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Abstract

Heterocyclic unnatural amino acids and their biheterocyclic derivatives represent invalu-
able structural scaffolds in modern medicinal chemistry and peptidomimetics due to
their ability to induce conformational constraints and modulate pharmacokinetic profiles.
While saturated nitrogen heterocycles and monocycle heteroaromatic systems are well-
established pharmacophores, research on linear biheterocyclic amino acid frameworks
remains significantly underrepresented in the literature. Addressing this structural gap,
this study aims to synthesize and characterize a novel series of functionalized pyrimi-
dine (hetero)cyclic molecular hybrids acting as chiral heterocyclic amino acid derivatives.
The target pyrimidine-5-carboxylates and pyrimidine-4-carboxylic acid derivatives were
prepared from S-dicarbonyl compounds and their corresponding enamine analogues via
cyclocondensation approaches. Particular attention was paid to reaction optimization,
substrate scope exploration, and stereochemical integrity preservation, utilizing chiral
HPLC analysis to evaluate enantiomeric retention. Pyrimidine-5-carboxylates prepared
from B-enamino keto esters retained high enantiomeric excess (90.2-100% ee), whereas
cyclization of B-diketones under strongly basic conditions at elevated temperature resulted
in complete racemization (ee < 1%). Modification of the synthetic route and application
of milder cyclization conditions partially suppressed racemization, affording pyrimidine
derivatives with 61.8-65.5% ee. These findings suggest that substrate structure influences
stereochemical integrity during pyrimidine synthesis.

Keywords: piperidine; pyrimidine; heterocyclic amino esters; S-keto esters; chirality;
building blocks

1. Introduction

Amino acids are organic compounds that serve as the fundamental building blocks
of proteins and are also precursors to numerous organic molecules. These derivatives are
widely used to improve performance in fields such as pharmaceuticals, materials science,
food processing, and biotechnology [1-4]. In recent years, increasing attention has been
paid to heterocyclic unnatural amino acids containing one or more heteroatoms (e.g., nitro-
gen, oxygen, or sulfur) in their cyclic structures [5-7]. Their significance is related to the
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different combinations of amino acid-type functional groups with heterocyclic frameworks,
which may influence molecular shape, electronic properties, hydrogen-bonding capacity,
basicity, lipophilicity, and metabolic stability [8,9]. Heterocycles are frequently found in bi-
ologically active compounds and approved molecule drugs, where they often participate in
key interactions with biological targets [10-13]. Furthermore, natural and unnatural amino
acids are widely used to modify peptides, and peptidomimetics conformational constraints
are required [14]. In this respect, nitrogen-containing saturated heterocyclic and heteroaro-
matic amino acids represent valuable building blocks for preparing various constrained
biological heterocyclic compounds, molecular hybrids [15,16], and peptides [6,14,17]. For
example, piperidine derivatives represent an important class of saturated nitrogen heterocy-
cles in medicinal and synthetic chemistry [18]. Among them, (R,S)-2-piperidine carboxylic
acid I, also known as D,L-pipecolic acid, is a chiral cyclic non-protein amino acid and a
proline homologue (Figure 1). Amino acid I is found naturally in microorganisms and
plants and is a cornerstone of medicinal chemistry as a precursor for alkaloid synthesis [19].
(R,S)-piperidine-3-carboxylic acid (D,L-nipecotic acid) II is one of the most potent inhibitors
of neuronal and glial y-amino butyric acid (GABA) uptake in vitro [20]. Amino acid II is
a building block for (R)-1-[4,4-bis-(3-methyl-2-thienyl)-3-butenyl]-3-piperidine carboxylic
acid, named (R)-tiagabine III, which amplifies GABA neurotransmission, the predominant
inhibitory neurotransmitter in the brain [21,22]. New derivatives of nipecotic acid II are
very potent and are selective analogues of GABA uptake inhibitors [23-25]. Piperidine-
4-carboxylic acid IV, also known as isonipecotic acid, is a conformationally constrained
derivative of y-aminobutyric acid (GABA) and a moderately potent GABA 5 receptor par-
tial agonist [26,27]; it is also a precursor to the drug pethidine V, also known as meperidine,
which is an opioid as potent as morphine and can be administered intramuscularly [28,29].
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Figure 1. Examples of saturated heterocyclic and heteroaromatic amino acids.

From a synthetic perspective, piperidine carboxylic acid derivatives are attractive
starting materials because their carboxyl group can be transformed into S-keto ester, enam-
inone, or related activated intermediates suitable for subsequent cyclocondensation reac-
tions [30,31]. It is important to note that piperidine-4-carboxylic acid IV is often used as a
substrate for modification to obtain various peptidomimetics [32]. In previous research,
4-aminopiperidine-4-carboxylic acid VI was used to create water-soluble highly helical
peptides [33,34].

Meanwhile, aromatic heterocycles like benzene are ring-shaped organic molecules
with a planar structure, an extended ring overlapping p-orbitals, and 7r-electrons that
have at least one atom other than a hydrocarbon, such as nitrogen, oxygen, or sulfur,
in the ring structure. Both synthetic and natural heteroaromatic amino acids, especially

https:/ /doi.org/10.3390 /molecules31152689


https://doi.org/10.3390/molecules31152689

Molecules 2026, 31, 2689

3 0f 35

five- and six-membered rings containing nitrogen atoms which have unique stability and
reactivity, are pharmacologically active compounds and have always attracted attention
due to their pharmacological properties [35]. For example, 2-, 3-, and 4-pyridyl amino
acids (commonly called regioisomeric pyridylalanines, where a pyridine ring replaces
the phenyl ring of phenylalanine) are valuable non-canonical amino acids widely used in
medicinal chemistry, pharmacology, and peptide engineering [36]. Heterocyclic alanines
such as (L)-3-(2-pyridyl)alanine are useful precursors for preparing potential angiotensin
IT (AIl) receptor antagonists [37,38]; 2-, 3-, and 4-pyridylalanines have attracted attention,
as heteroaryl is substituted for phenylalanine, thus impacting VLA-4 inhibition. As such,
these compounds may be considered for treating asthma and rheumatoid arthritis [39].
Moreover, these heterocyclic amino acids are used to form various biological complexes for
transporting 1(LAT1) across the blood-brain barrier into cancer cells [40].

The pyrimidine ring is a structural unit of DNA and RNA and, therefore, chemical
structures based on pyrimidine exhibit a variety of pharmacological activities, including
antimalarial, antiviral, anticancer, anti-inflammatory, analgesic, anticonvulsant, and an-
tioxidant effects [41,42]. Related synthetic pyrimidine amino acid derivatives, including
B-pyrimidine alanine analogues, have also attracted interest as biologically important scaf-
folds and building blocks for modified peptides and biological heterocyclic compounds [43].
For example, Harrison et al. reported synthesizing functionalized urea compounds from
heterocyclic alanines, including (2R)-2-amino-3-(pyrimidin-5-yl)propanoic acid VIII, as
inflammasome inhibitors of NLRP3 [44]. Among this structurally diverse group are sev-
eral natural pyrimidine-containing amino acids, including lathyrine IX and willardiine
X [45]. Jane et al. demonstrated that willardiine analogues act as potent and selective
agonists for either AMPA or kainate receptors, with receptor affinity and subtype se-
lectivity strongly influenced by substitutions at the 5-position of the uracil ring. For
example, 5-fluorowillardiine exhibited preferential affinity toward AMPA receptor sub-
types, whereas 5-iodowillardiine showed high selectivity for the kainate receptor subtype
hGIuRb5 [46].

Numerous methods for forming pyrimidine ring systems have been developed [47,48].
Classical condensation reactions to produce pyrimidines include condensation of the cor-
responding amidine derivative, which acts as a N-C-N nitrogen nucleophile, with three
carbon units containing compounds such as g-dicarbonyl [49,50] or B-enaminone [51].
Furthermore, multicomponent reactions (MCRs) [52,53], including green chemistry ap-
proaches [54], have significantly expanded the set of synthetic tools available for synthesiz-
ing pyrimidines. The stereoselective synthesis of chiral pyrimidine derivatives continues to
represent a notable synthetic challenge [55].

Biheterocycles are an essential class of heterocyclic compounds in medicinal chemistry.
Their design involves combining two pharmacophoric scaffolds into a single molecule.
This combination enhances pharmacological potency, often exceeding the effects of each
component alone [56,57]. Biheterocycles exhibit a variety of complex frameworks, includ-
ing linear, angular, spiro, fused, and bridged heterocyclic rings and frequently serve as
scaffolds for developing new biologically active molecules [58,59]. Linear biheterocycles
can connect two heterocyclic rings with a single bond, and such molecules are found
in many commercially available drugs. For example, the 2-(1H-pyrazol-1-yl)pyrimidine
derivative Epirizole XI (Figure 2) is a nonsteroidal anti-inflammatory drug [60], the 4-
(piperidin-1-yl)pyrimidine derivative Minoxidil XII is an anti-inflammatory agent [61],
and the 3-(pyrimidin-4-yl)-1H-indole derivative Osimertinib (Tagrisso) is used to treat
non-small-cell lung cancer [62].

The most common bicyclic amino acids contain two fused, spirocyclic, or bridged
skeletons [63,64]; however, linear biheterocycle amino acids are much less well documented
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in the literature. Chalyk and co-workers obtained isoxazole-(hetero)cyclic molecular hy-
brids as linear biheterocyclic amino acid derivatives [65]. Our research group has synthe-
sized various linear biheterocycle amino acid derivatives, for example, compound hybrids
XIII [66], XIV [67], XV [31], and XVI [30], including chiral building blocks for synthesizing
DNA-encoded compound libraries [68,69].
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Figure 2. Examples of biheterocyclic drugs and amino acids.

In this study, we synthesized and characterized new functionalized pyrimidine (het-
ero)cyclic molecular hybrids as chiral heterocyclic amino acid derivatives. The target
pyrimidine-5-carboxylates and pyrimidine-4-carboxylic acid derivatives were prepared
from pB-dicarbonyl compounds and their enamine analogues via cyclocondensation ap-
proaches. An important objective of this study was to establish complementary synthetic
routes toward new pyrimidine-heterocyclic amino acid derivatives while preserving the
configuration of the inherited stereogenic center during pyrimidine formation. Particular
attention was given to reaction optimization, substrate scope, and stereochemical integrity,
with chiral HPLC analysis used to evaluate enantiomeric retention. The majority of the sub-
strates showed excellent stereochemical retention, but select structurally distinct examples
underwent enantiomeric purity erosion.

2. Results and Discussion

In our investigation, we started with synthesizing the novel (hetero)cyclic pyrimidine-
5-carboxylates (Scheme 1 and Figure 3). The starting B-keto esters 2a-h were syn-
thesized from corresponding N-Boc protected amino acids 1la-h, which were first
treated with 2,2-dimethyl-1,3-dioxane-4,6-dione (Meldrum’s acid) under the action of
4-dimethylaminopyridine (DMAP) and N-ethyl-N’-(3-dimethylaminopropyl)carbodiimide
hydrochloride (EDC-HCI), followed by further methanolysis of the Meldrum’s acid
adduct [30,70,71].

The obtained compounds 2a-h were converted into -enamino keto esters 3a—h by
treatment with N,N-dimethylformamide dimethyl acetal (DMF—-DMA) [30,71,72]. After
successfully preparing 3a-h, we investigated the formation of 2,6-substituted pyrimidine-5-
carboxylates 4a—p (Scheme 1 and Figure 3).

Initially, the synthetic approach involved synthesizing thiopyrimidine-5-carboxylates
4a-h. Various reaction conditions have been reported in the literature for synthesizing
substituted thiopyrimidine derivatives [73-76]. For instance, Goldber et al. described
the cyclocondensation of enamine with 2-methyl-2-thiopseudourea sulfate mediated by
sodium acetate [77]. Following the aforementioned procedure, f-enamino keto esters
3a-h were treated with 2-methyl-2-thiopseudourea hemisulfate in dry methanol in the
presence of anhydrous sodium acetate at room temperature for 16 h, affording the target
2-(methylsulfanyl)pyrimidine-5-carboxylates 4a—h with moderate-to-good yields (34-87%).

https:/ /doi.org/10.3390 /molecules31152689


https://doi.org/10.3390/molecules31152689

Molecules 2026, 31, 2689 5 of 35
1. Meldrum's acid,
(o) DMAP, EDC-HCI, 0 0 DMF-DMA,
DCMOQO°Ctort, 16 h dioxane, 100 °C, 2 h
1a-h 2. MeOH, reflux, 5 h; 2a-h
rJ\JLH ‘HyS0y4
HaN""SCH3 | NaOAc
@) O\
Q Q MeOH, )’jH -HCI R
R1ﬂ\fj\0/ rt, 16 h NHz NaOCH; N/ |N
. NS
N/ NH-HCI Y
| NH2, NaOCHj R2
&, o..% 0 '
(™ (7 (., (ol (A7 (@ () s
Boc Boc Boc Boc Boc Boc Boc” BOC/NH ~ 8
a b c d e f g h a b c

Scheme 1. Synthesis of compounds 4a—p.

Then, the cyclocondensation strategy was employed to synthesize pyrimidine-5-
carboxylates 4i—p using amidine reagents. Initially, the synthesis of compound 4i was
optimized to assess the base and reaction time effects on the formation of the target product.
The reaction was carried out in methanol at room temperature using a range of organic and
inorganic bases, with reaction times of 4, 16, and 48 h (Table 1). After 4 h, moderate yields
were afforded with most of the bases investigated, with NaOCHj3 providing the highest
yield (45%). The lowest yields of product 4i were observed in the presence of weaker bases
such as TEA, K,COj3, and DIPEA. Extending the reaction time to 16 h improved the 4i yield
with several bases (NaOCHj3;, K,COj3). No further improvement in yield was observed
when the reaction time was extended beyond 16 h; in some cases, yield decreased. The best
yield for 4i (60%) was obtained when the reaction was carried out in methanol at room
temperature over 16 h, employing NaOCHj; (Table 1, Entry 4). The lower isolated yields
obtained after prolonged reaction times are most likely attributable to competing side reac-
tions during extended exposure to the basic reaction conditions. The optimized conditions
were subsequently applied to the synthesis of a series of pyrimidine-5-carboxylates 4i—p
(Figure 3).

Table 1. Optimizing reaction conditions of compound 4i: base and reaction time effects.

Entry Base * Yield (%), 4h **  Yield (%), 16 h**  Yield (%), 48 h **
1 NaH 37 15 5
2 BuOK 41 32 21
3 Cs,CO; 39 40 35
4 NaOCHj3 45 60 49
5 TEA 11 20 19
6 DIPEA 17 24 23
7 K3PO,4 32 43 38
8 NayCOs 32 37 39
9 K,CO; 16 48 29

* All reaction mixtures were stirred at room temperature, solvent MeOH. ** After purification by column chro-
matography. Bold indicates the optimized reaction conditions giving the highest isolated yield.
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Figure 3. Synthesized compounds 4a—p.

The enantiomeric purity of pyrimidine-5-carboxylates 4a—p was determined by chiral
HPLC analysis. Representative chromatograms of compounds 4a and 4b are presented
in Figure 4, while chromatograms of the remaining compounds 4c—p are provided in
the Supplementary Materials. The chiral pyrimidine-5-carboxylate (R)-4a was obtained
from the corresponding S-enamino keto ester (R)-3a with an enantiomeric excess of 98.1%,
whereas the corresponding (S)-4b enantiomer was obtained from the S-enamino keto ester
(5)-3b with an enantiomeric excess of 98.0%.

The structures of substituted pyrimidine-5-carboxylates 4a—p were elucidated through
a combination of standard and advanced NMR spectroscopy techniques, including 'H, 13C,
13C DEPT-135, 'H-'H COSY, 'H-'*C HSQC, 'H-'*C HMBC, and 'H-"N HMBC. Compound
4a was subjected to detailed NMR analysis (Figure 5).
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Figure 4. Chiral HPLC analysis of pyrimidine-5-carboxylates 4a, 4b and the corresponding racemic
mixture. Conditions: CHIRAL ART Cellulose-S] (100 x 4.6 mm I.D.); mobile phase: ACN/(H;O +
0.1% HCOOH) (gradient from 30:70 to 70:30 in 10 min); T = 36 °C; flow rate 1.0 mL/min, UV 254 nm.

The 'H NMR spectrum showed a tert-butyl singlet at dyy 1.45 ppm (9H), indicative of
a Boc-protecting group. A methoxy signal at dyy 3.92 ppm correlated with ¢ 52.5 ppm in
the HSQC spectrum and displayed a long-range HMBC correlation to the carbonyl carbon
at 6c 165.2 ppm, confirming the methyl ester moiety.

The aliphatic fragment was unambiguously defined by 'H-'H COSY correlations,
which established a continuous spin system from 2-H through 6-H. HSQC data enabled
assigning all protonated carbons within this fragment, including signals at ¢ 47.7 ppm
(C-2), 41.0 ppm (C-3), 30.8 ppm (C-4), 25.2 ppm (C-5), and 44.2 ppm (C-6). Key HMBC
correlations from 4-H to the quaternary carbon (C-5) and 3-H 3] correlation to C-4’ provided
direct evidence for attaching the aliphatic chain to the heteroaromatic ring.

The heteroaromatic system was further elucidated using long-range 'H-13C HMBC
correlations. The downfield proton 6’-H (6 8.92 ppm) exhibited correlations with C-4'
(0¢c 172.6 ppm) and C-2' (6c 175.7 ppm), consistent with its position within an electron-
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deficient heterocycle. Additional HMBC correlations of protons in the linker region with
aromatic carbons reinforced the connectivity between the two fragments. The observed
chemical shifts and correlation pattern are in agreement with a substituted N-containing
heteroaromatic ring bearing electron-withdrawing substituents.

150175 1-59-1.78

2.73-2.79 H

H
O_N
L

O, H

3.14-3.20

HY, " 200203
H 2.00-2.03
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Figure 5. (a) Relevant 'H-'H COSY correlations along with 1H NMR (blue) chemical shifts for
compound 4a. (b) Relevant 1H-13C HMBC and 'H-'°N correlations along with TH NMR (blue), 3C
NMR (green), and 15N NMR (black, bold) chemical shifts for compound 4a.

The position of heteroatoms within the ring system was confirmed by 'H-1N HMBC
data. Correlations from H-6' and neighbouring protons to distinct nitrogen resonances
established the arrangement of nitrogen atoms within the heterocycle. Furthermore, the
S-methyl group (6yg 2.59 ppm; d¢c 14.5 ppm) showed clear HMBC correlations to C-2/,
confirming its attachment to sulfur and its position relative to the ring system.

Next, we investigated the cyclization of B-enamino keto esters 3a-d with 2-
chloroacetimidamide hydrochloride (Scheme 2); however, the previously optimized reac-
tion conditions proved unsuitable. After 16 h, treating S-enamino keto esters 3a—d with
2-chloroacetimidamide hydrochloride, using NaOCHj3 as the base, in methanol at room
temperature afforded the desired 2-(chloromethyl)pyrimidine-5-carboxylates 6a—d only in
low yields (15-36%). To address this limitation, a known synthetic procedure was adapted
to prepare 2-(chloromethyl)pyrimidine-5-carboxylates 6a-d [78,79]. The appropriate p-keto
esters 2a—d initially reacted with trimethyl orthoformate (TMOF) in the presence of acetic
anhydride to afford intermediates 5a—d (Scheme 2). Without isolating intermediates, tri-
ethylamine and 2-chloroacetimidamide hydrochloride were added in the next step, forming
targeted products 6a—d in good total yields of 54-86%.

Following the successful cyclocondensation reactions of B-keto esters 2, pyrimidines
9a—d were synthesized using different synthetic approaches (Scheme 3). In this case,
substituted pyrimidine-5-carboxylates 9a—d were obtained in three steps from the S-keto
esters 2a,b, following modified procedures previously applied to other compounds in
the literature [80,81]. Initially, B-keto esters 2a,b were converted into the corresponding
acetoacetates 7a,b using acetyl chloride in the presence of MgCl, (Scheme 3). Acetoacetates
7a,b were then treated with methyl trifluoromethanesulfonate under basic conditions at
room temperature to give the intermediates 8a,b. Finally, cyclization of compounds 8a,b
with methyl-2-thiopseudourea hemisulfate or 2-chloroacetimidamide hydrochloride under
the conditions described above resulted in compounds 9a—d in good yields (38-66%).
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Scheme 2. Synthesis pathways of compounds 6a-d.

Pyrimidine derivatives play an important role in organic chemistry. In particular,
2-(methylsulfonyl)pyrimidines are broadly used in agrochemical and pharmaceutical ap-
plications [82,83]. Moreover, Mao et al. reported pyrimidine carboxylic acid derivatives
exhibiting potent xanthine oxidase inhibitory activity [84,85]. Following the synthesis
of pyrimidine-5-carboxylates, we further prepared several pyrimidine-4-carboxylic acids
(Scheme 4). First, -diketones 11a,b were synthesized from the corresponding ketones
10a,b via Claisen-type condensation [86]. Subsequent cyclization of S-diketones 11a,b
with 2-methyl-2-thiopseudourea hemisulfate using weaker basic conditions afforded 2-
(methylsulfonyl)pyrimidines 12a,b (45-53%).

Selenium dioxide-mediated oxidation of methylpyrimidines is a well-established
method for synthesizing pyrimidine carboxylic acids [87]. Accordingly, oxidizing 4-methyl-
2-(methylsulfonyl)pyrimidines 12a,b with excess selenium dioxide in boiling pyridine
resulted in pyrimidine-4-carboxylic acids 13a,b in moderate yields (46-57%).
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Scheme 4. Synthesis of compounds 12a,b and 13a,b.

Nevertheless, this synthetic approach resulted in a complete loss of stereochemi-
cal integrity, affording racemic products. Treating compounds 11a,b with 2-methyl-2-
thiopseudourea hemisulfate in DMF using anhydrous sodium acetate at an elevated temper-
ature resulted in complete racemization, affording pyrimidines 12a,b as racemic mixtures
(12a, ee < 1%; 12b, ee < 1%), which could not be separated into individual enantiomers
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(Figure 6). The subsequent oxidation of compounds 12a,b afforded pyrimidine-4-carboxylic
acids 13a,b as inseparable racemic mixtures (13a, ee < 1%; 13b, ee < 1%).

mAU

1250 1 N ©
o © 400 S o
®) s 2 ] ®) 5 9
1000 R o 2 ] N 1
Boc™ Z 1 2 2001 Boc” Z " oH | A

I i
(

e g I
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250 I I ] i
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0 D R R e —— == —
T B BT i B T _
55 6.0 65 70 75 min 30 40 50 min

(a) (b)

Figure 6. Chiral HPLC analysis of pyrimidine derivatives (a) 12a and (b) 13a. Conditions: CHIRAL
ART Cellulose-SJ (100 x 4.6 mm I.D.); mobile phase: ACN/(H,O + 0.1% HCOOH) (gradient from

30:70 to 70:30 in 10 min); T = 36 °C; flow rate 1.0 mL/min, UV 254 nm.

Due to the complete loss of stereochemical integrity under the applied reaction condi-
tions, a different synthetic strategy was developed to access pyrimidine derivatives with

improved enantiomeric purity, as outlined in Scheme 5.

i oo b
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Scheme 5. Synthesis of pyrimidine analogues 13’a,b and 16a,b.

Adjusting the approach, ketones 10a,b initially reacted with trimethyl orthoformate
in methanol in the presence of pTSA to yield intermediate compounds 14a,b. The solvent
was removed under reduced pressure, after which ethyl oxalyl chloride and pyridine were
added at 0 °C using chloroform as a solvent. The reaction mixture was stirred for 1 h at
0 °C and subsequently refluxed for 5 h, resulting in intermediates 15a,b [88]. In this case,
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the cyclization reactions were carried out under mild conditions. In the first route, 15a,b
reacted with 2-methyl-2-thiopseudourea hemisulfate in ethanol in the presence of sodium
carbonate at room temperature, and pyrimidine carboxylic acids 13’a,b were obtained
in good-to-excellent yields of 80-92%. In the second synthesis route, 15a,b reacted with
2-methyl-2-thiopseudourea hemisulfate in the presence of anhydrous sodium acetate at
room temperature in absolute ethanol to afford the corresponding pyrimidine esters 16a,b
in good yields (68-83%).

The enantiomeric purity of the obtained pyrimidines 13’a,b and 16a,b was evaluated
using chiral HPLC analysis. Representative chiral HPLC chromatograms of pyrimidine
carboxylic acids 13’a,b and pyrimidine esters 16a,b are shown in Figure 7. Under milder
cyclization conditions, complete racemization was avoided, and the products were obtained
with moderate enantiomeric purities (13a, 65.5% ee; 13b, 63.7% ee; 16a, 63.9% ee; 16b,
61.8% ee).
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Figure 7. Chiral HPLC analysis of pyrimidine derivatives (a) 13’a, 13’b, and the corresponding
racemic mixture; (b) 16a and 16b, and the corresponding racemic mixture. Conditions: CHIRAL ART
Cellulose-SJ (100 x 4.6 mm I.D.); mobile phase: ACN/(H;O + 0.1% HCOOH) (gradient from 30:70 to
70:30 in 10 min); T = 36 °C; flow rate 1.0 mL/min, UV 254 nm.
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To identify the stage at which stereochemical erosion occurred, additional chiral
HPLC analyses of key intermediates from the synthetic routes shown in Schemes 4 and 5
were performed (The corresponding chiral HPLC chromatograms of intermediates 10a,b
and 11a,b are provided in the Supplementary Information as Figures 5136 and S137).
The ketone intermediates 10a,b were found to be enantiomerically pure. In contrast, the
corresponding intermediates 11a,b exhibited identical chromatographic profiles irrespective
of the configuration of the starting ketone, demonstrating that complete racemization had
already occurred during the Claisen reaction.

For the alternative synthetic route (Scheme 5), the starting ketones 10a,b were likewise
enantiomerically pure, whereas the final products 13’a,b and 16a,b retained moderate
enantiomeric excesses (61.8-65.5% ee). Since the corresponding intermediates 14a,b and
15a,b were not isolated, the exact stage of stereochemical erosion could not be established.
A plausible explanation for the different extents of racemization observed under the two
reaction pathways is presented in Scheme 6.

Proposed base-promoted racemization pathway

f\iOD

H~ !
(j)\ a-deprotonation
_—

chiral ketone (10a)

o
o H' (j#'#
P reprotonation 'Tl Claisen
from either face Boc reaction
o 11a 12a (ee <1%) —— 13a(ee <1%)
N
|
Boc f—fr O)K J
planar enolate N H
|

(achiral)

both conﬂguranons of
ketone 10a (R) + (S)

Proposed acid-catalysed partial racemization pathway

+
H ‘\

acid catalysed
(j)\ enolization

chiral ketone (10a)

reprotonation 13'a (ee 65.5%)
from either face
14a| — |15a| —
16a (ee 63.9%)

planar enol N

I
Boc

major enantiomer + minor enantiomer

(achiral)

Scheme 6. Plausible explanation for the observed complete and partial racemization under basic and
acid-catalysed reaction conditions.

The proposed racemization pathways shown in Scheme 6 provide a plausible expla-
nation for the different stereochemical outcomes observed under the two synthetic routes.
Under the strongly basic Claisen reaction conditions, where a stoichiometric amount of
base is employed, deprotonation at the stereogenic «-carbon generates a planar enolate.
Subsequent non-stereoselective reprotonation from either face results in complete loss
of stereochemical integrity. In contrast, the alternative synthetic route employs catalytic
amounts of p-toluenesulfonic acid. Under these milder acid-catalysed conditions, par-
tial racemization is most plausibly associated with reversible keto—enol tautomerization,
which proceeds to a significantly lesser extent than under the strongly basic conditions.
Consequently, only partial erosion of enantiomeric excess is observed, consistent with the
experimentally determined chiral HPLC data.

The different stereochemical outcomes observed for the two synthetic approaches can
also be rationalized by the nature of the reaction intermediates. In the synthetic routes

https:/ /doi.org/10.3390 /molecules31152689


https://doi.org/10.3390/molecules31152689

Molecules 2026, 31, 2689

14 of 35

shown in Schemes 1-3, pyrimidine derivatives are formed from conjugated 3-enamino
carbonyl or related intermediates, in which the carbonyl functionality is incorporated into
a conjugated system. Consequently, the transformation proceeds under mild conditions
without requiring deprotonation at the stereogenic centre, thereby preserving the inherited
stereochemical information, as reflected by the high enantiomeric excesses (90.2-100% ee)
observed for the corresponding products.

3. Materials and Methods
3.1. General Information

All starting materials were purchased from commercial suppliers and were used
as received. Flash column chromatography was performed on Silica Gel 60 A (Merck
KGaA, Darmstadt, Germany). Vacuum distillation was performed in a Biichi Model B580
GKR oven (Biichi Labortechnik AG, Flawil, Switzerland). Thin-layer chromatography
was carried out on Silica Gel plates (Merck Kieselgel 60 F254) and visualised by UV
light (254 nm) (Merck KGaA, Darmstadt, Germany). The IR spectra were recorded on a
Bruker Vertex 70v FT-IR spectrometer (Bruker Optik GmbH, Ettlingen, Germany) using
neat samples and are reported in the frequency of absorption (cm™'). Mass spectra were
obtained using a Shimadzu LCMS-2020 (ESI*) spectrometer (Shimadzu Corporation, Kyoto,
Japan). High-resolution mass spectra were measured using a Bruker MicrOTOF-Q III
(ESI*) apparatus (Bruker Daltonik GmbH, Bremen, Germany). Accurate measurements
were achieved using the internal mass calibration of each sample using sodium formate
calibration solution as a standard procedure, with a standard deviation always less than
1 ppm. In addition, all data files were recalibrated with an internal standard of sodium
formate injected prior to initial sample elution for each sample. Optical rotation data were
recorded on a UniPol L SCHMIDT+HAENSCH polarimeter (concentration of compound
(g/100 mL) and were included in calculations automatically (Windaus-Labortechnik GmbH
& Co. KG, Clausthal-Zellerfeld, Germany). TH-NMR and 13C-NMR spectra were recorded
from CDCl3 solutions at 25 °C on a Bruker Avance IIT 400 instrument (400 MHz for 'H,
100 MHz for 13C) using a directly detecting BBO probe (Bruker Bio Spin International AG,
Faellanden, Switzerland). 1>N-NMR spectra were recorded from CDCl; solutions at 25 °C
on a Bruker Avance III 400 instrument (40 MHz for '>N) using a directly detecting BBO
probe. The chemical shifts (J), expressed in ppm, were relative to tetramethylsilane (TMS).
I5N-NMR spectra were referenced against neat external nitromethane (coaxial capillary).
The following abbreviations were used in reporting the NMR data: Pyr, pyrimidine, Pip,
piperidine; Cpr, cyclopropane; Morph, morpholine; Cy, cyclohexane.

3.2. Synthetic Procedures
3.2.1. General Procedure for Compounds 2a-h

Corresponding amino acid (1 equiv.), Meldrum’s acid (1.1 equiv.) and DMAP (2 equiv.)
were dissolved in methylene chloride and cooled to 0 °C. Maintaining the temperature
at 0 °C, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (1.1 equiv.) was
added in portions and the solution was stirred at r.t. for 16 h. The reaction mixture was
diluted with DCM (10 mL) and washed with 1M KHSO, (2 x 15 mL) and brine (15 mL).
The organic layer was dried with anhydrous sodium sulfate, filtered, and then concentrated
under reduced pressure. The crude product was dissolved in methanol and stirred at 60 °C
for 5 h. After removal of the solvent in vacuo, the residue was directly used in the next step
without further purification.
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3.2.2. General Procedure for Compounds 3a-h

An appropriate amount of compound 2a-h (1 equiv.) was dissolved in 1,4-dioxane,
and DMF-DMA (2 equiv.) was added dropwise. The reaction was stirred at 100 °C for 2 h.
After removal of the solvent in vacuo, the obtained residue was directly used in the next
step without further purification.

3.2.3. General Procedure for Compounds 4a-h

To a solution of corresponding S-enamino keto ester 3a-h (1 equiv.) in dry methanol,
sodium acetate anhydrous (4.2 equiv.) and 2-methyl-2-thiopseudourea hemisulfate
(1.4 equiv.) were added and stirred at r.t. for 16 h. The resulting mixture was concentrated
under reduced pressure and purified by flash chromatography to provide products 4a-h.

Methyl 4-[(3R)-1-(tert-butoxycarbonyl)piperidin-3-yl]-2-(methylsulfanyl)pyrimidine-5-
carboxylate (4a)

The sample was prepared from 3a (0.340 g, 1 mmol), sodium acetate anhydrous
(0.345 g, 4.2 mmol) and 2-methyl-2-thiopseudourea hemisulfate (0.390 g, 1.4 mmol) dis-
solved in dry methanol. The reaction was stirred at r.t. for 16 h. The obtained residue
was purified by column chromatography (5iO,, eluent:ethylacetate/n-hexane, 1:6, v/v)
to provide compound 4a as a colorless liquid. Yield 0.316 g (86%), [«]p?* = 84.1 (c 0.927,
MeOH). 'H NMR (400 MHz, CDCl3): oy ppm 1.45 (s, 9H, C(CH3)3), 1.59-1.77 (m, 3H, Pip
4-H, Pip 5-CHy), 2.00-2.03 (m, 1H, Pip 4-H), 2.58 (s, 3H, S-CH3), 2.76 (t, ] = 12.5 Hz, 1H, Pip
6-H), 3.13-3.19 (m, 1H, Pip 2-H), 3.67-3.73 (m, 1H, Pip 3-H), 3.91 (s, 3H, COOCH3), 4.13-4.19
(m, 2H, Pip 2,6-H), 8.91 (s, 1H, Pyr). 3C NMR (101 MHz, CDCl3): 6c ppm 14.5 (5-CH3), 25.2
(Pip C-5), 28.6 (COOC(CH3)3), 30.8 (Pip C-4), 41.0 (Pip C-3), 44.2 (Pip C-6), 47.6 (Pip C-2),
52.6 (COOCH3), 79.6 (COOC(CH3)3), 117.9 (Pyr C-5), 154.9 (COOC(CHs)3), 159.3 (Pyr C-6),
165.2 (COOCHj3), 172.6 (Pyr C-4), 175.7 (Pyr C-2). S'N-NMR (71 MHz, CDCl3): dy ppm
—293.5 (N-Boc), —105.4 (Pyr 1-N), —101.7 (Pyr 3-N). IR (FT-IR, Vmax, cm ™ 1): 2930 (CHyjiph),
1725 (C=0), 1688 (C=0), 1560, 1402, 1163 (C=C, C-N, C-O-C). HRMS (ESI*) C;7H2,N304S
(IM+H]*) calcd. 368.1639, found 368.1640.

Methyl 4-[(3S)-1-(tert-butoxycarbonyl)piperidin-3-yl]-2-(methylsulfanyl)pyrimidine-5-
carboxylate (4b)

The sample was prepared from 3b (0.340 g, 1 mmol), sodium acetate anhydrous
(0.345 g, 4.2 mmol) and 2-methyl-2-thiopseudourea hemisulfate (0.390 g, 1.4 mmol) dis-
solved in dry methanol. The reaction was stirred at r.t. for 16 h. The obtained residue
was purified by column chromatography (S5iO,, eluent:ethylacetate/n-hexane, 1:6, v/v) to
provide compound 4b as a colorless liquid. Yield 0.320 g (87%), [2]p% = —84.2 (c 0.907,
MeOH). 'H NMR (400 MHz, CDCl3): dy3 ppm 1.45 (s, 9H, C(CH3)3), 1.59-1.78 (m, 3H, Pip
4-H, Pip 5-CHy), 2.00-2.03 (m, 1H, 4-H), 2.59 (s, 3H, S-CH3), 2.73-2.79 (m, 1H, Pip 6-H),
3.14-3.20 (m, 1H, Pip 2-H), 3.65-3.73 (m, 1H, Pip 3-H), 3.92 (s, 3H, COOCH3), 4.08—4.24
(m, 2H, Pip 2,6-H), 8.92 (s, 1H, Pyr). 3C NMR (101 MHz, CDCl3): 5c ppm 14.5 (S-CH3),
25.2 (Pip C-5), 28.6 (COOC(CH3)3), 30.8 (Pip C-4), 41.0 (Pip C-3), 44.3 (Pip C-6), 47.7 (Pip
C-2), 52.5 (COOCH3), 79.6 (COOC(CH3)3), 117.9 (Pyr C-5), 154.9 (COOC(CH3)3), 159.4 (Pyr
C-6), 165.2 (COOCH3), 172.6 (Pyr C-4), 175.7 (Pyr C-2). P'N-NMR (71 MHz, CDCl3): oy
ppm —104.9 (Pyr 1-N), —101.8 (Pyr 3-N), N-Boc was not found. IR (FT-IR, Vmax, cm™1):
2930 (CHayiph), 1724 (C=0), 1688 (C=0), 1560, 1402, 1162 (C=C, C-N, C-O-C). HRMS (ESI")
C17H26N304S ([M+H]+) calced. 368.1639, found 368.1640.
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Methyl 4-[(2R)-1-(tert-butoxycarbonyl)piperidin-2-yl]-2-(methylsulfanyl)pyrimidine-5-
carboxylate (4c)

The sample was prepared from 3¢ (0.340 g, 1 mmol), sodium acetate anhydrous
(0.345 g, 4.2 mmol) and 2-methyl-2-thiopseudourea hemisulfate (0.390 g, 1.4 mmol) dis-
solved in dry methanol. The reaction was stirred at r.t. for 16 h. The obtained residue was
purified by column chromatography (SiO,, eluent:ethylacetate/n-hexane, 1:6, v/v) to pro-
vide compound 4c as a colorless liquid. Yield 0.125 g (34%), [4]p2° = 85.8 (c 0.391, MeOH).
'H NMR (400 MHz, CDCl3): 6 ppm 1.15-1.40 (m, 10H, C(CH3)3, Pip 4-H), 1.48-1.58 (m,
2H, Pip 4,5-H), 1.72-1.80 (m, 1H, Pip 5-H), 1.87-1.90 (m, 1H, Pip 3-H), 1.98-2.06 (m, 1H, SH),
2.57 (s, 3H, S-CH3), 3.53-3.61 (m, 1H, Pip 6-H), 3.90 (s, 3H, COOCH3), 3.98-4.09 (m, 1H,
Pip 6-H), 5.94 (s, 1H, Pip 2-H), 8.93 (s, 1H, Pyr). 13C NMR (101 MHz, CDCl3): éc ppm 14.8
(S-CH3), 19.0 (Pip C-4), 24.7 (Pip C-5), 28.3 (COOC(CHj3)3), 29.1 (Pip C-3), 42.3 Pip C-6), 52.6
(COOCH3), 53.3 (Pip C-2), 79.6 (COOC(CH3)3), 116.8 (Pyr 5-C), 156.2 (COOC(CHz)3), 159.3
(Pyr 6-C), 165.1 (COOCHj3), 174.0 (Pyr 2-C), 175.8 (Pyr 4-C). ’N-NMR (71 MHz, CDCl,):
SN ppm —136.8 (Pyr 3-N), —105.1 (Pyr 1-N), N-Boc was not found. IR (FT-IR, Vmax, cm ™~ 1):
2932 (CHayiph), 1724 (C=0), 1693 (C=0), 1562, 1402, 1159 (C=C, C-N, C-O-C). HRMS (ESI")
C17H5N3Na04S ([M+Na]*) caled. 390.1458, found 390.1459.

Methyl 4-[(2S)-1-(tert-butoxycarbonyl)piperidin-2-yl]-2-(methylsulfanyl)pyrimidine-5-
carboxylate (4d)

The sample was prepared from 3d (0.340 g, 1 mmol), sodium acetate anhydrous
(0.345 g, 4.2 mmol) and 2-methyl-2-thiopseudourea hemisulfate (0.390 g, 1.4 mmol) dis-
solved in dry methanol. The reaction was stirred at r.t. for 16 h. The obtained residue was
purified by column chromatography (5iO;, eluent:ethylacetate/n-hexane, 1:6, v/v) to pro-
vide compound 4d as a colorless liquid. Yield 0.195 g (53%), []p?® = —85.7 (c 0.350, MeOH).
'H NMR (400 MHz, CDCl3): 6 ppm 1.17-1.26 (m, 10H, C(CH3)3, Pip 4-H), 1.43-1.57 (m,
2H, Pip 4,5-H), 1.77 (s, 1H, Pip 5-H), 1.88-1.90 (m, 1H, Pip 3-H), 1.99-2.07 (m, 1H, SH), 2.57
(s, 3H, S-CH3), 3.54-3.61 (m, 1H, Pip 6-H), 3.91 (s, 3H, COOCH3), 3.98-4.09 (m, 1H, Pip
6-H), 5.94 (s, 1H, Pip 2-H), 8.93 (s, 1H, Pyr). 13C NMR (101 MHz, CDCl3): éc ppm 14.8
(5-CHs), 19.0 (Pip C-4), 24.7 (Pip C-5), 28.3 (COOC(CH3)3), 29.1 (Pip C-3), 42.9 (Pip C-6),
52.6 (COOCH3), 53.3 (Pip C-2), 79.7 (COOC(CH3)3), 116.9 (Pyr C-5), 156.2 (COOC(CH3)3),
159.3 (Pyr C-6), 165.0 (COOCHj3), 174.1 (Pyr C-2), 175.6 (Pyr C-4). >’ N-NMR (71 MHz,
CDCl): 6n ppm —105.5 (Pyr 1-N), Pyr 3-N and N-Boc were not found. IR (FT-IR, vmax,
em™1): 2942 (CHyjiph), 1719 (C=0), 1698 (C=0), 1559, 1402, 1155 (C=C, C-N, C-O-C).
HRMS (ESI*) C17H26N304S ([M+H]") caled. 368.1639, found 368.1639.

Tert-butyl (2R)-2-[5-(methoxycarbonyl)-2-(methylsulfanyl)pyrimidin-4-ylJmorpholine-4
-carboxylate (4e)

The sample was prepared from 3e (0.342 g, 1 mmol), sodium acetate anhydrous
(0.345 g, 4.2 mmol) and 2-methyl-2-thiopseudourea hemisulfate (0.390 g, 1.4 mmol) dis-
solved in dry methanol. The reaction was stirred at r.t. for 16 h. The obtained residue
was purified by column chromatography (5iO,, eluent:ethylacetate/n-hexane, 1:6, v/v) to
provide compound 4e as a colorless liquid. Yield 0.270 g (73%), [2]p° = —80.8 (c 1.050,
MeOH). 'H NMR (400 MHz, CDCl3): 6 ppm 1.47 (s, 9H, C(CH3)3), 2.59 (s, 3H, S-CH3),
3.01-3.16 (m, 1H, Pip 5-H), 3.25-3.30 (m, 1H, Pip 5-H), 3.65-3.71 (m, 1H, Pip 6-H), 3.87—4.05
(m, 5H, COOCHj3, Pip 5,6-H), 4.14-4.34 (m, 1H, Pip 3-H), 5.14-5.17 (m, 1H, Pip 2-H), 8.91
(s, 1H, Pyr). 3C NMR (101 MHz, CDCl3): 6c ppm 14.5 (S-CH3), 28.5 (COOC(CH3)3), 43.5
(Pip C-5), 46.3 (Pip C-3), 52.7 (COOCH3), 67.2 (Pip C-6), 74.7 (Pip C-2), 80.3 (COOC(CH3)3),
118.6 (Pyr C-5), 154.7 (COOC(CH3)3), 159.1 (Pyr C-6), 165.1 (COOCH3), 165.7 (Pyr C-4),
176.1 (Pyr C-2). '>'N-NMR (71 MHz, CDCl3): 65 ppm —104.1 (Pyr 3-N), —101.3 (Pyr 1-N),
N-Boc was not found. IR (FT-IR, Vmax, cm™1): 2929 (CHajiph), 1728 (C=0), 1694 (C=0), 1564,
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1411, 1168 (C=C, C-N, C-O-C). HRMS (ESI*) C14H»4N305S (IM+H]*) caled. 370.1431,
found 370.1431.

Tert-butyl (25)-2-[5-(methoxycarbonyl)-2-(methylsulfanyl)pyrimidin-4-ylJmorpholine-4
-carboxylate (4f)

The sample was prepared from 3f (0.342 g, 1 mmol), sodium acetate anhydrous (0.345 g,
4.2 mmol) and 2-methyl-2-thiopseudourea hemisulfate (0.390 g, 1.4 mmol) dissolved in
dry methanol. The reaction was stirred at r.t. for 16 h. The obtained residue was purified
by column chromatography (5iO,, eluent:ethylacetate/n-hexane, 1:6, v/v) to provide
compound 4f as a colorless liquid. Yield 0.284 g (77%), [a]p?° = 80.8 (c 1.150, MeOH). 'H
NMR (400 MHz, CDCl3): ég ppm 1.48 (s, 9H, C(CHs)s), 2.60 (s, 3H, S-CH3), 3.02-3.13
(m, 1H, Pip 5-H), 3.25-3.31 (m, 1H, Pip 5-H), 3.66-3.72 (m, 1H, Pip 6-H), 3.92-3.99 (m, 5H,
COOCHj, Pip 5,6-H), 4.15-4.36 (m, 1H, Pip 3-H), 5.15-5.18 (m, 1H, Pip 2-H), 8.91 (s, 1H,
Pyr). 13C NMR (101 MHz, CDCl3): dc ppm 14.5 (S-CH3), 28.5 (COOC(CH3)3), 43.5 (Pip
C-5), 46.3 (Pip C-3), 52.7 (COOCH3), 67.2 (Pip C-6), 74.7 (Pip C-2), 80.3 (COOC(CHs)3),
118.6 (Pyr C-5), 154.8 (COOC(CH3)3), 159.1 (Pyr C-6), 165.2 (COOCH3), 165.7 (Pyr C-4),
176.1 (Pyr C-2). 'N-NMR (71 MHz, CDCl3): éy ppm —300.4 (N-Boc), —103.2 (Pyr 3-N),
—100.7 (Pyr 1-N). IR (FT-IR, Vmax, cm™1): 2928 (CH,jipp), 1727 (C=0), 1692 (C=0), 1564,
1409, 1165 (C=C, C-N, C-O-C). HRMS (ESI*) C16H23N3NaOs5S ([M+Na]*) caled. 392.1251,
found 392.1250.

Methyl 4-{trans-4-[(tert-butoxycarbonyl)amino]cyclohexyl}-2-(methylsulfanyl)pyrimidine-5
-carboxylate (4g)

The sample was prepared from 3g (0.354 g, 1 mmol), sodium acetate anhydrous
(0.345 g, 4.2 mmol) and 2-methyl-2-thiopseudourea hemisulfate (0.390 g, 1.4 mmol) dis-
solved in dry methanol. The reaction was stirred at r.t. for 16 h. The obtained
residue was purified by column chromatography (SiO,, eluent:ethylacetate/n-hexane,
1:6, v/v) to provide compound 4g as a white amorphous compound. Yield 0.267 g (70%),
[«]p? = —3.0 (c 0.455, MeOH). 'H NMR (400 MHz, CDCl3): 5y ppm 1.22-1.31 (m, 2H, Cy),
1.45 (s, 9H, C(CH3)3), 1.77-1.85 (m, 4H, Cy), 2.10-2.13 (m, 2H, Cy), 2.57 (s, 3H, S-CH3),
3.46-3.61 (m, 2H, Cy 1,4-H), 3.90 (s, 3H, COOCHj3), 4.42 (s, 1H, NH), 8.88 (s, 1H, Pyr). 1°C
NMR (101 MHz, CDCls): éc ppm 14.4 (S-CHjs), 28.6 (COOC(CH3)3), 30.5 (Cy 2 x CHy),
33.4 (Cy 2 x CHy), 41.5 (Cy C-1), 49.5 (Cy C-4), 52.5 (COOCH3), 79.3 (COOC(CH3)3), 117.5
(Pyr C-5), 155.4 (COOC(CH3;)3), 159.1 (Pyr C-6), 165.5 (COOCH3), 175.1 (Pyr C-4), 175.7
(Pyr C-2). ®N-NMR (71 MHz, CDCl3): 55y ppm —282.9 (N-Boc), —106.1 (Pyr 1-N), —101.7
(Pyr 3-N). IR (FT-IR, Vmax, cm~1): 3350 (N-H), 2969, 2935 (CHaiiph), 1720 (C=0), 1674 (C=0),
1560, 1515, 1161 (C=C, C-N, C-O-C). HRMS (ESI*) C1gH,yN3NaO,4S ([M+Na]*) calcd.
404.1614, found 404.1614.

Methyl 4-{cis-4-[(tert-butoxycarbonyl)amino]cyclohexyl}-2-(methylsulfanyl)pyrimidine-5-
carboxylate (4h)

The sample was prepared from 3h (0.354 g, 1 mmol), sodium acetate anhydrous
(0.345 g, 4.2 mmol) and 2-methyl-2-thiopseudourea hemisulfate (0.390 g, 1.4 mmol) dis-
solved in dry methanol. The reaction was stirred at r.t. for 16 h. The obtained residue
was purified by column chromatography (5iO;, eluent:ethylacetate/n-hexane, 1:6, v/v) to
provide compound 4h as a white amorphous compound. Yield 0.298 g (78%), [«]p?° = 3.1
(c 0.405, MeOH). 'H NMR (400 MHz, CDCl3): 6 ppm 1.46 (s, 9H, C(CH3)3), 1.70~1.82 (m,
6H, Cy), 1.88-1.91 (m, 2H, Cy), 2.62 (s, 3H, S-CH3), 3.63-3.68 (m, 1H, Cy 1-H), 3.87-3.94 (m,
4H, COOCHj3, Cy 4-H), 4.85 (s, 1H, NH), 8.91 (s, 1H, Pyr). 3C NMR (101 MHz, CDCl3): éc
ppm 14.5 (S-CH3), 26.2 (Cy 2 x CHy), 28.6 (COOC(CH3)3), 30.2 (Cy 2 x CHy), 41.4 (Cy C-1),
45.1 (Cy C-4), 52.5 (COOCH3), 79.3 (COOC(CH3)3), 117.6 (Pyr C-5), 155.4 (COOC(CHs)3),
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159.1 (Pyr C-6), 165.4 (COOCHj), 175.1 (Pyr C-4), 175.5 (Pyr C-2). >N-NMR (71 MHz,
CDCls): dn ppm —290.6 (N-Boc), —106.8 (Pyr 1-N), —101.1 (Pyr 3-N). IR (FT-IR, vmay,
em™1): 3333 (N-H), 2932 (CH_ji,n), 1720 (C=0), 1675 (C=0), 1559, 1505, 1162 (C=C, C-N,
C-O-C). HRMS (ESI*) C15Hy7N3NaO,S ([M+Nal*) caled. 404.1614, found 404.1614.

3.2.4. General Procedure for Compounds 4i-p

The corresponding B-enamino keto ester 3a-h (1 equiv.), sodium methoxide (2 equiv.)
and amidine (1.5 equiv.) were dissolved in dry methanol, and the reaction mixture was
stirred at room temperature for 16 h. The resulting solution was concentrated under
reduced pressure and purified by flash chromatography to provide products 4i—p.

Methyl 4-{trans-4-[(tert-butoxycarbonyl)amino]cyclohexyl}-2-methylpyrimidine-5
-carboxylate (4i)

The sample was prepared from 3g (0.354 g, 1 mmol), sodium methoxide (0.108 g,
2 mmol) and acetamidine hydrochloride (0.142 g, 1.5 mmol) dissolved in dry methanol.
The reaction was stirred at r.t. for 16 h. The obtained residue was purified by column
chromatography (5iO,, eluent:ethylacetate/n-hexane, 1:8, v/v) to provide compound 4i
as a white amorphous compound. Yield 0.209 g (60%), [4]p%° = —1.1 (c 0.736, MeOH). 'H
NMR (400 MHz, CDCl3): g ppm 1.20-1.31 (m, 2H, Cy), 1.45 (s, 9H, C(CH3)3), 1.82-1.84 (m,
4H, Cy), 2.11-2.14 (m, 2H, Cy), 2.73 (s, 3H, CH3), 3.48-3.56 (m, 2H, Cy 1,4-H), 3.92 (s, 3H,
COOCH3), 441 (s, 1H, NH), 8.98 (s, 1H, Pyr). '3C NMR (101 MHz, CDCl3): éc ppm 26.4
(CH3), 28.6 (COOC(CHj3)3), 30.5 (Cy 2 x CHy), 33.4 (Cy 2 x CHy), 41.5 (Cy C-1),49.4 (Cy
C-4), 52.6 (COOCH3), 79.2 (COOC(CH3)3), 119.9 (Pyr C-5), 155.3 (COOC(CH3)3), 158.7 (Pyr
C-6), 165.7 (COOCH3), 170.4 (Pyr C-4), 175.0 (Pyr C-2). ’'N-NMR (71 MHz, CDCl3): én
ppm —100.2 (Pyr 1-N), —90.8 (Pyr 3-N), N-Boc was not found. IR (FT-IR, Vmax, cm~1): 3348
(N-H), 2930 (CHayipn), 1726 (C=0), 1674 (C=0), 1518, 1433, 1272, 1163 (C=C, C-N, C-O-C).
HRMS (ESI*) C18Hy7N3NaOy ([M+Na]*) caled. 372.1894, found 372.1892.

Methyl 4-{cis-4-[(tert-butoxycarbonyl)amino]cyclohexyl}-2-methylpyrimidine-5
-carboxylate (4j)

The sample was prepared from 3h (0.354 g, 1 mmol), sodium methoxide (0.108 g,
2 mmol) and acetamidine hydrochloride (0.142 g, 1.5 mmol) dissolved in dry methanol.
The reaction was stirred at r.t. for 16 h. The obtained residue was purified by column
chromatography (5iO,, eluent:ethylacetate/n-hexane, 1:8, v/v) to provide compound 4j
as a white amorphous compound. Yield 0.202 g (58%), [«]p?° = 1.2 (c 0.750, MeOH). 'H
NMR (400 MHz, CDCl3): ég ppm 1.45 (s, 9H, C(CH3)3), 1.66-1.91 (m, 8H, Cy 4 x CH)),
2.75 (s, 3H, CH3), 3.57-3.62 (m, 1H, Cy 1-H), 3.91-3.94 (m, 4H, COOCH3;, Cy 4-H), 4.96
(s, 1TH, NH), 8.98 (s, 1H, Pyr). '3C NMR (101 MHz, CDCl3): dc ppm 26.2 (Cy CH,),
26.4 (CHj), 28.6 (COOC(CH3)3), 30.3 (Cy 3 x CHy), 41.4 (Cy C-1), 45.1 (Cy C-4), 52.6
(COOCH3), 79.2 (COOC(CH3)3), 119.9 (Pyr C-5), 155.4 (COOC(CH3)3), 158.7 (Pyr C-6),
165.6 (COOCHj3), 170.2 (Pyr C-2), 175.0 (Pyr C-4). >'N-NMR (71 MHz, CDCl3): dy ppm
—99.2 (Pyr 1-N), —91.4 (Pyr 3-N), N-Boc was not found. IR (FT-IR, vmax, cm1): 3338 (N-H),
2933 (CHaipn), 1727 (C=0), 1673 (C=0), 1520, 1260, 1165, 1093 (C=C, C-N, C-O-C). HRMS
(ESI*) C18Hp7N3NaOy4 ([M+Na]*) caled. 372.1894, found 372.1894.

Tert-butyl (2R)-2-[5-(methoxycarbonyl)-2-methylpyrimidin-4-ylJmorpholine-4
-carboxylate (4k)

The sample was prepared from 3e (0.342 g, 1 mmol), sodium methoxide (0.108 g,
2 mmol) and acetamidine hydrochloride (0.142 g, 1.5 mmol) dissolved in dry methanol.
The reaction was stirred at r.t. for 16 h. The obtained residue was purified by column
chromatography (5iO,, eluent:ethylacetate/n-hexane, 1:8, v/v) to provide compound 4k as
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a colorless liquid. Yield 0.236 g (70%), [¢]p?° = —53.1 (c 0.250, MeOH). 'H NMR (400 MHz,
CDCl3): 6y ppm 1.47 (s, 9H, C(CH3)3), 2.80 (s, 3H, CH3), 3.02-3.23 (m, 2H, Morph 3,5-H),
3.69 (t, ] = 11.7 Hz, 1H, Morph 6-H), 3.88-4.05 (m, 5H, COOCH3, Morph 5,6-H), 4.16-4.34
(m, 1H, Morph 3-H), 5.17-5.19 (m, 1H, Morph 2-H), 9.03 (s, 1H, Pyr). '*C NMR (101 MHz,
CDCl3): éc ppm 26.6 (CH3), 28.5 (COOC(CH3)3), 43.3 (Morph C-5), 47.0 (Morph C-3),
52.8 (COOCH3), 67.3 (Morph C-6), 75.2 (Morph C-2), 80.3 (COOC(CHj3)3), 120.6 (Pyr C-5),
154.7 (COOC(CH3)3), 158.9 (Pyr C-6), 165.1 (COOCH3), 165.8 (Pyr C-4), 170.9 (Pyr C-2).
I’N-NMR (71 MHz, CDCl3): 65 ppm —298.6 (N-Boc), —93.5 (Pyr 1-N), Pyr 3-N was not
found. IR (FT-IR, Vimax, cm™1): 2972, 2929, 2861 (CHyjiph), 1731 (C=0), 1694 (C=0), 1574,
1415, 1250, 1165, 1100 (C=C, C-N, C—O-C). HRMS (ESI*) C14H24N305 ([M+H]*) calcd.
338.1710, found 338.1710.

Tert-butyl (25)-2-[5-(methoxycarbonyl)-2-methylpyrimidin-4-ylJmorpholine-4
-carboxylate (41)

The sample was prepared from 3f (0.342 g, 1 mmol), sodium methoxide (0.108 g,
2 mmol) and acetamidine hydrochloride (0.142 g, 1.5 mmol) dissolved in dry methanol.
The reaction was stirred at r.t. for 16 h. The obtained residue was purified by column
chromatography (5iO,, eluent:ethylacetate /n-hexane, 1:8, v/v) to provide compound 41
as a white amorphous compound. Yield 0.212 g (63%), [«]p?° = 53,2 (c 0.245, MeOH). 'H
NMR (400 MHz, CDCl3): é¢1 ppm 1.48 (s, 9H, C(CH3)3), 2.81 (s, 3H, CH3), 3.05-3.22 (m, 2H,
Morph 3,5-H), 3.70 (t, ] = 11.7 Hz, 1H, Morph 6-H), 3.84-4.06 (m, 5H, COOCHj3, Morph
5,6-H), 4.18-4.36 (m, 1H, Morp 3-H), 5.18-5.20 (m, 1H, Morph 2-H), 9.04 (s, 1H, Pyr). 13C
NMR (101 MHz, CDCly): é¢c ppm 26.5 (CH3), 28.5 (COOC(CH3)3), 43.3 (Morph C-5), 47.1
(Morph C-3), 52.9 (COOCH3), 67.3 (Morph C-6), 75.2 (Morph C-2), 80.3 (COOC(CHs)3),
120.7 (Pyr C-5), 154.7 (COOC(CH3)3), 158.7 (Pyr C-6), 165.1 (COOCH3), 166.0 (Pyr C-4),
170.8 (Pyr C-2). '>N-NMR (71 MHz, CDCl3): dy ppm —299.5 (N-Boc), —93.5 (Pyr 1-N),
Pyr 3-N was not found. IR (FT-IR, vpax, cm™1): 2966, 2920, 2865 (CHajipn), 1724 (C=0),
1684 (C=0), 1572, 1423, 1274, 1166, 1104 (C=C, C-N, C-O-C). HRMS (ESI*) C16H24N305
([M+H]*) caled. 338.1710, found 338.1710.

Methyl 4-{trans-4-[(tert-butoxycarbonyl)amino]cyclohexyl}-2-cyclopropylpyrimidine-5-
carboxylate (4m)

The sample was prepared from 3g (0.354 g, 1 mmol), sodium methoxide (0.108 g,
2 mmol) and cyclopropanecarboximidamide hydrochloride (0.181 g, 1.5 mmol) dissolved
in dry methanol. The reaction was stirred at r.t. for 16 h. The obtained residue was purified
by column chromatography (SiO,, eluent:ethylacetate/n-hexane, 1:8, v/v) to provide
compound 4m as a white amorphous compound. Yield 0.150 g (40%), [a]p2 = —15.5 (c
0.536, MeOH). 'H NMR (400 MHz, CDCl3): 65 ppm 1.13-1.30 (m, 6H, Cpr 2 x CH,, Cy
H), 1.45 (s, 9H, C(CH3)3), 1.75-1.84 (m, 4H, Cy H), 2.08-2.12 (m, 2H, Cy H), 2.25-2.31 (m,
1H, Cpr CH), 3.49-3.57 (m, 2H, Cy 1,4-H), 3.90 (s, 3H, COOCHj3), 4.43 (s, 1H, NH), 8.92
(s, 1H, Pyr). 13C NMR (101 MHz, CDCl3): éc ppm 12.3 (Cpr 2 x CHy), 18.6 (Cpr CH),
28.6 (COOC(CH3)3), 30.4 (Cy 2 x CHy), 33.4 (Cy 2 x CHy), 41.4 (Cy C-1), 49.5 (Cy C-4),
52.5 (COOCH3), 79.3 (COOC(CH3)3), 119.3 (Pyr C-5), 155.4 (COOC(CHj3)3), 158.3 (Pyr C-6),
165.6 (COOCHj3), 174.2 (Pyr C-4), 175.1 (Pyr C-2). ’N-NMR (71 MHz, CDCl3): 5N ppm
—282.7 (N-Boc), —111.1 (Pyr 1-N), —102.0 (Pyr 3-N). IR (FT-IR, vmax, cm~1): 3356 (N-H),
2934 (CHajiph), 1724 (C=0), 1674 (C=0), 1512, 1453, 1265, 1163 (C=C, C-N, C-O-C). HRMS
(ESI™) CypHy9N3NaOy ([M+Na]*) caled. 398.2050, found 398.2051.
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Methyl 4-{cis-4-[(tert-butoxycarbonyl)amino]cyclohexyl}-2-cyclopropylpyrimidine-5
-carboxylate (4n)

The sample was prepared from 3h (0.354 g, 1 mmol), sodium methoxide (0.108 g,
2 mmol) and cyclopropanecarboximidamide hydrochloride (0.181 g, 1.5 mmol) dissolved
in dry methanol. The reaction was stirred at r.t. for 16 h. The obtained residue was
purified by column chromatography (SiO,, eluent:ethylacetate/n-hexane, 1:8, v/v) to
provide compound 4n as a white amorphous compound. Yield 0.173 g (46%), [a]p =154
(c 0.525, MeOH). 'H NMR (400 MHz, CDCl3): dy ppm 1.14-1.25 (m, 5H, Cpr 2 x CH,,
Cy CH), 1.47 (s, 9H, C(CH3)3), 1.67-1.90 (m, 8H, Cy 4 x CHy), 2.29-2.34 (m, 1H, Cpr CH),
3.59-3.64 (m, 1H, Cy 1-H), 3.91 (s, 3H, COOCHj3), 4.89 (s, 1H, NH), 8.93 (s, 1H, Pyr). 13C
NMR (101 MHz, CDCl3): éc ppm 12.2 (Cpr 2 x CHy), 18.8 (Cpr CH), 26.3 (Cy 2 x CHy),
28.6 (COOC(CH3)3), 30.3 (Cy 2 x CHjy), 41.1 (Cy C-1), 45.3 (Cy C-4), 52.5 (COOCH3), 79.3
(COOC(CH3)3), 119.3 (Pyr C-5), 155.4 (COOC(CH3)3), 158.7 (Pyr C-6), 165.7 (COOCH3),
174.2 (Pyr C-4), 174.7 (Pyr C-2). ’'N-NMR (71 MHz, CDCl3): 55 ppm —109.9 (Pyr 1-N),
Pyr 3-N and N-Boc were not found. IR (FT-IR, Vmax, cm1): 3266 (N-H), 2938 (CHaliph),
1722 (C=0), 1699 (C=0), 1532, 1282, 1165 (C=C, C-N, C-O-C). HRMS (ESI*) C9H3yN30O4
(IM+H]*) caled. 376.2231, found 376.2231.

Tert-butyl (2R)-2-[2-cyclopropyl-5-(methoxycarbonyl)pyrimidin-4-ylJmorpholine-4
-carboxylate (40)

The sample was prepared from 3e (0.342 g, 1 mmol), sodium methoxide (0.108 g,
2 mmol) and cyclopropanecarboximidamide hydrochloride (0.181 g, 1.5 mmol) dissolved
in dry methanol. The reaction was stirred at r.t. for 16 h. The obtained residue was
purified by column chromatography (SiO;, eluent:ethylacetate/n-hexane, 1:8, v/v) to
provide compound 40 as a white amorphous compound. Yield 0.258 g (71%), [a]p®
= —45.3 (c 0.450, MeOH). 'H NMR (400 MHz, CDCl3): dy ppm 1.13-1.24 (m, 4H, Cpr
2 x CHy), 1.47 (s, 9H, C(CH3)3), 2.32-2.38 (m, 1H, Cpr CH), 3.02-3.10 (m, 1H, Morph 5-H),
3.20-3.26 (m, 1H, Morph 3-H), 3.65-3.70 (m, 1H, Morph 6-H), 3.86—4.04 (m, 5H, COOCHj,
Morph 5,6-H), 4.14-4.34 (m, 1H, Morp 3-H), 5.12-5.15 (m, 1H, Morph 2-H), 8.93 (s, 1H,
Pyr). 3C NMR (101 MHz, CDCl3): éc ppm 12.5 (Cpr 2 x CH,), 18.9 (Cpr CH), 28.5
(COOC(CH3)3), 43.4 (Morph C-5), 46.5 (Morph C-3), 52.7 (COOCH3), 67.2 (Morph C-6),
74.8 (Morph C-2), 80.3 (COOC(CHj3)3), 120.3 (Pyr C-5), 154.7 (COOC(CHs)3), 158.7 (Pyr
C-6), 165.3 (COOCHS3), 165.5 (Pyr C-4), 174.7 (Pyr C-2). "'N-NMR (71 MHz, CDCl3): 6
ppm —299.5 (N-Boc), —104.1 (Pyr 1-N), —102.4 (Pyr 3-N). IR (FT-IR, Vmax, cm~1): 2978, 2859
(CHaiiph), 1727 (C=0), 1685 (C=0), 1576, 1431, 1266, 1166, 1101 (C=C, C-N, C-O-C). HRMS
(ESI*) C18H26N305 ([IM+H]*) caled. 364.1867, found 364.1866.

Tert-butyl (25)-2-[2-cyclopropyl-5-(methoxycarbonyl)pyrimidin-4-ylJmorpholine-4
-carboxylate (4p)

The sample was prepared from 3f (0.342 g, 1 mmol), sodium methoxide (0.108 g,
2 mmol) and cyclopropanecarboximidamide hydrochloride (0.181 g, 1.5 mmol) dissolved
in dry methanol. The reaction was stirred at r.t. for 16 h. The obtained residue was
purified by column chromatography (SiO,, eluent:ethylacetate/n-hexane, 1:8, v/v) to
provide compound 4p as a white amorphous compound. Yield 0.320 g (88%), [a]p?° = 45.4
(c 0.445, MeOH). 'H NMR (400 MHz, CDCl3): 6y ppm 1.13-1.24 (m, 4H, Cpr 2 x CHp), 1.48
(s, 9H, C(CHg3)3), 2.31-2.36 (m, 1H, Cpr CH), 3.05-3.11 (m, 1H, Morph 5-H), 3.20-3.28 (m,
1H, Morph 3-H), 3.69 (t, ] = 11.7 Hz, 1H, Morph 6-H), 3.87-4.05 (m, 5H, COOCHjz, Morph
5,6-H), 4.13-4.33 (m, 1H, Morph 3-H), 5.13-5.15 (m, 1H, Morph 2-H), 8.94 (s, 1H, Pyr). 13C
NMR (101 MHz, CDCl): éc ppm 12.4 (Cpr CHy), 12.5 (Cpr CHy), 19.0 (Cpr CH), 28.5
(COOC(CH3)3), 43.5 (Morph C-5), 46.5 (Morph C-3), 52.7 (COOCH3), 67.2 (Morph C-6), 74.9
(Morph C-2), 80.3 (COOC(CHj3)3), 120.3 (Pyr C-5), 154.8 (COOC(CHj3)3), 158.9 (Pyr C-6),
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165.3 (COOCHj3), 165.4 (Pyr C-4), 174.8 (Pyr C-2). SN-NMR (71 MHz, CDCl3): dy ppm
—299.5 (N-Boc), —103.0 (Pyr 1-N), —102.4 (Pyr 3-N). IR (FT-IR, Vmax, cm~1): 2978, 2919,
2859 (CH,jipn), 1728 (C=0), 1686 (C=0), 1575, 1430, 1265, 1165, 1100 (C=C, C-N, C-O-C).
HRMS (ESI*) C13H5N3NaOs5 ([M+Na]*) caled. 386.1686, found 386.1686.

3.2.5. General Procedure for the Preparation of Compounds 6a—-d

Method A. The corresponding B-enamino keto ester 3a-d (1 equiv.), sodium methoxide
(2 equiv.) and 2-chloroacetimidamide hydrochloride (1.5 equiv.) were dissolved in dry
methanol, and the reaction mixture was stirred at room temperature for 16 h. The resulting
solution was concentrated under reduced pressure and purified by flash chromatography
to provide products 6a—d.

Method B. The corresponding B-keto ester 2a—d (1 equiv.) was dissolved in ethanoic
anhydride (7.2 equiv.) and trimethyl orthoformate (7.2 equiv.) were added. The reaction
mixture was stirred at 110 °C for 4 h. After removal of the solvent in vacuo, the obtained
residue 5a—d (1 equiv.) and 2-chloroacetimidamide hydrochloride (1.5 equiv.) were dis-
solved in dry methanol, then triethylamine (2 equiv.) was added dropwise. The reaction
mixture was stirred at r.t. for 2 h. The resulting solution was concentrated under reduced
pressure and purified by flash chromatography to provide products 6a—d.

Methyl 4-[(3R)-1-(tert-butoxycarbonyl)piperidin-3-yl]-2-(chloromethyl)pyrimidine-5
-carboxylate (6a)

The sample was prepared from 5a (0.327 g, 1 mmol) and 2-chloroacetimidamide
hydrochloride (0.194 g, 1.5 mmol) dissolved in dry methanol. Then triethylamine (0.28 mL,
2 mmol) was added dropwise and the reaction mixture was stirred at r.t. for 2 h. The
obtained residue was purified by column chromatography (5iO,, eluent:ethylacetate /-
hexane, 1:6, v/v) to provide compound 6a as a colorless liquid. Yield 0.317 g (86%), [a]pZ°
= —49.4 (c 0.664, MeOH). 'H NMR (400 MHz, CDCl;): dy ppm 1.44 (s, 9H, C(CH3)3),
1.59-1.65 (m, 1H, Pip 5-H), 1.71-1.77 (m, 2H, Pip 4,5-H), 1.96-2.02 (m, 1H, Pip 4-H), 2.78
(t, ] = 11.5 Hz, 1H, Pip 6-H), 3.15-3.21 (m, 1H, Pip 2-H), 3.64-3.70 (m, 1H, Pip 3-H), 3.95
(s, 3H, COOCH3), 4.07-4.22 (m, 2H, Pip 2,6-H), 4.71 (s, 2H, CH,-Cl), 9.11 (s, 1H, Pyr). 13C
NMR (101 MHz, CDCl3): ¢ ppm 25.1 (Pip C-5), 28.6 (COOC(CH3)3), 30.7 (Pip C-4),41.0
(Pip C-3), 44.3 (Pip C-6), 46.7 (CH»-Cl), 47.6 (Pip C-2), 52.9 (COOCH3), 79.6 (COOC(CHas)3),
121.9 (Pyr C-5), 154.8 (COOC(CH3)3), 159.7 (Pyr C-6), 164.9 (COOCH3), 167.4 (Pyr C-2),
173.1 (Pyr C-4). >N NMR (71 MHz, CDCl3): §N ppm —96.6 (Pyr 1-N), —90.7 (Pyr 3-N),
N-Boc was not found. IR (FT-IR, Viax, cm™1): 2936 (CHaiipn), 1730 (C=0), 1688 (C=0), 1570,
1419, 1167 (C=C, C-N, C-O-C). HRMS (ESI*) C17H5CIN3O4 ([M+H]") calcd. 370.1528,
found 370.1528.

Methyl 4-[(35)-1-(tert-butoxycarbonyl)piperidin-3-yl]-2-(chloromethyl)pyrimidine-5
-carboxylate (6b)

The sample was prepared from 5b (0.327 g, 1 mmol) and 2-chloroacetimidamide
hydrochloride (0.194 g, 1.5 mmol) dissolved in dry methanol. Then triethylamine (0.28 mL,
2 mmol) was added dropwise and the reaction mixture was stirred at r.t. for 2 h. The
obtained residue was purified by column chromatography (SiO;, eluent:ethylacetate/n-
hexane, 1:6, v/v) to provide compound 6b as a colorless liquid. Yield 0.273 g (74%),
[«]p?° = 49.5 (c 0.650, MeOH). 'H NMR (400 MHz, CDCl3): 655 ppm 1.45 (s, 9H, C(CH3)3),
1.60-1.66 (m, 1H, Pip 5-H), 1.72-1.80 (m, 2H, Pip 4,5-H), 2.01-2.03 (m, 1H, Pip 4-H), 2.79
(t, ] =12.7 Hz, 1H, Pip 6-H), 3.16-3.22 (m, 1H, Pip 2-H), 3.66-3.70 (m, 1H, Pip 3-H), 3.96
(s, 3H, COOCH3), 4.15-4.18 (m, 2H, Pip 2,6-H), 4.73 (s, 2H, CH,-Cl), 9.12 (s, 1H, Pyr). 13C
NMR (101 MHz, CDCl3): éc ppm 25.1 (Pip C-5), 28.6 (COOC(CH3)3), 30.7 (Pip C-4), 41.0
(Pip C-3), 44.2 (Pip C-6), 46.7 (CH,-Cl), 47.7 (Pip C-2), 52.9 (COOCH3), 79.7 (COOC(CH3)3),
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122.0 (Pyr C-5), 154.9 (COOC(CH3)3), 159.7 (Pyr C-6), 164.9 (COOCH3;), 167.4 (Pyr C-2),
173.2 (Pyr C-4). S'N-NMR (71 MHz, CDCl3): éN ppm —97.2 (Pyr 1-N), —90.8 (Pyr 3-N),
N-Boc was not found. IR (FT-IR, Vmax, cm ™ 1): 2935 (CHajiph), 1730 (C=0), 1688 (C=0), 1570,
1419, 1167 (C=C, C-N, C-O-C). HRMS (ESI*) C17H,4CIN3NaOy4 ([M+Na]*) caled. 392.1348,
found 392.1349.

Methyl 4-[(2R)-1-(tert-butoxycarbonyl)piperidin-2-yl]-2-(chloromethyl)pyrimidine-5
-carboxylate (6¢)

The sample was prepared from 5¢ (0.327 g, 1 mmol) and 2-chloroacetimidamide hy-
drochloride (0.194 g, 1.5 mmol) dissolved in dry methanol. Then triethylamine (0.28 mL, 2
mmol) was added dropwise and the reaction mixture was stirred at r.t. for 2 h. The obtained
residue was purified by column chromatography (5iO;, eluent:ethylacetate/n-hexane, 1:6,
v/v) to provide compound 6c as a yellowish oil. Yield 0.210 g (57%), [2]p2° = 26.6 (c 0.491,
MeOH). 'H NMR (400 MHz, CDCl3): 6y ppm 1.22-1.41 (m, 10H, C(CHs)3, Pip 4-H),
1.52-1.54 (m, 2H, Pip 4,5-H), 1.77 (s, 1H, Pip 5-H), 1.89-1.91 (m, 1H, Pip 3-H), 1.98-2.05
(m, 1H, Pip 3-H), 3.64-3.71 (m, 1H, Pip 6-H), 3.94 (s, 3H, COOCHj3), 3.99-4.02 (m, 1H, Pip
6-H), 4.70 (s, 2H, CH,-Cl), 5.94 (s, 1H, Pip 2-H), 9.12 (s, 1H, Pyr). 3C NMR (101 MHz,
CDClg): 6¢c ppm 18.7 (Pip C-4), 24.7 (Pip C-5), 28.3 (COOC(CH3)3), 29.0 (Pip C-3), 42.7 (Pip
C-6), 46.8 (CH,-Cl), 52.9 (COOCH3), 53.1 (Pip C-2), 79.7 (COOC(CHj3)3), 120.9 (Pyr C-5),
156.1 (COOC(CH3)3), 159.8 (Pyr C-6), 164.7 (COOCH3), 166.9 (Pyr C-2), 174.5 (Pyr C-4).
I5N-NMR (71 MHz, CDCl3): é5 ppm —96.9 (Pyr 1-N), —92.0 (Pyr 3-N), N-Boc was not
found. IR (FT-IR, Vmax, cm™1): 2940 (CHalipn), 1729 (C=0), 1689 (C=0), 1572, 1363, 1273,
1159 (C=C, C-N, C-O-C). HRMS (ESI*) C17H5CIN3O4 (IM+H]") caled. 370.1528, found
370.1528.

Methyl 4-[(2S)-1-(tert-butoxycarbonyl)piperidin-2-yl]-2-(chloromethyl)pyrimidine-5
-carboxylate (6d)

The sample was prepared from 5d (0.327 g, 1 mmol) and 2-chloroacetimidamide hy-
drochloride (0.194 g, 1.5 mmol) dissolved in dry methanol. Then triethylamine (0.28 mL, 2
mmol) was added dropwise and the reaction mixture was stirred at r.t. for 2 h. The obtained
residue was purified by column chromatography (SiO,, eluent:ethylacetate/n-hexane, 1:6,
v/v) to provide compound 6d as a yellowish oil. Yield 0.199 g (54%), [2]p° = —26.6 (c 0.515,
MeOH). 'H NMR (400 MHz, CDCl3): 8y ppm 1.24-1.27 (m, 10H, C(CH3)3, Pip 4-H),
1.52-1.54 (m, 2H, Pip 4,5-H), 1.77 (s, 1H, Pip 5-H), 1.89-1.91 (m, 1H, Pip 3-H), 1.97-2.05
(m, 1H, Pip 3-H), 3.64-3.71 (m, 1H, Pip 6-H), 3.94 (s, 3H, COOCH3), 3.98-4.01 (m, 1H, Pip
6-H), 4.70 (s, 2H, CH,-Cl), 5.94 (s, 1H, Pip 2-H), 9.12 (s, 1H, Pyr). 3C NMR (101 MHz,
CDCl3): 6c ppm 18.8 (Pip C-4), 24.7 (Pip C-5), 28.3 (COOC(CHj3)3), 29.0 (Pip C-3), 42.7
(Pip C-6), 46.8 (CH,-Cl), 52.9 (COOCH3), 53.1 (Pip C-2), 79.7 (COOC(CH3)3), 120.9 (Pyr
C-5), 156.0 (COOC(CHs)3), 159.8 (Pyr C-6), 164.7 (COOCH3), 166.9 (Pyr C-2), 174.5 (Pyr
C-4). >'N-NMR (71 MHz, CDCl3): 5 ppm —96.8 (Pyr 1-N), —91.9 (Pyr 3-N), N-Boc was
not found. IR (FT-IR, vmax, cm~1): 2938 (CHajipn), 1729 (C=0), 1690 (C=0), 1571, 1363,
1273, 1159 (C=C, C-N, C-O-C). HRMS (ESI*) C;7H54CIN3NaOy ([M+Na]*) calcd. 392.1348,
found 392.1355.

3.2.6. General Procedure for Compounds 7a,b

An appropriate amount of B-keto ester 2a,b (1 equiv.) was dissolved in methylene chlo-
ride and cooled to 0 °C, then pyridine (2 equiv.) was added. Maintaining the temperature
at 0 °C, MgCl, (1 equiv.) was added in portions and stirred for 20 min. After 20 min. acetyl
chloride (1.2 equiv.) was dissolved in methylene chloride, added in portion and the reaction
was stirred at r.t. for 1 h. The resulting solution was quenched with saturated aq. NH,Cl
solution (15 mL) and extracted with diethyl ether (2 x 10 mL). The organic layer was dried
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with anhydrous sodium sulfate, filtered, and then concentrated under reduced pressure.
The obtained residue was directly used in the next step without further purification.

3.2.7. General Procedure for Compounds 8a,b

The obtained acetoacetate 7a,b (1 equiv.) and cesium carbonate (1.1 equiv.) were dis-
solved in acetonitrile and cooled to 0 °C. Methyl trifluoromethanesulfonate was added drop-
wise, and the reaction was stirred at r.t. for 1 h. The resulting solution was quenched with
water (10 mL) and extracted with ethylacetate (2 x 15 mL) and brine. The organic layer was
dried with anhydrous sodium sulfate, filtered, and then concentrated under reduced pres-
sure. The obtained residue was directly used in the next step without further purification.

3.2.8. General Procedure for Compounds 9a,b

Diketoester 8a,b (1 equiv.), sodium methoxide (2 equiv.) and 2-chloroacetimidamide
hydrochloride (1.5 equiv.) were dissolved in dry methanol, and the reaction was stirred at
r.t. for 16 h. The resulting solution was concentrated under reduced pressure and purified
by flash chromatography to provide products 9a,b.

Methyl 4-[(3R)-1-(tert-butoxycarbonyl)piperidin-3-yl]-2-(chloromethyl)-6-methylpyrimidine-5
-carboxylate (9a)

The obtained diketoester 8a (0.341 g, 1 mmol), sodium methoxide (0.108 g, 2 equiv.) and
2-chloroacetimidamide hydrochloride (0.194 g, 1.5 mmol) were dissolved in dry methanol,
and the reaction was stirred at r.t. for 16 h. The obtained residue was purified by column
chromatography (SiO,, eluent:ethylacetate /n-hexane, 1:6, v/v) to provide compound 9a as
a colorless liquid. Yield 0.253 g (66%), [x]p?° = —21.5 (c 0.718, MeOH). 'H NMR (400 MHz,
CDCl): 6y ppm 1.45-1.61 (m, 10H, C(CH3)3, Pip 5-H), 1.73-1.92 (m, 3H, Pip 4,5-H), 2.53
(s, 3H, Pyr 6-CH3), 2.69-2.82 (m, 2H, Pip 3,6-H), 3.04-3.10 (m, 1H, Pip 2-H), 3.98 (s, 3H,
COOCH3;), 4.16 (s, 2H, Pip 2,6-H), 4.65 (s, 2H, CH,-Cl). 13C NMR (101 MHz, CDCls): d¢
ppm 22.9 (Pyr C6-CH3), 25.0 (Pip C-5), 28.6 (COOC(CH3)3), 30.1 (Pip C-4), 42.1 (Pip C-3),
44.0 (Pip C-6), 46.9 (CH,-Cl), 48.1 (Pip C-2), 53.0 (COOCH3), 79.7 (COOC(CH3)3), 125.2
(Pyr C-6), 154.8 (COOC(CH3)3), 165.2 (Pyr C-5), 165.4 (Pyr C-2), 167.7 (COOCH3), 168.6
(Pyr C-4). P'N-NMR (71 MHz, CDCl3): 6y ppm —98.6 (Pyr 3-N), —94.8 (Pyr 1-N), N-Boc
was not found. IR (FT-IR, Viayx, cm™1): 2940 (CHaiipn), 1731 (C=0), 1690 (C=0), 1551, 1419,
1243, 1146, 1088 (C=C, C-N, C-O-C). HRMS (ESI*) C1gH¢CIN3NaO; ([M+Na]*) calcd.
406.1504, found 406.1506.

Methyl 4-[(35)-1-(tert-butoxycarbonyl)piperidin-3-yl]-2-(chloromethyl)-6-methylpyrimidine-5
-carboxylate (9b)

The obtained diketoester 8b (0.341 g, 1 mmol), sodium methoxide (0.108 g, 2 equiv.)
and 2-chloroacetimidamide hydrochloride (0.194 g, 1.5 mmol) were dissolved in dry
methanol, and the reaction was stirred at r.t. for 16 h. The obtained residue was puri-
fied by column chromatography (SiO,, eluent:ethylacetate /n-hexane, 1:6, v/v) to provide
compound 9b as a colorless liquid. Yield 0.199 g (52%), [a]p2° = 21.4 (c 0.650, MeOH). 'H
NMR (400 MHz, CDCl3): 6y ppm 1.44-1.54 (m, 10H, C(CH3)s, Pip 5-H), 1.73-1.91 (m, 3H,
Pip 4,5-H), 2.53 (s, 3H, Pyr 6-CHj), 2.69-2.82 (m, 2H, Pip 3,6-H), 3.04-3.10 (m, 1H, Pip 2-H),
3.97 (s, 3H, COOCH3), 4.15 (s, 2H, Pip 2,6-H), 4.65 (s, 2H, CH,-Cl). 13C NMR (101 MHz,
CDCly): 6¢c ppm 22.9 (Pyr C6-CH3), 25.0 (Pip C-5), 28.6 (COOC(CH3)3), 30.1 (Pip C-4), 42.1
(Pip C-3), 44.1 (Pip C-6), 46.9 (CH,-Cl), 48.1 (Pip C-2), 53.0 (COOCH3), 79.7 (COOC(CH3s)3),
125.2 (Pyr C-6), 154.8 (COOC(CH3)3), 165.2 (Pyr C-5), 165.3 (Pyr C-2), 167.7 (COOCH3),
168.6 (Pyr C-4). I5N-NMR (71 MHz, CDCl3): dn ppm —98.8 (Pyr 3-N), —94.8 (Pyr 1-N),
N-Boc was not found. IR (FT-IR, Viay, cm™1): 2932 (CHaiipn), 1731 (C=0), 1690 (C=0), 1552,
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1420, 1243, 1146, 1088 (C=C, C-N, C-O-C). HRMS (ESI*) C15H,7CIN30; ([M+H]*) calcd.
384.1685, found 384.1685.

3.2.9. General Procedure for Compounds 9¢,d

An appropriate compound 8a,b (1 equiv.), sodium acetate anhydrous (4.2 equiv.) and
2-methyl-2-thiopseudourea hemisulfate (1.4 equiv.) were dissolved in dry methanol and
stirred at r.t. for 16 h. The resulting solution was concentrated under reduced pressure and
purified by flash chromatography to provide products 9¢,d.

Methyl 4-[(3R)-1-(tert-butoxycarbonyl)piperidin-3-yl]-6-methyl-2-(methylsulfanyl)pyrimidine-5
-carboxylate (9¢)

The sample was prepared from 8a (0.341 g, 1 mmol), sodium acetate anhydrous
(0.345 g, 4.2 mmol) and 2-methyl-2-thiopseudourea hemisulfate (0.390 g, 1.4 mmol) dis-
solved in dry methanol and the reaction was stirred at r.t. for 16 h. The obtained residue
was purified by column chromatography (S5iO,, eluent:ethylacetate/n-hexane, 1:6, v/v) to
provide compound 9c as a colorless liquid. Yield 0.183 g (48%), [2]p%° = —41.9 (¢ 0.610,
MeOH). 'H NMR (400 MHz, CDCl3): dyy ppm 1.45 (s, 9H, C(CH3)3), 1.50~1.61 (m, 1H, Pip
5-H), 1.73-1.82 (m, 2H, Pip 4,5-H), 1.94-1.97 (m, 1H, Pip 4-H), 2.49 (s, 3H, Pyr 6-CH3), 2.57
(s, 3H, S-CH3), 2.70-2.77 (m, 1H, Pip 6-H), 2.80-2.85 (m, 1H, Pip 3-H), 3.03-3.09 (m, 1H, Pip
2-H), 3.94 (s, 3H, COOCHj3), 4.12-4.19 (m, 2H, Pip 2,6-H). 13C NMR (101 MHz, CDCl3): 5¢
ppm 14.3 (S-CH3), 22.8 (Pyr C6-CHs), 25.0 (Pip C-5), 28.6 (COOC(CH3)3), 30.3 (Pip C-4),
42.2 (Pip C-3), 44.1 (Pip C-6), 48.1 (Pip C-2), 52.8 (COOCH3), 79.7 (COOC(CHj3)3), 121.5
(Pyr C-5), 154.8 (COOC(CH3)3), 164.9 (Pyr C-6), 167.7 (COOCH3), 168.8 (Pyr C-4), 172.4
(Pyr C-2). S'N-NMR (71 MHz, CDCl3): 5y ppm —108.9 (Pyr 1-N), Pyr 3-N and N-Boc were
not found. IR (FT-IR, Vmax, cm™1): 2930 (CHaiipn), 1727 (C=0), 1689 (C=0), 1533, 1418,
1220 (C=C, C-N, C-0O-C). HRMS (ESI*) C1gHsN304S ([IM+H]*) calcd. 382.1795, found
382.1795.

Methyl 4-[(3S)-1-(tert-butoxycarbonyl)piperidin-3-yl]-6-methyl-2-(methylsulfanyl)pyrimidine-5
-carboxylate (9d)

The sample was prepared from 8b (0.341 g, 1 mmol), sodium acetate anhydrous
(0.345 g, 4.2 mmol) and 2-methyl-2-thiopseudourea hemisulfate (0.390 g, 1.4 mmol) dis-
solved in dry methanol and the reaction was stirred at r.t. for 16 h. The obtained residue
was purified by column chromatography (5iO,, eluent:ethylacetate/n-hexane, 1:6, v/v)
to provide compound 9d as a colorless liquid. Yield 0.145 g (38%), [«]p?° = 41.8 (c 0.650,
MeOH). 'H NMR (400 MHz, CDCl3): oy ppm 1.45 (s, 9H, C(CH3)3), 1.50~1.61 (m, 1H, Pip
5-H), 1.73-1.86 (m, 2H, Pip 4,5-H), 1.94-1.97 (m, 1H, Pip 4-H), 2.49 (s, 3H, Pyr 6-CH3), 2.57
(s, 3H, S-CH3), 2.70-2.77 (m, 1H, Pip 6-H), 2.79-2.85 (m, 1H, Pip 3-H), 3.03-3.09 (m, 1H, Pip
2-H), 3.94 (s, 3H, COOCHj3;), 4.12-4.19 (m, 2H, Pip 2,6-H). 13C NMR (101 MHz, CDCl3): 5¢
ppm 14.3 (S-CH3), 22.7 (Pyr C6-CH3), 25.0 (Pip C-5), 28.6 (COOC(CH3)3), 30.3 (Pip C-4),
42.2 (Pip C-3), 44.1 (Pip C-6), 48.1 (Pip C-2), 52.8 (COOCH3), 79.7 (COOC(CH3)3), 121.5
(Pyr C-5), 154.8 (COOC(CH3)3), 164.9 (Pyr C-6), 167.7 (COOCH3), 168.8 (Pyr C-4), 172.3
(Pyr C-2). ’'N-NMR (71 MHz, CDCl3): 65 ppm —109.2 (Pyr 1-N), Pyr 3-N and N-Boc were
not found. IR (FT-IR, Vmax, cm™1): 2929 (CHyjiph), 1727 (C=0), 1689 (C=0), 1533, 1418,
1221 (C=C, C-N, C-O-C). HRMS (ESI*) C1gH3N304S ([M+H]*) calcd. 382.1795, found
382.1796.

3.2.10. General Procedure for Compounds 10a,b

Corresponding amino acid (1 equiv.), Meldrum’s acid (1.1 equiv.) and DMAP (2 equiv.)
were dissolved in methylene chloride and cooled to 0 °C. Maintaining the temperature
at 0 °C, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (1.1 equiv.) was
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added in portions and the solution was stirred at r.t. for 16 h. The reaction mixture was
diluted with DCM (10 mL) and washed with 1M KHSOy (2 x 15 mL) and brine (15 mL).
The organic layer was dried with anhydrous sodium sulfate, filtered, and then concentrated
under reduced pressure. The crude product was dissolved in 1,4-dioxane, then acetic acid
and distilled water (2:1) were added. The reaction was stirred for 45 min at 100 °C (150 W)
under microwave conditions. The resulting mixture was evaporated, neutralised with sat.
NaHCO3 solution (10 mL) and extracted with ethylacetate (2 x 15 mL). The organic layer
was dried with anhydrous sodium sulfate, filtered, concentrated under reduced pressure
and used for further reactions.

3.2.11. General Procedure for Compounds 11a,b

NaH (60% dispersion in mineral oil, 5 equiv.) was added to a cooled (0 °C) suspension
of ketone 10a,b (1 equiv.) in dry ethyl acetate under an argon atmosphere. The reaction
was stirred at 50 °C for 16 h. The resulting solution was quenched with 10% NH4Cl aq.
solution (10 mL) and extracted with ethylacetate (2 x 15 mL). The organic layer was dried
with anhydrous sodium sulfate, filtered, concentrated under reduced pressure and purified
by flash chromatography to provide products 11a,b.

Tert-butyl (3R)-3-[(1Z)-1-hydroxy-3-oxobut-1-en-1-yl]piperidine-1-carboxylate (11a)

NaH (60% dispersion in mineral oil, 0.2 g, 5 mmol) was added to a cooled (0 °C)
suspension of ketone 10a (0.227 g, 1 mmol) in dry ethyl acetate (3 mL) under an argon
atmosphere. The reaction was stirred at 50 °C for 16 h. The resulting solution was quenched
with 10% NH4Cl aq. solution (10 mL) and extracted with ethylacetate (2 x 15 mL). The or-
ganic layer was dried with anhydrous sodium sulfate, filtered, concentrated under reduced
pressure and purified by column chromatography (SiO,, eluent:ethylacetate /n-hexane, 1:4,
v/v) to provide compound 11a as a yellowish oil. Yield 0.199 g (74%), [4]p%° = —0.8 (¢ 0.750,
MeOH). 'H NMR (400 MHz, CDCl3): dy ppm 1.45-1.49 (m, 11H, C(CH3)3, Pip 5-H),
1.60-1.63 (m, 1H, Pip 4-H), 1.67-1.72 (m, 1H, Pip 5-H), 1.91-1.95 (m, 1H, Pip 4-H), 2.06 (s,
3H, COOCH3), 2.28-2.36 (m, 1H, Pip 3-H), 2.73-2.80 (m, 1H, Pip 6-H), 2.86-2.92 (m, 1H, Pip
2-H), 3.95-3.98 (m, 1H, Pip 6-H), 4.08-4.11 (m, 1H, Pip 2-H), 5.53 (s, 1H, Pip CH), 15.48 (OH).
13C NMR (101 MHz, CDClz): éc ppm 24.5 (Pip C-5), 25.2 (COCH3), 27.8 (Pip C-4), 28.6
(COOC(CH3)3), 44.2 (Pip C-6), 44.5 (Pip C-3), 46.2 (Pip C-2), 79.8 (COOC(CH3)3), 99.1 (Pip
C-3), 154.8 (COOC(CHj3)3), 192.3 (COCH3), 194.1 (C-OH). ’'N-NMR (71 MHz, CDCl3): dy
ppm —295.0 (N-Boc). IR (FT-IR, Vpmax, cm™1): 2936 (CHaiipn), 1688 (C=0), 1417, 1147 (C=C,
C-N, C-0O-C). HRMS (ESI*) C14H3NNaO, ([M+Na]*) caled. 292.1519, found 292.1519.

Tert-butyl (35)-3-[(1Z)-1-hydroxy-3-oxobut-1-en-1-yl]piperidine-1-carboxylate (11b)

NaH (60% dispersion in mineral oil, 0.2 g, 5 mmol) was added to a cooled (0 °C)
suspension of ketone 10b (0.227 g, 1 mmol) in dry ethyl acetate (3 mL) under an argon
atmosphere. The reaction was stirred at 50 °C for 16 h. The resulting solution was quenched
with 10% NH4Cl aq. solution (10 mL) and extracted with ethylacetate (2 x 15 mL). The
organic layer was dried with anhydrous sodium sulfate, filtered, concentrated under
reduced pressure and purified by column chromatography (SiO,, eluent:ethylacetate /-
hexane, 1:4, v/v) to provide compound 11b as a yellowish oil. Yield 0.188 g (70%), [«]p?°
= 0.9 (c 0.735, MeOH). 'H NMR (400 MHz, CDCl3): 65 ppm 1.45-1.49 (m, 11H, C(CH3)3,
Pip 5-H), 1.57-1.64 (m, 1H, Pip 4-H), 1.67-1.72 (m, 1H, Pip 5-H), 1.91-1.96 (m, 1H, Pip 4-H),
2.06 (s, 3H, COOCH3), 2.29-2.36 (m, 1H, Pip 3-H), 2.73-2.80 (m, 1H, Pip 6-H), 2.86-2.92 (m,
1H, Pip 2-H), 3.95-3.98 (m, 1H, Pip 6-H), 4.08—4.12 (m, 1H, Pip 2-H), 5.54 (s, 1H, Pip CH),
15.49 (OH). 3C NMR (101 MHz, CDCl3): éc ppm 24.5 (Pip C-5), 25.2 (COCH3), 27.8 (Pip
C-4), 28.6 (COOC(CHj3)3), 43.9 (Pip C-6), 44.5 (Pip C-3), 46.1 (Pip C-2), 79.8 (COOC(CHs)3),
99.1 (Pip C-3), 154.8 (COOC(CH3)3), 192.3 (COCH3), 194.1 (C-OH). >N-NMR (71 MHz,
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CDCl3): on ppm —295.7 (N-Boc). IR (FT-IR, Vmax, cm™1): 2935 (CHaiiph), 1688 (C=0),
1417, 1146 (C=C, C-N, C-O-C). HRMS (ESI*) C14H»3NNaO, ([M+Na]*) calcd. 292.1519,
found 292.1519.

3.2.12. General Procedure for Compounds 12a,b

Corresponding B-diketone 11a,b (1 equiv.), sodium acetate anhydrous (4.2 equiv.) and
2-methyl-2-thiopseudourea hemisulfate (1.4 equiv.) were dissolved in DMF-DMA and
stirred at 100 °C for 16 h. After completion of the reaction, solution was concentrated under
reduced pressure and purified by flash chromatography to provide products 12a,b.

Tert-butyl (3R)-3-[6-methyl-2-(methylsulfanyl)pyrimidin-4-yl]piperidine-1-carboxylate (12a)

The sample was prepared from 11a (0.269 g, 1 mmol), sodium acetate anhydrous
(0.345 g, 4.2 mmol) and 2-methyl-2-thiopseudourea hemisulfate (0.390 g, 1.4 mmol) dis-
solved in N,N-dimethylmethanamide and stirred at 100 °C for 16 h. The obtained residue
was purified by column chromatography (S5iO,, eluent:ethylacetate/n-hexane, 1:6, v/v)
to provide compound 12a as a yellowish oil. Yield 0.145 g (45%), [a]p?° = —2.3 (c 0.435,
MeOH). 'H NMR (400 MHz, CDCl3): oy ppm 1.46 (s, 9H, C(CH3)3), 1.53-1.61 (m, 1H, Pip
5-H), 1.71-1.81 (m, 2H, Pip 4,5-H), 1.99-2.02 (m, 1H, Pip 4-H), 2.43 (s, 3H, Pyr 6-CH3), 2.56
(s, 3H, S-CH3), 2.68-2.73 (m, 1H, Pip 3-H), 2.78-2.84 (m, 1H, Pip 6-H), 2.97-3.07 (m, 1H, Pip
2-H), 3.97-4.10 (m, 1H, Pip 6-H), 4.14-4.24 (m, 1H, Pip 2-H), 6.71 (s, 1H, Pyr). 13C NMR (101
MHz, CDCl3): 6c ppm 14.2 (S-CH3), 23.9 (Pyr C6-CHs), 24.9 (Pip C-5), 28.6 (COOC(CHs)3),
30.0 (Pip C-4), 43.6 (Pip C-3), 44.5 (Pip C-6), 47.9 (Pip C-2), 79.8 (COOC(CH3)3), 114.2 (Pyr
C-5), 154.9 (COOC(CHj3)3), 167.3 (COOCH3), 171.1 (Pyr C-4), 171.6 (Pyr C-2). "'N-NMR
(71 MHz, CDCl3): éN ppm —294.6 (N-Boc), —106.6 (Pyr 1-N), —99.7 (Pyr 3-N). IR (FT-IR,
Vmax, cm ™ 1): 2928 (CH,jipp), 1688 (C=0), 1574, 1418, 1260, 1145 (C=C, C-N, C-O-C). HRMS
(ESI*) C16Hp6N3 0,5 (IM+H]™) caled. 324.1740, found 324.1740.

Tert-butyl (35)-3-[6-methyl-2-(methylsulfanyl)pyrimidin-4-yl]piperidine-1-carboxylate (12b)

The sample was prepared from 11b (0.269 g, 1 mmol), sodium acetate anhydrous
(0.345 g, 4.2 mmol) and 2-methyl-2-thiopseudourea hemisulfate (0.390 g, 1.4 mmol) dis-
solved in N,N-dimethylmethanamide and stirred at 100 °C for 16 h. The obtained residue
was purified by column chromatography (5iO,, eluent:ethylacetate/n-hexane, 1:6, v/v) to
provide compound 12b as a yellowish oil. Yield 0.171 g (53%), [«]p?° = 2.2 (c 0.450, MeOH).
'H NMR (400 MHz, CDCl3): 6y ppm 1.46 (s, 9H, C(CHj3)3), 1.53-1.62 (m, 1H, Pip 5-H),
1.72-1.81 (m, 2H, Pip 4,5-H), 1.99-2.03 (m, 1H, Pip 4-H), 2.44 (s, 3H, Pyr 6-CHj3), 2.56 (s, 3H,
S-CHj3), 2.69-2.73 (m, 1H, Pip 3-H), 2.79-2.85 (m, 1H, Pip 6-H), 3.01-3.06 (m, 1H, Pip 2-H),
3.99-4.10 (m, 1H, Pip 6-H), 4.14-4.23 (m, 1H, Pip 2-H), 6.72 (s, 1H, Pyr). 13C NMR (101 MHz,
CDCls): éc ppm 14.2 (5S-CH3), 23.9 (Pyr C6-CH3), 24.9 (Pip C-5), 28.6 (COOC(CH3)3), 30.0
(Pip C-4), 43.6 (Pip C-3), 44.3 (Pip C-6), 48.0 (Pip C-2), 79.8 (COOC(CH3)3), 114.2 (Pyr
C-5), 154.9 (COOC(CHj3)3), 167.2 (COOCH3), 171.2 (Pyr C-4), 171.6 (Pyr C-2). P'N-NMR
(71 MHz, CDCl3): én ppm —293.5 (N-Boc), —107.4 (Pyr 1-N), —99.2 (Pyr 3-N). IR (FT-IR,
Umax, cm ™~ 1): 2928 (CHaiipn), 1682 (C=0), 1573, 1406, 1262, 1136 (C=C, C-N, C-O-C). HRMS
(ESI*) C16Hp5N3NaO,5 ([M+Na]*) caled. 346.1560, found 346.1560.

3.2.13. General Procedure for Compounds 13a,b

Intermediate pyrimidine 12a,b (1 equiv.) was dissolved in pyridine (5 mL), and
selenium dioxide (5eq.) was added. The reaction was heated at 115 °C for 16 h until
completion of the reaction. Pyridine was evaporated and the product purified by flash
chromatography to provide products 13a,b.
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6-[(3R)-1-(Tert-butoxycarbonyl)piperidin-3-yl]-2-(methylsulfanyl)pyrimidine-4-carboxylic
acid (13a)

The sample was prepared from 12a (0.323 g, 1 mmol) dissolved in pyridine (5 mL),
and selenium dioxide (0.55 g, 5 mmol) was added. The reaction was heated at 115 °C
for 16 h until completion of the reaction. The obtained residue was purified by column
chromatography (SiO,, eluent:methanol /methylene chloride, 5:100, v/v) to provide com-
pound 13a as a white amorphous compound. Yield 0.205 g (58%), [2]p2° = —39.7 (¢ 0.850,
MeOH). 'H NMR (400 MHz, CDCl3): 6y ppm 1.46 (s, 9H, C(CH3)3), 1.55-1.63 (m, 1H,
Pip 5-H), 1.76-1.79 (m, 2H, Pip 4,5-H), 2.06-2.09 (m, 1H, Pip 4-H), 2.61 (s, 3H, S-CH3),
2.81-2.93 (m, 2H, Pip 3,6-H), 3.07 (s, 1H, Pip 2-H), 4.05-4.09 (m, 1H, Pip 6-H), 4.26 (s, 1H,
Pip 2-H), 7.64 (s, 1H, Pyr). *C NMR (101 MHz, CDCl3): dc ppm 14.4 (S-CHj), 24.8 (Pip
C-5), 28.5 (COOC(CH3)3), 30.0 (Pip C-4), 44.0 (Pip C-3), 44.4 (Pip C-6), 47.8 (Pip C-2), 80.2
(COOC(CH3)3), 113.0 (Pyr C-5), 153.5 (Pyr C-4), 154.9 (COOC(CH3)3), 163.4 (COOH), 172.9
(Pyr C-2), 174.9 (Pyr C-6). S'N-NMR (71 MHz, CDCl3): d ppm —293.9 (N-Boc), —117.4
(Pyr 3-N), —89.7 (Pyr 1-N). IR (FT-IR, Vmax, cm~1): 3078, 2975 (CHaiipn), 1718 (C=0), 1649
(C=0), 1536, 1429, 1267, 1150 (C=C, C-N, C-O-C). HRMS (ESI*) C14H24N304S (IM+H]*)
calcd. 354.1482, found 354.1482.

6-[(35)-1-(Tert-butoxycarbonyl)piperidin-3-yl]-2-(methylsulfanyl)pyrimidine-4-carboxylic
acid (13b)

The sample was prepared from 12b (0.323 g, 1 mmol) dissolved in pyridine (5 mL),
and selenium dioxide (0.55 g, 5 mmol) was added. The reaction was heated at 115 °C for
16 h until completion of the reaction. The obtained residue was purified by column chro-
matography (5iO;, eluent:methanol/methylene chloride, 5:100, v/v) to provide compound
13b as a white amorphous compound. Yield 0.166 g (47%), [«]p?° = 39.8 (c 0.845, MeOH).
'H NMR (400 MHz, CDCl3): 6y ppm 1.47 (s, 9H, C(CHj3)3), 1.57-1.64 (m, 1H, Pip 5-H),
1.76-1.79 (m, 2H, Pip 4,5-H), 2.06-2.09 (m, 1H, Pip 4-H), 2.61 (s, 3H, S-CH3), 2.81-2.93 (m,
2H, Pip 3,6-H), 3.01-3.15 (m, 1H, Pip 2-H), 4.05-4.09 (m, 1H, Pip 6-H), 4.18-4.34 (s, 1H,
Pip 2-H), 7.65 (s, 1H, Pyr). 1>*C NMR (101 MHz, CDCl;): dc ppm 14.4 (S-CH3), 24.8 (Pip
C-5), 28.6 (COOC(CHs)3), 30.1 (Pip C-4), 44.0 (Pip C-3), 44.7 (Pip C-6), 47.7 (Pip C-2), 80.2
(COOC(CHs)3), 112.8 (Pyr C-5), 153.3 (Pyr C-4), 154.9 (COOC(CH3)3), 163.1 (COOH), 172.9
(Pyr C-2), 175.1 (Pyr C-6). >'N-NMR (71 MHz, CDCl3): y ppm —294.1 (N-Boc), —118.5
(Pyr 3-N), —89.6 (Pyr 1-N). IR (FT-IR, Viax, cm ™ '): 3078, 2975 (CH,jiph), 1718 (C=0), 1649
(C=0), 1537, 1430, 1267, 1151 (C=C, C-N, C-O-C). HRMS (ESI") C16H24N304S (IM+H]")
calcd. 354.1482, found 354.1482.

3.2.14. General Procedure for Compounds 14a,b

To a solution of corresponding ketone 10a,b (1 equiv.) in methanol, pTSA (0.1 equiv.)
and trimethyl orthoformate were added. The solution was stirred at 60 °C for 3 h. The
resulting solution was cooled on ice water, then triethylamine (5 equiv.) was added. The
volatiles were removed under reduced pressure and the mixture was quenched with water
(10 mL) and extracted with ethylacetate (2 x 15 mL). The organic layer was dried with
anhydrous sodium sulfate, filtered, concentrated under reduced pressure and directly used
in the next step without further purification.

3.2.15. General Procedure for Compounds 15a,b

To a stirred solution of ethyloxalyl chloride (2 equiv.) in dry chloroform at 0 °C,
corresponding carboxylate 14a,b (1 equiv.) and pyridine (2 equiv.) dissolved in dry
chloroform were added dropwise, maintaining the temperature at 0 °C for 1 h. Then,
the reaction was refluxed for 5 h. The resulting solution was quenched with a solution
H,O:HCI (10:1) and extracted with chloroform (2 x 15 mL) and water (10 mL). The organic
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layer was dried with anhydrous sodium sulfate, filtered, and then concentrated under
reduced pressure. After removal of the solvent in vacuo, the residue was directly used in
the next step without further purification.

3.2.16. General Procedure for Compounds 16a,b

To a solution of the corresponding diketoester 15a,b (1 equiv.) in absolute ethanol,
sodium acetate anhydrous (4.2 equiv.) and 2-methyl-2-thiopseudourea hemisulfate
(1.4 equiv.) were added and stirred at r.t. for 16 h. The resulting mixture was concentrated
under reduced pressure and purified by flash chromatography to provide products 16a,b.

Ethyl 6-[(3R)-1-(tert-butoxycarbonyl)piperidin-3-yl]-2-(methylsulfanyl)pyrimidine-4-
carboxylate (16a)

The sample was prepared from 15a (0.327 g, 1 mmol), sodium acetate anhydrous
(0.345 g, 4.2 mmol) and 2-methyl-2-thiopseudourea hemisulfate (0.39 g, 1.4 mmol) dissolved
in absolute ethanol. The reaction was stirred at r.t. for 16 h. The obtained residue was
purified by column chromatography (SiO,, eluent:ethylacetate/n-hexane, 1:6, v/v) to
provide compound 16a as a white amorphous compound. Yield 0.26 g (68%), [«]p* =
—45.2 (c 1.490, MeOH). 'H NMR (400 MHz, CDCl3): 6 ppm 1.39-1.46 (m, 12H, C(CH3)3,
CH,-CHs), 1.55-1.61 (m, 1H, Pip 5-H), 1.73-1.82 (m, 2H, Pip 4,5-H), 2.04-2.07 (m, 1H,
Pip 4-H), 2.60 (s, 3H, S-CH3), 2.78-2.84 (m, 2H, Pip 3,6-H), 2.94-3.17 (m, 1H, Pip 2-H),
4.05-4.08 (m, 1H, Pip 6-H), 4.18-4.33 (m, 1H, Pip 2-H), 4.42-4.47 (m, 2H, CH,-CH3), 7.48
(Pyr CH). 3C NMR (101 MHz, CDCl3): 6c ppm 14.3 (CH,-CH3), 14.4 (S-CHj), 24.8 (Pip
C-5), 28.6 (COOC(CH3)3), 30.0 (Pip C-4), 43.9 (Pip C-3), 44.6 (Pip C-6), 47.9 (Pip C-2), 62.6
(CH»-CH3), 79.9 (COOC(CH3)3), 114.1 (Pyr C-5), 154.9 (Pyr C-4), 155.6 (COOC(CH3)3),
164.3 (COOCH,CHj3), 173.5 (Pyr C-2), 173.6 (Pyr C-6). '>N-NMR (71 MHz, CDCl3): dy
ppm —107.2 (Pyr 1-N), —91.3 (Pyr 3-N), N-Boc was not found. IR (FT-IR, Vmax, cm~1): 2925
(CHaipn), 1722 (C=0), 1689 (C=0), 1537, 1420, 1251, 1151 (C=C, C-N, C-O-C). HRMS (ESI*)
C18H28N304S ([M+H]+) calcd. 382.1795, found 382.1795.

Ethyl 6-[(3S)-1-(tert-butoxycarbonyl)piperidin-3-yl]-2-(methylsulfanyl)pyrimidine-4-
carboxylate (16b)

The sample was prepared from 15b (0.327 g, 1 mmol), sodium acetate anhydrous
(0.345 g, 4.2 mmol) and 2-methyl-2-thiopseudourea hemisulfate (0.39 g, 1.4 mmol) dissolved
in absolute ethanol. The reaction was stirred at r.t. for 16 h. The obtained residue was
purified by column chromatography (SiO;, eluent:ethylacetate/n-hexane, 1:6, v/v) to
provide compound 16b as a white amorphous compound. Yield 0.316 g (83%), [«]p? =
45.1 (c 1.5, MeOH). 'H NMR (400 MHz, CDCl3): §y ppm 1.39-1.46 (m, 12H, C(CH3)3,
CH,-CH3), 1.55-1.61 (m, 1H, Pip 5-H), 1.73-1.82 (m, 2H, Pip 4,5-H), 2.04-2.07 (m, 1H,
Pip 4-H), 2.60 (s, 3H, S-CH3), 2.78-2.86 (m, 2H, Pip 3,6-H), 2.95-3.14 (m, 1H, Pip 2-H),
4.05-4.08 (m, 1H, Pip 6-H), 4.15-4.34 (m, 1H, Pip 2-H), 4.41-4.47 (m, 2H, CH,-CH3), 7.48
(Pyr CH). 3C NMR (101 MHz, CDCl3): 6c ppm 14.3 (CH,-CHj3), 14.4 (S-CHj3), 24.8 (Pip
C-5), 28.6 (COOC(CHs)3), 30.0 (Pip C-4), 43.9 (Pip C-3), 44.4 (Pip C-6), 47.9 (Pip C-2), 62.6
(CH,-CH3), 79.9 (COOC(CHj3)3), 114.1 (Pyr C-5), 154.9 (Pyr C-4), 155.6 (COOC(CHs)3),
164.3 (COOCH,CHj3), 173.5 (Pyr C-2), 173.6 (Pyr C-6). '>N-NMR (71 MHz, CDCl3): éy
ppm —107.1 (Pyr 1-N), —91.7 (Pyr 3-N), N-Boc was not found. IR (FT-IR, Vmax, cm ™ 1): 2925
(CHaiiph), 1722 (C=0), 1688 (C=0), 1537, 1420, 1250, 1150 (C=C, C-N, C-O-C). HRMS (ESI*)
C18Hy7N3NaO4S ([M+Na]*) caled. 404.1614, found 404.1614.

3.2.17. General Procedure for Compounds 13’a,b

To a solution of the corresponding compound15a,b (1 mmol.) in ethanol, IM NayCOs
(aq) (1 mL) and 2-methyl-2-thiopseudourea hemisulfate (1.4 equiv.) were added and stirred
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atr.t. for 16 h. The resulting mixture was concentrated under reduced pressure and purified
by flash chromatography to provide products in good to excellent yields 13’a (80%) and
13’b (92%).

4. Conclusions

In conclusion, new synthetic approaches to obtain substituted pyrimidine-5-carboxylates
and pyrimidine-4-carboxylic acids were developed. Cyclocondensation reactions provided
the target pyrimidines in moderate-to-good yields, while sodium methoxide proved to
be the most effective base under optimized conditions. The developed methodologies
provide access to structurally diverse chiral pyrimidine derivatives, which are useful as
heterocyclic building blocks. The structures of all synthesized compounds were confirmed
by detailed NMR, IR, and HRMS data, and their enantiomeric purity was determined via
chiral HPLC analysis.

Chiral HPLC analysis demonstrated that the stereochemical outcome depended
strongly on the applied synthetic route. Pyrimidine-5-carboxylates prepared from p-
enamino keto esters retained high enantiomeric excess (90.2-100% ee), whereas cyclization
of B-diketones under strongly basic conditions at elevated temperature resulted in complete
racemization (ee < 1%). Modification of the synthetic route and application of milder condi-
tions partially suppressed racemization, affording pyrimidine derivatives with 61.8-65.5%
ee. These results suggest that substrate structure influences stereochemical integrity during
pyrimidine synthesis.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/molecules31152689/s1, Figure S1: 'H NMR (400 MHz, CDCl3)
spectrum of compound 4a, Figure S2: 3C NMR (101 MHz, CDCl3) spectrum of compound 4a,
Figure S3: 'H-'H COSY NMR (400 MHz, CDCl3) spectrum of compound 4a, Figure S4: 'H-13C
HSQC NMR (400/101 MHz, CDCl3) spectrum of compound 4a, Figure S5: 'H-'3C HMBC NMR
(400/101 MHz, CDCl3) spectrum of compound 4a, Figure S6: ' H-'>N HMBC NMR (71 MHz, CDCl3)
spectrum of compound 4a, Figure S7: HRMS (ESI-TOF) spectrum of compound 4a, Figure S8: Chiral
HPLC analysis of compound 4a, Figure S9: 'H NMR (400 MHz, CDCl3) spectrum of compound
4b, Figure S10: 'C NMR (101 MHz, CDCl3) spectrum of compound 4b, Figure S11: HRMS (ESI-
TOF) spectrum of compound 4b, Figure S12: Chiral HPLC analysis of compound 4b, Figure S13:
I'H NMR (400 MHz, CDCl3) spectrum of compound 4c, Figure S14: 13C NMR (101 MHz, CDCl3)
spectrum of compound 4c, Figure S15: HRMS (ESI-TOF) spectrum of compound 4c, Figure S16: Chiral
HPLC analysis of compound 4c, Figure S17: 'H NMR (400 MHz, CDCl3) spectrum of compound
4d, Figure S18: 13C NMR (101 MHz, CDCl3) spectrum of compound 4d, Figure S19: HRMS (ESI-
TOF) spectrum of compound 4d, Figure S20: Chiral HPLC analysis of compound 4d, Figure S21:
"H NMR (400 MHz, CDCl3) spectrum of compound 4e, Figure 522: 1*C NMR (101 MHz, CDCl3)
spectrum of compound 4e, Figure 523: HRMS (ESI-TOF) spectrum of compound 4e, Figure 524: Chiral
HPLC analysis of compound 4e, Figure S25: 'H NMR (400 MHz, CDCl3) spectrum of compound 4f,
Figure S26: 13C NMR (101 MHz, CDCl3) spectrum of compound 4f, Figure S27: HRMS (ESI-TOF)
spectrum of compound 4f, Figure S28: Chiral HPLC analysis of compound 4f, Figure S29: 'H NMR
(400 MHz, CDCl3) spectrum of compound 4g, Figure S30: 13C NMR (101 MHz, CDCl5) spectrum
of compound 4g, Figure S31: HRMS (ESI-TOF) spectrum of compound 4g, Figure S32: Chiral
HPLC analysis of compound 4g, Figure $33: 'H NMR (400 MHz, CDCl3) spectrum of compound
4h, Figure S34: 13C NMR (101 MHz, CDCl3) spectrum of compound 4h, Figure S35: HRMS (ESI-
TOF) spectrum of compound 4h, Figure S36: Chiral HPLC analysis of compound 4h, Figure S37:
'H NMR (400 MHz, CDCl3) spectrum of compound 4i, Figure S$38: 13C NMR (101 MHz, CDCl3)
spectrum of compound 4i, Figure 5S39: HRMS (ESI-TOF) spectrum of compound 4i, Figure 540: Chiral
HPLC analysis of compound 4i, Figure S41: 1H NMR (400 MHz, CDCl3) spectrum of compound 4j,
Figure 542: 13C NMR (101 MHz, CDCl5) spectrum of compound 4j, Figure S43: HRMS (ESI-TOF)
spectrum of compound 4j, Figure 544: Chiral HPLC analysis of compound 4j, Figure S545: 1H NMR
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(400 MHz, CDCl3) spectrum of compound 4k, Figure 546: 13C NMR (101 MHz, CDCl3) spectrum of
compound 4k, Figure S47: HRMS (ESI-TOF) spectrum of compound 4k, Figure 548: Chiral HPLC
analysis of compound 4k, Figure 549: 'H NMR (400 MHz, CDCl3) spectrum of compound 41,
Figure S50: 13C NMR (101 MHz, CDCl3) spectrum of compound 41, Figure S51: HRMS (ESI-TOF)
spectrum of compound 41, Figure S52: Chiral HPLC analysis of compound 41, Figure S53: 'H NMR
(400 MHz, CDCl3) spectrum of compound 4m, Figure S54: 13C NMR (101 MHz, CDCl3) spectrum of
compound 4m, Figure S55: HRMS (ESI-TOF) spectrum of compound 4m, Figure S56: Chiral HPLC
analysis of compound 4m, Figure S57: 'H NMR (400 MHz, CDCl3) spectrum of compound 4n,
Figure S58: 13C NMR (101 MHz, CDCl3) spectrum of compound 4n, Figure S59: HRMS (ESI-TOF)
spectrum of compound 4n, Figure S60: Chiral HPLC analysis of compound 4n, Figure S61: 'H NMR
(400 MHz, CDCl3) spectrum of compound 4o, Figure $62: 13C NMR (101 MHz, CDCl3) spectrum of
compound 4o, Figure S63: HRMS (ESI-TOF) spectrum of compound 4o, Figure S64: Chiral HPLC
analysis of compound 4o, Figure $65: 'H NMR (400 MHz, CDCl3) spectrum of compound 4p,
Figure S66: 13C NMR (101 MHz, CDCl3) spectrum of compound 4p, Figure S67: HRMS (ESI-TOF)
spectrum of compound 4p, Figure S68: Chiral HPLC analysis of compound 4p, Figure S69: 'H NMR
(400 MHz, CDCl3) spectrum of compound 6a, Figure S70: 1C NMR (101 MHz, CDCl3) spectrum of
compound 6a, Figure S71: HRMS (ESI-TOF) spectrum of compound 6a, Figure S72: Chiral HPLC
analysis of compound 6a, Figure S73: 'H NMR (400 MHz, CDCl3) spectrum of compound 6b,
Figure S74: 13C NMR (101 MHz, CDCl3) spectrum of compound 6b, Figure S75: HRMS (ESI-TOF)
spectrum of compound 6b, Figure S76: Chiral HPLC analysis of compound 6b, Figure S77: 'H NMR
(400 MHz, CDCl3) spectrum of compound 6¢, Figure S78: 13C NMR (101 MHz, CDCl3) spectrum of
compound 6¢, Figure S79: HRMS (ESI-TOF) spectrum of compound 6¢, Figure S80: Chiral HPLC
analysis of compound 6c, Figure S81: 'H NMR (400 MHz, CDCl3) spectrum of compound 6d,
Figure S$82: 13C NMR (101 MHz, CDCl3) spectrum of compound 6d, Figure S83: HRMS (ESI-TOF)
spectrum of compound 6d, Figure S84: Chiral HPLC analysis of compound 6d, Figure 585: 'H NMR
(400 MHz, CDCl3) spectrum of compound 9a, Figure S86: 13C NMR (101 MHz, CDCl3) spectrum of
compound 9a, Figure S87: HRMS (ESI-TOF) spectrum of compound 9a, Figure S88: Chiral HPLC
analysis of compound 9a, Figure S89: 'H NMR (400 MHz, CDCl3) spectrum of compound 9b,
Figure S90: 13C NMR (101 MHz, CDCl3) spectrum of compound 9b, Figure S91: HRMS (ESI-TOF)
spectrum of compound 9b, Figure $92: Chiral HPLC analysis of compound 9b, Figure S93: 'H NMR
(400 MHz, CDCl3) spectrum of compound 9¢, Figure S94: 13C NMR (101 MHz, CDCl3) spectrum of
compound 9¢, Figure S95: HRMS (ESI-TOF) spectrum of compound 9c¢, Figure S96: Chiral HPLC
analysis of compound 9c, Figure S97: 'H NMR (400 MHz, CDCl3) spectrum of compound 9d,
Figure S98: 13C NMR (101 MHz, CDCl3) spectrum of compound 9d, Figure S99: HRMS (ESI-TOF)
spectrum of compound 9d, Figure $100: Chiral HPLC analysis of compound 9d, Figure S101: 'H
NMR (400 MHz, CDCl3) spectrum of compound 11a, Figure 5102: '*C NMR (101 MHz, CDCl3)
spectrum of compound 11a, Figure 5103: HRMS (ESI-TOF) spectrum of compound 11a, Figure 5104:
"H NMR (400 MHz, CDCl3) spectrum of compound 11b, Figure S105: 13C NMR (101 MHz, CDCl3)
spectrum of compound 11b, Figure S106: HRMS (ESI-TOF) spectrum of compound 11b, Figure 5107:
H NMR (400 MHz, CDCl3) spectrum of compound 12a, Figure $108: 13C NMR (101 MHz, CDCl3)
spectrum of compound 12a, Figure S109: HRMS (ESI-TOF) spectrum of compound 12a, Figure S110:
Chiral HPLC analysis of compound 12a, Figure S111: 'H NMR (400 MHz, CDCl5) spectrum of
compound 12b, Figure S112: 13C NMR (101 MHz, CDCl3) spectrum of compound 12b, Figure S113:
HRMS (ESI-TOF) spectrum of compound 12b, Figure S114: Chiral HPLC analysis of compound 12b,
Figure S115: 'H NMR (400 MHz, CDCl3) spectrum of compound 13a, Figure S116: 1*C NMR (101
MHz, CDCl3) spectrum of compound 13a, Figure S117: HRMS (ESI-TOF) spectrum of compound
13a, Figure S118: Chiral HPLC analysis of compound 13a, Figure S119: Chiral HPLC analysis of
compound 13’a, Figure $120: 'H NMR (400 MHz, CDCl3) spectrum of compound 13b, Figure S121:
13C NMR (101 MHz, CDCl3) spectrum compound 13b, Figure 5122: HRMS (ESI-TOF) spectrum of
compound 13b, Figure S123: Chiral HPLC analysis of compound 13b, Figure S124: Chiral HPLC
analysis of compound 13’b, Figure S125: 'H NMR (400 MHz, CDCl3) spectrum of compound 16a,
Figure 5126: 13C NMR (101 MHz, CDCl3) spectrum of compound 16a, Figure S127: HRMS (ESI-TOF)
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spectrum of compound 16a, Figure $S128: Chiral HPLC analysis of compound 16a, Figure S129: 'H
NMR (400 MHz, CDClg) spectrum of compound 16b, Figure S130: 13C NMR (101 MHz, CDCl3)
spectrum of compound 16b, Figure S131: HRMS (ESI-TOF) spectrum of compound 16b, Figure 5132:
Chiral HPLC analysis of compound 16b, Figure S133: Chiral HPLC analysis of racemic mixture 4a
and 4b, Figure $134: Chiral HPLC analysis of racemic mixture 13’a and 13’b, Figure $135: Chiral
HPLC analysis of racemic mixture 16a and 16b. Figure S136: Chiral HPLC analysis of compounds
10a, 10b and their racemic mixture, Figure S137: Chiral HPLC analysis of compounds 11a and 11b,
Table S1: Summary of Enantiomeric Excess Values and Chiral HPLC Conditions.
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