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ABSTRACT: The azide moiety, as a bioactive structural unit, is
found in a wide range of drugs and pharmaceutical compounds.
Currently, the predominant method for synthesizing azide-
containing chiral molecules involves SN2-type reactions. Therefore,
developing diverse and efficient methodologies for the synthesis of
chiral azide-containing molecules is of great significance. However,
the direct addition of azide anions to aryl aldehydes and ketones
remains difficult and typically requires strong Bro̷nsted acid
catalysts to proceed. Moreover, achieving high enantioselectivity
in such addition reactions via asymmetric catalysis remains a
challenge. Herein, we report an N-heterocyclic carbene (NHC)-
catalyzed strategy for the asymmetric synthesis of chiral azide-
containing lactones. The reaction between enedials and sodium azide proceeds with chemo- and enantioselectivity, affording
optically enriched azide-containing lactones. These azide-containing lactones can be further converted into various functional
molecules, and their antibacterial activities are also investigated. In addition, density functional theory (DFT) calculations, along
with noncovalent interaction (NCI) and natural bond orbital (NBO) analyses, demonstrate that the chemo- and enantioselectivity
of the azide anion can be effectively modulated by the n→π* interactions involving the acylazolium intermediate. These findings may
enrich the synthetic strategies of chiral azide-containing compounds.
KEYWORDS: N-heterocyclic carbenes, organocatalysis, addition of azide anion, chiral azide-containing lactone, antibacterial activity

■ INTRODUCTION
The azide moiety is widely present in various bioactive
molecules and pharmaceuticals.1−6 For example, Azvudine and
Zidovudine are antiviral drugs used in the treatment of
HIV,7−9 while Azidocillin has been reported as an antibiotic for
respiratory tract infections.9,10 Currently, the incorporation of
azide groups into functional molecules is predominantly
achieved through SN2-type reactions (Figure 1a).9,11 The
development of novel methodologies for azide group
installation is highly desirable, as it can greatly expand the
structural diversity of azide-containing compounds.12 It is
generally recognized that the nucleophilic addition of azide
anions to aldehydes can be easily realized to afford the
corresponding α-azido alcohols. However, it is not an easy
task.13,14 For instance, in the Schmidt reaction, stoichiometric
amounts of strong Bro̷nsted acids (e.g., H2SO4 and TfOH) are
required to activate aldehydes toward reaction with azide
anions, forming α-azido alcohol intermediates.15,16 These
intermediates are typically unstable and rapidly undergo
rearrangement to form nitriles. In 2010, Banert and co-
workers14 investigated the equilibrium constants (K) for
reactions between aldehydes and hydrazoic acid. Their results
revealed low K values for aryl aldehydes, indicating that such
additions are highly unfavorable and have long been over-
looked in synthetic chemistry (Figure 1b). Furthermore,

achieving the asymmetric addition of azide anions to aldehydes
remains a significant challenge.
Herein, we present a novel strategy for the N-heterocyclic

carbene (NHC)-catalyzed asymmetric nucleophilic addition of
azide anions to aldehyde/ketone groups, enabling the synthesis
of enantioenriched azide-containing lactones. In this reaction,
sodium azide worked as an azide anion source. The enedial
substrate 1a reacts with the NHC catalyst; during this process,
the E-isomer enedial undergoes E→Z isomerization to afford a
Z-isomer Breslow intermediate. Moreover, an intramolecular
hydrogen bond is formed in the Z-isomer Breslow
intermediate, which can largely stabilize the structure.17 An
external oxidant is required to generate the corresponding
acylazolium intermediate I.18−20 Subsequently, the azide anion
undergoes a stereoselective addition to the Si face of the
remaining aldehyde moiety, affording azido alcohol inter-
mediate II with a high optical purity. Finally, intramolecular
lactonization of intermediate II furnishes the desired azide-
containing lactone product 3a (Figure 1c).
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To the best of our knowledge, achieving asymmetric
addition to aldehydes without any steric or electronic directing
groups, such as steric hindrance or weak interactions to lock
the carbonyl conformation, remains extremely challenging.
Inspired by our previous work, we have demonstrated that
certain noncovalent interactions, such as silicon-tetrahedral
bonding,21 chalcogen bonding,22 and pnictogen bonding,23 can
effectively lock the conformation of isomeric intermediates.
These interactions, when combined with NHC catalysis, have
enabled the construction of heteroatom-stereogenic molecules
bearing stereogenic centers on P, S, or Si atoms. In this work,
the acylazolium intermediate I may involve an intramolecular
n→π* interaction, in which the carbonyl oxygen of the
aldehyde moiety donates a lone pair to the electron-deficient
carbon of the acylazolium group.24 This interaction is
proposed to lock the conformation of the aldehyde moiety
and thereby facilitate the enantioselective nucleophilic addition
of the azide anion in the presence of the NHC catalyst (Figure
1c). In recent years, the significance of n→π* interactions has
been increasingly recognized,25−33 and this type of non-

covalent interaction has attracted growing attention in the field
of organocatalysis.34−41

■ METHODS
General Procedure for the Catalytic Reactions. To a

dry 4.0 mL vial equipped with a magnetic stir bar were added
1a (0.10 mmol), 2a (0.50 mmol), pre-NHC-A (0.02 mmol),
and DQ (0.10 mmol). The anhydrous tetrahydrofuran (2.0
mL) and 4 Å MS (100 mg) were added, and the solution was
sealed. The reaction mixture was stirred at 45 °C for 12 h.
Then the mixture was directly concentrated under reduced
pressure to afford a crude product. The crude product was
purified via column chromatography on silica gel (petroleum
ether/ethyl acetate = 10/1) to afford the desired product 3a.
General Procedure for the Scale-Up Catalytic Re-

actions. To a 100.0 mL overdried round-bottom flask
equipped with a magnetic stir bar were added 1a (6.24
mmol, 1g), 2a (31.22 mmol, 2.03 g), pre-NHC-A (1.25 mmol,
0.52 g), and DQ (0.1 mmol, 2.55 g). The flask was then sealed
before adding tetrahydrofuran (60.0 mL). The reaction

Figure 1. (a) Azide-containing functional molecules; (b) Pioneer’s work; (c) strategy for synthesizing azide-containing lactone via n→π*
interaction.
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mixture was stirred at 45 °C for 24 h. Then the mixture was
directly concentrated under reduced pressure to afford a crude
product. The crude product was purified via column
chromatography on silica gel (petroleum ether/ethyl acetate
= 10/1) to afford the desired product 3a in 49% yield.

■ RESULTS AND DISCUSSION
To explore suitable conditions for the above design, enedial
(1a) was chosen as the model substrate and NaN3 as the
nucleophile for condition screening. The key results are
summarized in Table 1. To our delight, the desired chiral

product 3a was obtained in 53% yield and 87:13 er value when
the reaction was carried out with pre-NHC-A as a catalyst in
THF at 25 °C for 12 h, with DQ as an oxidant. The effects of
different pre-NHC (-B, -C, -D, -E, Table 1, entries 2−5) were
also investigated; the yields and er values did not show a
positive improvement. Then, various bases were subsequently
evaluated. Compared with organic bases, the yields dropped a
lot via using inorganic bases (Table 1, entries 6−9).
Furthermore, the effect of solvent was also examined; THF
was found to be a suitable solvent (Table 1, entries 10−13).
When excess NaN3 was employed as the base and nucleophile,
the yield and er value showed no significant improvement
(Table 1, entry 14). To our surprise, when MgCl2 was

introduced as the additive, the er value of product 3a could be
obtained in excellent enantioselectivity (95:5 er) with
moderate yield (54%). The MgCl2 as a Lewis acid may
coordinate the carbonyl group of substrate 1a to improve the
selectivity (Table 1, entry 15).42,43 For the sake of improving
the yield, the optimal reaction result was afforded when 45 °C
was the reaction temperature; the isolated yield of product 3a
was provided in 63% with excellent enantioselectivity (95:5 er)
(Table 1, entry 16).
Having an acceptable condition after screening the reactive

factor, the generality of the reaction was then estimated
(Scheme 1). First, when the electron-donating substituents
were installed on each (para-, meta-, and ortho-) position of
the benzene ring in the enedial, the corresponding products
exhibited moderate to good yields with high optical purities
(3a−3h, 3o, 3p, and 3u). The catalytic approach could also be
carried out smoothly on a 1.00 g scale with the desired product
3a in acceptable yield and excellent enantioselectivity (49%,
94:6 er). It was worth noting that the yields could be gradually
decreased under these current catalytic conditions, when the
electron-withdrawing substituents were installed on the same
position of the benzene ring. The optical purities were basically
unchanged (3i−3n, 3q, and 3r). Furthermore, when the
benzene ring of the enedial was switched to the 2-naphthyl or
4-biphenyl group, the corresponding products 3s and 3t were
afforded in moderate yields and excellent er values. Meanwhile,
the compound 1 also showed good tolerance to various
substitution patterns (R2 group) and was investigated.
Pleasingly, the products could be obtained with alkyl
substituents (methyl, ethyl, and cyclohexyl), giving the target
products in good yields with excellent enantioselectivities (3v−
3x). Changing the alkyl substituents to the aromatic
substituent such as benzene allowed the reaction to proceed
smoothly with moderate yield and brilliant optical purity (43%,
95:5 er, 3y).
With our convenient method to access chiral azide-

containing lactones, further transformations of product 3v
were carried out through simple protocols, and the functional
molecules are shown in Scheme 2. For instance, chiral azide 3v
could be further transformed to a chiral phosphoramide 4a
with 62% yield and 96:4 er value by using triethyl phosphite.
The synthetic strategy could be used to design functional
molecules.44,45 In addition, the classic click reaction46,47 could
also be performed well; the enantioenriched product 4b could
be easily afforded in 91% yield and 96:4 er value. The alkynyl-
containing drugs (norethindrone and propyzamide) readily
transformed chiral triazole products 4c and 4d (CCDC:
2401908) in excellent yield and er value under CuSO4 and
sodium ascorbate conditions. The absolute configurations of
the azide-containing lactones were established by X-ray
crystallographic analysis of derivative 4d.
To understand the mechanism of the catalytic reaction,

some control experiments were carried out (Scheme 3). Based
on the model reaction conditions, two additional experiments
were performed (w/o pre-NHC-A, w/o pre-NHC-A & DQ).
After 12 h, no desired product 3a can be detected by crude 1H
NMR (see SI), and substrate 1a still remained. The results
suggested that the nucleophilic addition of azide anion to the
aldehyde moiety of enedial was kinetically unfavorable without
NHC catalysis. Furthermore, the influence of catalyst loading
and product inhibition was investigated. The experimental
results revealed that low catalyst loading for the reaction was
adverse, and the presence of the product 3a had no effect on

Table 1. Optimization of Reaction Conditionsa

entry pre-NHC base solvent yield [%]b erc

1 A TEA THF 53 87:13
2 B TEA THF 30 79:21
3 C TEA THF trace 53:47
4 D TEA THF 20 68:32
5 E TEA THF trace 56:44
6 A K2CO3 THF 34 89:11
7 A t-BuOK THF 16 83:17
8 A NaOMe THF 26 87:13
9 A DABCO THF trace 73:27
10 A TEA EA 26 90:10
11 A TEA Toluene 14 84:16
12 A TEA DCM 23 88:12
13 A TEA MeCN 34 64:36
14d A THF 53 87:13
15e A THF 54 95:5
16f A THF 63 95:5

aUnless otherwise specified, the reactions were conducted with 1a
(0.10 mmol), 2a (0.50 mmol), pre-NHCs (0.02 mmol), DQ (0.1
mmol), solvents (2.00 mL), and 4Å MS (100.00 mg) at 25 °C for 12
h. bIsolated yield of 3a. cThe er values were determined via HPLC on
chiral stationary phase. dWithout base. eMgCl2 (0.02 mmol) as an
additive. f45 °C as the reaction temperature.
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either yield or ee value (see theSupporting Information).
Meanwhile, the nonlinear effect was also characterized: a linear
relationship between the ee value of product 3a and the ee
value of the NHC-A catalyst, indicating that a single catalyst

was involved in the enantiodetermining transition state (see
the Supporting Information).
In the year, we had reported the substrate 1a as E-form

formed the Breslow intermediate with the NHC catalyst, which
could achieve the E→Z isomerization under mild condi-
tions.17,48 Furthermore, additional DFT calculations were
performed to investigate the influence of the n→π* interaction
in intermediate I. First, noncovalent interaction (NCI) analysis
revealed an attractive interaction between the α-aldehyde
group and the NHC-bound acylazolium moiety (Figure 2a).

Scheme 1. Substrate Scopea

aReaction conditions as stated in Table 1, entry 16, yields were isolated yields after purification by column chromatography, er values were
determined via HPLC on a chiral stationary phase. bThe reaction was carried out at 1.00 g-scale based on 1a (6.24 mmol), 0.20 mmol pre-NHC-A,
reaction time was 24 h. c1,4-dioxane as a solvent.

Scheme 2. Synthetic Transformations of 3v Scheme 3. Control Experiments for Mechanistic Studies
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The results indicated that the α-aldehyde group interacted with
the NHC-bound acylazolium moiety. Natural bond orbital
(NBO) analysis further supported this hypothesis by showing
orbital overlap between the lone pair electrons of the oxygen
atom in the α-aldehyde and the π* orbital of the acylazolium
carbonyl (Figure 2b). The highly polarized acylazolium moiety
promoted the lone-pair electrons of the α-aldehyde to fill into
the π* orbital. To further quantify this interaction, a rotational
potential energy surface scan was performed on the α-aldehyde
group in intermediate I (Figure 2c). The strength of the n→π*
interaction was calculated (ΔG = 4.39 kcal/mol), indicating
that this interaction may contribute significantly to conforma-
tional stabilization. In addition, the lone pair donation to the
π* orbital reduced the electrophilicity of the NHC-bound
acylazolium moiety, protecting it from direct nucleophilic
attack by the azide anion and thus preventing the formation of
undesired acyl azide byproducts.49,50

The ongoing studies in our laboratories include the
development of a new methodology and the construction of
pesticide candidates. Therefore, we performed preliminary
studies on the antibacterial activities of the obtained chiral
azide-containing lactones to search for potent antimicrobial
agrochemicals for plant protection. In vitro bioassay evalua-
tions were performed to assess the inhibition activity against
two plant pathogens, including Xoc (Xanthomonas oryzae pv
oryzicola) and Xac (Xanthomonas axonopodis pv citri).51−53

The above bacteria could lead to leaf blight and citrus canker,
respectively, which could cause huge economic losses in the
production of rice, orange, lemon, and so on. According to the
analysis shown in Table 2, it was found that the different
configurations of product 3v performed excellent activities to
inhibit both Xoc and Xac. But the antibacterial activities of
derivative products (4a−4b) were obviously decreased. These
results indicated that the azide group was a vital
pharmacophore to show antibacterial activity. Additionally,
the analogous compounds (3a and 3v) also exhibited
bioactivity variations, and 3v performed with excellent

antibacterial activity. The methyl group of compound 3v
may improve the lipophilicity and promote its penetration into
the cytomembrane of bacteria.54 Given the excellent
antibacterial activity, the compounds (R-3v, S-3v, and ± -3v)
were also examined with respect to the EC50 values (Table 3).

Figure 2. (a) Noncovalent interaction analysis of intermediate I; (b) natural bond orbital analysis; and (c) quantification of the strength of the n→
π* interaction. All the theoretical calculated results are computed at the SMD (THF)-M06−2X-D3/def2-TZVPP// SMD (THF)-M06−2X-D3/
def2-SVP level of theory and are quoted in kcal/mol.

Table 2. In Vitro Antibacterial Activity of the Target
Compounds against Xoc and Xac at 100 μg/mLa

compound Xoc inhibition rate [%] Xac inhibition rate [%]

(R)-3a 89.35 ± 0.89 53.62 ± 1.26
(S)-3a 72.91 ± 3.86 80.43 ± 0.52
(±)-3a 51.06 ± 2.76 38.14 ± 0.20
(R)-3v 65.47 ± 2.65 97.30 ± 0.57
(S)-3v 97.89 ± 0.16 95.34 ± 0.36
(±)-3v 97.70 ± 0.57 98.54 ± 0.12
(S)-4a 0.00 28.18 ± 0.81
(±)-4a 26.17 ± 1.93 17.25 ± 1.69
(S)-4b 47.57 ± 3.51 14.28 ± 0.99
(±)-4b 67.77 ± 2.52 0.00
BTb 35.90 ± 2.38 38.54 ± 2.22
TCb 69.24 ± 1.83 33.60 ± 2.42

aAll data were average data of three replicates. The bold is used to
highlight the notable highest inhibition rate of these compounds.
bCommercial bactericide, BT = bismerthiazol was used as the positive
control. TC = thiodiazole copper was used as the positive control.

Table 3. EC50 Values against Xoc and Xac of the Target
Compounds

Xoc Xac

compound R2 EC50(μg/mL) R2 EC50(μg/mL)

(R)-3v 0.97 661.6 0.91 7.9
(S)-3v 0.99 2.5 0.93 11.2
(±)-3v 0.98 3.0 0.98 3.7
BT 0.95 128.3 0.97 116.9
TC 0.92 50.5 0.94 168.6
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The EC50 values of the S-3v and ± -3v in the curative effect of
Xoc were 2.5 and 3.0 μg/mL, respectively, which were superior
to those of bismerthiazol (BT) and thiodiazole copper (TC)
with EC50 values of 128.3 and 50.5 μg/mL. The EC50 value of
compound R-3v was 661.6 μg/mL. The compounds S-3v and
± -3v showed excellent antibacterial activities compared with
R-3v; the stereospecific binding of 3v may exhibit differences
for Xoc.55 The EC50 values of the compound R-3v, S-3v, and ±
-3v in the protective effect of Xac were 7.9, 11.2, and 3.7 μg/
mL, respectively, superior to those of BT (116.9 μg/mL) and
TC (168.6 μg/mL). The above results suggested that chiral
azide molecules exhibited obviously superior antibacterial
activities and provided a method to develop new chiral
pesticide compounds.

■ CONCLUSIONS
In summary, we developed a new strategy for the NHC-
catalyzed chemo- and enantioselective synthesis of chiral azide-
containing lactones, which was assisted by the n→π*
interaction. The azide anion underwent asymmetric nucleo-
philic addition to enedial. The key to the success of our
strategy was the interaction between the α-carbonyl group and
the NHC-bound acylazolium moiety. The above process could
guide the conformational locking of the α-carbonyl group and
reduce the reactivity of the β-carbonyl in acylazolium,
preventing direct nucleophilic addition by the azide anion
and the formation of the byproduct acyl azide. Meanwhile, this
weak interaction ensured excellent enantioselectivity in the
construction of chiral azide-containing lactones. Furthermore,
bioactivity studies of chiral azide-containing lactones and
related derivatives for agricultural applications had been
evaluated, which showed encouraging in vitro activities against
Xoc and Xac. We hope our method will enrich the synthetic
strategies of chiral azide-containing compounds.
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