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Modified nucleosides are vital in mRNA vaccines. We developed a
contracted uridine analog, N1-hydantoinyl-ribose, HR, using steric
shields to invert the regioselectivity of the classic Vorbriggen
reaction. We report synthetic routes and explore HR features such
as acidity, stability, base pairing/stacking, and crystal/solution con-
formation compared to uridine.

Modified nucleos(t)ides have recently gained significant attention
due to their crucial role in developing COVID-19 mRNA vaccines.
The research by Kariko and Weissman on these modified nucleo-
sides resulted in mRNA that is better suited for use in vaccines,
ultimately contributing to the approval of the first mRNA
vaccines."” These vaccines utilize 1-methyl-pseudouridine, 1, con-
taining mRNA, a seminal advancement recognized with the 2023
Nobel Prize in Physiology and Medicine.® Over the past several years,
multiple human clinical trials have explored therapeutic mRNA.* To
enhance the pharmacological properties, naturally modified nucleo-
sides like pseudouridine, 2, and 1-methyl-pseudouridine are incor-
porated into therapeutic mRNA (Fig. 1A). The repertoire of
nucleosides for fine-tuning mRNA properties primarily consists of
naturally modified nucleosides.” Currently, about 150 naturally
modified nucleosides have been identified in RNA,° including
several metabolites of uridine, U, 3, e.g., 5-Me-U, 4, and 5-CH,OH-
U, 5. Modified nucleosides play critical roles in cell regulation” and
increase mRNA translation levels® by enhancing the metabolic
stability of modified mRNA. Slow degradation of mRNA,"? is related
to an additional H-bond donor at N1H of 2, paired with adenine
(A),"* allowing water-coordinated H-bonding."” In addition, in thera-
peutic mRNAs, U is often replaced by 1 or 2, to reduce immune
response and cytotoxicity in cells.”® Importantly, modified U
analogs have potential applications beyond improving therapeutic
mRNAs. They could be useful in developing drugs based on
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Regioselective N1-ribosylation of hydantoin:
synthesis and properties of the first contracted
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Fig. 1 (A) Naturally modified uridine analogs. (B) Types of synthetically
modified uridine analogs containing: (i) C5/C6- Substituted uracil. (i)
Various other atoms replacing the original uracil ring atoms. (iii) Expanded
uracil ring. (iv) Acyclic uridine.

ligands of uridine-nucleotide receptors, anticancer DNA polymerase
inhibitors," ™ and antiviral uridine nucleosides.'* Synthetic mod-
ifications of the uracil ring involve one of the following (Fig. 1B): (i)
alkyl/aryl/functional groups are substituted at the uracil C5 or C6
positions (as shown in 3).">' (ii) Replacement of one of the atoms
constituting the uracil ring by another atom, e.g., C6 carbon atom is
replaced by a nitrogen atom,"” N1 nitrogen atom is replaced by a
carbon atom,'® or 02/4 oxygen atoms are replaced by sulfur
atoms." (iii) Variation of the size of the ring, e.g., by diazepine ring,
a seven-membered ring analog of uracil.”® (iv) Transformation of the
uracil ring to a chain - acyclic U mimetic - as in biuret riboside.*"**
These modifications alter the properties of uracil, including its
volume, H-bonds, degree of aromaticity, acidity, and H-bonds.
H-bonds are the dominant interaction of U - uracil N3H acts as
H-bond donor and uracil O2 and O4 atoms as H-bond acceptors in
98%, 80% and 93% of the cases, respectively (Fig. S1A, ESI1).>* We
concluded that O2, N3H, and O4 atoms are mandatory for recogni-
tion and should not be modified in synthetic U mimics. To identify
analogs with greater potential for binding interactions with bio-
molecules than those of U, we recently characterized cyanuryl-
ribose, barbituryl-ribose, and 6-azauridine (Fig. S1B, ESIt).** Our
findings reveal that while these analogs retain the base-pairing
selectivity of U, their properties, such as ionization, solution
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conformation, and base-stacking, differ from those of U. The quest
for new modified uridine analogs for multiple uses prompted us to
develop and characterize novel U mimetics with unique features.
Specifically, a contracted version of U, N1-hydantoinyl ribose, HR,
has never been reported before, neither as a natural modification of
U nor as a synthetic nucleoside. Yet, hydantoin derivatives have
been reported as RNA oxidation products,”?® or as enzyme inhibi-
tors or receptor ligands.*”®

Motivated by the above potential applications of HR, we describe
here several synthetic routes to HR, culminating in a regioselective
and facile synthesis. We successfully reversed the natural N3 vs. N1
regioselectivity of hydantoin ribosylation by employing steric
shields. In addition, we report features of HR which may impact
the structure of HR-modified RNA, or the therapeutic activity of
HR,”?® such as acidity, hydrolytic stability, base pairing, base
stacking, and solution conformation vs. those of U.

Synthesis of HR: despite its apparent simple structure, the synth-
esis of HR was found challenging. N1-regioselective ribosylation of
hydantoin was difficult due to two nucleophilic nitrogen atoms in
the hydantoin ring, N1 and N3 (Scheme 1). Additionally, the basic
conditions required for the deprotection of the ribose at the end of
the synthesis tend to degrade the hydantoinyl moiety in HR. Initially,
we attempted a conventional coupling of hydantoin, 6, with pro-
tected ribose, 7, under Vorbriiggen ribosylation conditions.?® Speci-
fically, hydantoin was persilylated with HMDS and TMSCl in
acetonitrile, followed by adding 7 and TMSOTY at RT. Unfortunately,
the only product obtained was the undesired protected N3-
hydantoinyl ribose, 8, rather than protected N1-hydantoinyl ribose,
9 (Scheme 1, 1% approach). Although the N1 nitrogen atom was
expected to be more reactive than the sterically hindered N3, the
latter proved significantly more reactive. The absence of an inter-
action between H-5 and C-1" in the HMBC spectrum (Fig. S2 and S3,
ESIt) of the product indicated the formation of 8 rather than 9. The
reason for this regiospecificity is related to the greater nucleophilicity
of N3 (pK, ~ 9.1) vs. N1.*° To boost up N1 nucleophilicity vs. N3, we
investigated additional synthetic approaches: a 2™ approach, using
parabanoyl ribose as a starting material; a 3™ approach, protecting
N3; and last, a modification of the Vorbriiggen reaction (modifica-
tion of 1% approach) by increasing steric hindrance around N3. The
2" synthetic approach involved the conjugation of parabanoyl
ribose, 10,>* with chloroacetyl chloride in a two-phase reaction.*!
However, like the Vorbriiggen reaction, this high-yield reaction also
formed the protected N3-ribosylated hydantoin, 8, indicating that
the carbonyl groups were first cleaved from the parabanic ring
(vielding 11) before alkylation with chloro-acetyl chloride occurred.
If the reactions had occurred in the opposite sequence, the desired
product, 9, would have been obtained. The formation of product
8°>3 indicates that the acylation occurred at nitrogen N3 (N in red,
2™ approach), suggesting that this N-H is more acidic, hence the
nucleophilic reaction preferentially takes place through the N3 atom.

The 3™ synthetic approach involved protecting hydantoin’s more
reactive N3 nitrogen atom before ribosylation under Vorbriiggen
reaction conditions. Michael addition of hydantoin to acrylonitrile
resulted in a regiospecific N3 protection, giving compound 12 in a
good yield (Scheme 1, 3™ approach). Although a small amount of
undesired N1, N3-di-substituted hydantoin byproduct was formed,
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Scheme 1 Reagents and conditions: 1°* approach: (A) HMDS, TMSCL,
MeCN, reflux, 45 min, Ar. (B) 7, TMSOTf, MeCN, overnight, RT, Ar. 2™
approach: 0.5 M NaOH, DCM, 30 min, RT. 3" approach: (A) DIPEA,
acrylonitrile in H,O, reflux, N, overnight. (B) HMDS, TMSCI, MeCN, reflux,
No, 1 h. (C) 7, TMSOTf, MeCN, 0-25 °C, N,, overnight. (D) 20% tBuOK in
THF, t-BuOH, 40 °C, 30 min, N». (E) 7 N NH3s/MeOH, 72 h, RT.

using an excess of hydantoin effectively mitigated this issue. Under
the Vorbriiggen ribosylation conditions, the N3-protected hydantoin
12 and protected ribose 7 successfully produced the desired pro-
tected N1-riboside 14 in a satisfactory 70% yield. However, removing
the benzoyl and the propionitrile-protecting groups proved challeng-
ing. Hydantoins are susceptible to hydrolytic degradation under
strong basic conditions.* Seeking milder conditions, we treated
compound 14 with methanolic ammonia. While this approach
successfully removed the benzoyl groups, the propionitrile group
remained intact. Further treatment with stronger bases was avoided
due to the risk of hydantoin ring opening. Hence, we first removed
the propionitrile group with a non-nucleophilic strong base that
left the benzoyl groups unaffected. This was followed by deprotec-
tion of the benzoyl groups using methanolic ammonia. While
attempts to remove the N3-propionitrile group with DBU or DBN
in MeCN were unsuccessful, potassium-t-butoxide in an extra dry
solution of t-butanol and THF yielded product 9, which, upon
treatment with methanolic ammonia gave the desired nucleoside,
HR, 15. Yet, this 5-steps synthesis of HR results in only 16% overall
yield of 15. To further improve the yield of HR we implemented a
new protection-free strategy to reverse the natural regioselectivity of
the Vorbriiggen reaction. By bis-silylation of hydantoin with bulky

This journal is © The Royal Society of Chemistry 2025
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Scheme 2 Synthesis and mechanism of HR formation using steric shields.
Reagents and conditions: (A) tBDMSCI (for 16); or tBDPSCl (for 17); or
TIPSCL (for 18); triethylamine, RT, Ar, 48 h. (B) 7, TMSOTf, MeCN, 0-25 °C,
Ar, overnight. (C) 7N NHz/MeOH, 72 h, RT.
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Fig. 2 Shifting regioselectivity of ribosylation of hydantoin from N3 to N1
by silyl steric shields.

silyl groups, we effectively shielded the N3 position, allowing for
selective N1 nucleophilic attack (Scheme 2). We used bulky silyl
reagents — TBDMSCI, TBDPSCI, and TIPSCI instead of HMDS/
TMSC], to form bis-silylated-hydantoin products, 16/17/18. Impor-
tantly, the latter exhibit significantly enhanced stability to moisture
compared to the TMS counterpart, which facilitates their isolation.
Reacting 2,4-bis’TBDMS-hydantoin, 16, with 7, resulted in the desired
N1-product 9 with a 35% yield, vs. 51% yield of the N3-product, 8 (Fig. 2).
To reverse N1 vs. N3 regioselectivity, we treated hydantoin with TBDPSCI
or TIPSCI to obtain a more substantial steric shield around N3, resulting
in compounds 17 and 18, respectively. Using 2,4-bis(TBDPS)}-hydantoin,
the desired N1-product 9 was obtained with a 51% yield vs. 44% yield for
the N3 product. With 2,4-bis(TIPS)-hydantoin, a more significant reversal
of regioselectivity was obtained (N1:N3 ratio was 3.2:1; Fig. 2). The
remaining silyl group was removed during the work-up of the reaction.

Conformation of HR in crystal and solution states: hydantoinyl
ribose, HR, was crystallized from water, forming colorless needles.
X-ray crystal structure analysis indicated a ribose S-conformation
facilitated by the small size of the hydantoin ring (Fig. 3A and
Tables S1-S7, ESIt). The torsional angle around C4’, C5’-bond is

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Structure of HR (A) in crystal, CCDC 2383868;7 (B) in solution.

Table 1 Dominant solution conformation of HR vs. U

Sugar Rotamer population around C4’-C5’ bond
puckering

Compound %S %gg %tg Y%gt

HR 67 55 30 15

U 44 58 20 22

159°, placing the 5’-OH group above the ribose ring as a gg rotamer.
Additionally, the hydantoinyl ring adopts the anti-position with a y
angle of 255°. In addition to its crystal structure, analysis of the
solution conformation of HR is essential for estimating its binding
potential to biomolecules and for designing new therapeutic agents
based on the HR scaffold. Hence, we determined the solution
conformation of HR (Fig. 3B), using 'H-, and “C-, -1D and 2D
NMR spectra (Fig. S4, ESIT).*>?°

Ribose pucker: in solution, the ribose ring can adopt Northern, N,
and Southern, S, conformations which exist in rapid equilibrium
(Fig. S5A. ESIY). By analyzing the coupling constants (/7 j°) of
HR (Table S8 and eqn (S1) and (S2), ESI),***” we found that unlike
U, which adopts S conformation in a 44% occurrence, HR exhibits a
67% preference for the S conformer (Table 1).**

Conformation around the ribose ~-CH,OH exocyclic group: the
position of the ribose exocyclic -CH,OH group is a mixture of
staggered rotamers around the C4’-C5’ bond (Fig. S5B, ESIt).
The percentage of gg, gt, and ¢g rotamer populations in HR were
determined using the *Jyy_ps and 3Jug_ps coupling con-
stants (calculated based on eqn (S2), ESIt).>” We found that
the gg rotamer is the predominant one for both HR and U, with
populations of 58% and 55%, respectively (Table 1).

Glycosidic angle: the glycosidic angle of HR was calculated
using the *Jcy»_py values and eqn (S3) (ESIT).*® Two solutions
were obtained: 218° (anti) and 262° (high-anti). The latter value
is consistent with the crystal structure of HR (Fig. 3B(ii)).

PpH-dependent stability of HR and its acid-base equilibrium: pH-
dependent stability of HR under pH 1.4 and 13 was monitored by
3C NMR at RT. After 1 week at pH 1.4, no decomposition was
observed (Fig. S6A.1, ESIY). However, under pH 13, HR began
degrading immediately (Fig. S6A.2, ESIt). Acid-base equilibrium is
a key characteristic of nucleobases as it affects their charge,
tautomeric structure, and mode of participation in H-bonds
(Fig. S6.B, ESIt).* This, in turn, determines how a nucleobase
interacts with and within nucleic acids, thus dictating the structure
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and function of the nucleic acid. We determined the pkK, value of
HR through pH titration monitored by "*C NMR (Fig. S6C, ESI1). In
the pH range of 9-12, a downfield shift of 2 ppm was observed in
carbonyl C2. We determined a pK, value of 9.3, attributed to the
hydantoin N3-H, identical to that of U.

Base pairing and base stacking of HR: H-bonding between
nucleobases is essential for base-pairing, which in turn dictates
the structure and functionality of nucleic acids. In addition to
Watson-Crick base pairing, RNA structures accommodate var-
ious alternative base pairings, such as the GU wobble pair.*® We
investigated the mode of base pairing between the contracted
uridine, HR, and adenosine, A, or guanosine, G, using 'H NMR-
monitored titration.

Specifically, 0.1 M HR in DMSO-d¢ was added to 0.1 M A in DMSO-
ds, and the N3H signal of HR, which may participate in H-bond with
A, was inspected at 10.5 ppm (Fig. S7.A and S7.B, ESIt). HR: A ratio
was gradually changed from 1:0.25 up to 1: 2. During the titration we
observed a significant widening of the N3H proton signal of HR, until
the signal almost disappeared, implying the formation of an H-bond
between HR and the exocyclic amine of A. The exocyclic amine of A
alone was observed as a very broad signal (Fig. S7.B, ESI}).
Unexpectedly, de-shielding the protons of the A’s exocyclic amine
was insignificant. This is presumably due to the averaging of both
signals of the N®amine protons. Furthermore, we tested the HR
ability to selectively recognize A vs. G. For this purpose, we gradually
added 0.1 M HR in DMSO-ds to 0.1M G in DMSO-d, observing no
change in width of the N3H proton signal. The peaks obtained for
HR:G = 4:1 and HR:G = 3:2 slightly shifted downfield. Those
signals were the weighted average of both HR and G NH signals. The
more G there is, the more downfield is the weighted average of the
signal. m-n Interactions between pairs of nucleobases provide an
additional driving force for shaping the structure of nucleic acids.*
Hence, we investigated the possibility of self-base stacking interactions
of HR by NMR, comparing the chemical shifts at high concentrations
(0.4 M, 6.,) with those in a diluted monomeric solution (0.003 M, d,)
in D,0. We monitored the chemical shifts of H5 and H1’ of the ribose
proton in HR, as these shifts may indicate stacking interactions
between the base moieties (Table S9, ESIt). While small
concentration-dependent Ad values due to inter-molecular interac-
tions were observed for U no changes were detected for HR,
indicating the absence of base-stacking interactions in water.

Motivated by the need for novel modified U analogs to optimize
mRNA vaccine properties and develop new drugs, we designed the
synthesis of HR, 15, a contracted U analog, the first of its kind.
Initially, ribosylation of hydantoin under the Vorbriiggen reaction
conditions,” exclusively yielded the undesired N3-hydantoinyl
ribose. By introducing a steric shielding strategy around the N3
position, rather than relying on N3 protection, we successfully
reversed the natural regioselectivity to obtain the desired N1-
hydantoinyl ribose, thus, marking a significant milestone in the
classic Vorbriiggen synthesis. This new approach can be broadly
applied to the ribosylation of heterocycles having multiple nucleo-
philic nitrogen atoms, allowing the synthesis of various new nucleo-
sides, as well as numerous heterocyclic compounds.

In addition, we characterized the unique properties of HR, which
are a prerequisite for understanding its potential as an enzyme
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inhibitor,”” receptor-ligand,*® or its potential role in RNA structure
and function. We found that HR mimics U in some respects yet, it
possesses distinct structural and chemical features due to the
compact nature of the hydantoin ring, making HR a promising
steric probe for biochemical studies and investigating RNA proper-
ties. Further studies are necessary to understand how HR behaves
when incorporated into RNA oligonucleotides.
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