For
NHC ent-G (entry 17), our results indicate that the 2-OH group attack at
the carbonyl carbon of the acyl azolium intermediate most favorably
from the (Si)-face (Fig. 4b), while the 3-OH group attacks more favor-
ably from the (Re)-face (Supplementary Fig. S8). Overall, the calculated
TS barriers for the NHC ent-G catalyzed model reaction suggest that
2-OH acylation via the most stable TS_b2_ent-G_02 Si is lower by
1.8 kcal/mol compared to 3-OH acylation via TS_b2_ent-G_03_Re. This
predicts that O2-acylation is kinetically most favorable, translating to a
02: 03 acylation ratio of 28:1, agrees qualitatively well with our
experimentally observed 2-OH acylated product selectivity (20:1). This
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Fig. 4 | Mechanistic Investigation and proposed reaction pathway. a and b DFT optimized transition state structures for the most favored TSs for each reaction using
either NHC G for O3-selective acylation or NHC ent-G for 02-acylation; ¢ NMR analysis; d Proposed mechanism.
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lower barrier for O2-acylation TS, TS_b2_ent-G_02_Si, can be attributed
to the -t interaction between the trityl group of sugar and the bromo-
phenyl group of the acyl azolium intermediate (Supplementary
Figs. S8 and S9). In contrast, TS_b2_ent-G_03_Re experiences some
steric hindrance between the trityl group and the acyl azolium inter-
mediate (Supplementary Fig. S9). Upon close examination, acylation
was found to occur via interaction among hydrogen-bonding network
and the carbonyl group of the acyl azolium species. We hypothesized
that an intermolecular hydrogen bonding network may play a role in
stabilizing the most stable transition states for both 2-OH and / or 3-OH
acylation. To investigate this further, we conducted NMR analysis with
the stable Breslow intermediate 13 and acyl azolium 14 (Fig. 4c). The
NMR results indicated that Breslow intermediate 13 showed no
obvious interaction with the hydrogen bonding network of glucoside 1,
while acyl azolium 14 made all the hydroxyl groups more acidic (evi-
dent by broad peaks). This suggests that ketone unit within the acyl
azolium may interact with the hydrogen bonding network in some
way, contributing to the stabilization of transition states. Finally, we
proposed a reaction pathway in Fig. 4d. The distinct interactions
between acyl azoliums (Ila and IIb) and the substrate indicate that the
inter- and intramolecular hydrogen bonding network plays a sig-
nificant role in modulating the reactivity and selectivity of hydroxyl
group functionalization. The OH groups of the saccharides then
engage with the acyl azoliums in a chirality match/mismatch manner,
yielding regioselective outcomes.

Here, we unveil carbene-controlled site-divergent acylation
on monosaccharides, effectively differentiating the reactivity of
secondary OH groups via chirality match/mismatch between acyl
and saccharides assisted by a hydrogen bonding network. The
site-divergent acylation occurred via steric hindrance and non-
covalent interaction including m-m interaction and hydrogen
bonding. Thus, the adjacent microenvironment of OH groups
played a crucial role in the identification process, while distal
alterations had minimal or no steric effect on selectivity. These
findings were supported by experimental observations and DFT
calculations. Furthermore, we demonstrated the efficient late-
stage modification of salicin into chaenomeloidin. Additionally,
we showcased the potential utility of this methodology in fluor-
escent labeling and the development of biomimetic receptors
through competing reactions and orthogonal acylation.

Methods

Experimental procedure A for 3-0-benzoate formation

To al0 mL screwtop test tube was added monosaccharide (0.05 mmol,
1.0 equiv.), aldehyde (2.0 equiv.), NHC G catalyst (15 mol %), K;CO5
(15 mol %) and DQ (1.1 equiv.). Then, CH,Cl, (2 mL) was added to the
mixture. The reaction was allowed to stir vigorously for 12 h at room
temperature. The reaction mixture was concentrated under reduced
pressure and was directly purified by flash column chromatography on
silica with an appropriate solvent (Hexane/EtOAc =3:1) to afford the
product.

Experimental Procedure B for 2-0O-benzoate formation

To a10 mL screwtop test tube was added monosaccharide (0.05 mmol,
1.0 equiv.), aldehyde (2.0 equiv.), NHC ent-G catalyst (20 mol %),
DABCO (20 mol %) and DQ (1.1 equiv.). Then, iPr20 (8 mL) was added
to the mixture. The reaction was allowed to stir vigorously for 24 h at
room temperature or 10 °C. The reaction mixture was concentrated
under reduced pressure and was directly purified by flash column
chromatography on silica with an appropriate solvent (Hexane/
EtOAc = 3:1) to afford the product.

Data availability
The data generated in this study are provided in the Supplementary
Information file. For the experimental procedures and data of NMR

analysis, see Supplementary Information. All data are available from
the corresponding author upon request. The X-ray crystallographic
coordinates for the structure reported in this study has been deposited
at the Cambridge Crystallographic Data Centre (CCDC), under
deposition number CDCC 2339260 for NHC G and 2338074 for NHC
ent-G. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/
cif.Geometries of all optimized structures are included in a separate
folder named DFT optimized structures with an associated readme.txt
file. All these data have been deposited with this Supplementary
Information and uploaded to https://zenodo.org/records/13925754
(DOI: 10.5281/zenod0.13925754). Source data are provided with
this paper.
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