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ABSTRACT: A three-component and polarity-reversed
addition cascade with a glyoxylate-based imine, an enol
ether, and TMSN3 was established for the construction of γ-
azido amino acids under visible light. This transformation
features mild and redox-neutral conditions, affording a series
of amino esters with excellent chemoselectivity. Preliminary
mechanistic studies revealed that the addition of an oxyalkyl radical to imine is likely the rate-determining step. The obtained
azido-containing amino esters could be successfully converted to various valuable building blocks.

Nonproteinogenic amino acids play important roles in
molecular biology and medicinal chemistry,1 not only

serving as neurotransmitters2 and toxins3 but also acting as
essential building units in protein engineering.4 The synthesis
of highly functionalized α-amino acids has drawn vast attention
due to their increasing applications in recent years.5 Especially,
the incorporation of azide group into amino acids is a
fascinating but challenging endeavor6 because azide is by far
the most useful linker in bioorthogonal chemistry.7 Also, such
structural motifs also widely occur in natural products and
pharmaceuticals, such as mugineic acid,8 caprazol,9 and
Nikkomycin Z (Figure 1).

The addition of oxyalkyl radicals to glyoxylate-based imines
has been proven an efficient approach to threonine analogs.10

For example, several α C−H functionalization methods of
ethers/alcohols have been established by using H atom
abstracting radicals,11 including our own work (Scheme
1a).12 However, this strategy faces inevitable downsides, such
as the requirement of a large excess amount of substrate and
limited scope. These drawbacks may be ascribed to the high
barrier of the C−H abstraction, as well as the competitive

participation of the product. Bode et al. have established an
intramolecular strategy based on saturated N-heterocycle
building blocks. The oxyalkyl radicals generated through either
the homolysis of C−Sn13 and C−Si14 bonds or the hydride
radical addition to enol ethers15 rapidly cyclized with imine to
afford corresponding cyclic amino ethers (Scheme 1b).
Owing to the versatile applications of organic azides,16 the

past few years have witnessed the renascence of olefin
azidation via new approaches,17 including single-electron
redox metals,18 electrochemistry,19 and photoredox catalysis.20

Based on these discoveries, we envisaged assembling azide-
containing threonine derivatives via a polarity-reversed
addition cascade among an enol ether, an anionic azide
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Figure 1. γ-Azidothreonine and its natural analogs.

Scheme 1. Redox-Neutral Oxyalkylation of Imines
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source, and a glyoxylate imine as illustrated in Scheme 1c.
Although similar sequences have been reported by Liu,21

Chu,20a and Nagib22 with heteroarenes as the final radical
acceptors, intermolecular multicomponent radical additions to
imines remained a challenge due to their complicate reactivity.
On one hand, imines are easily attacked by enol ethers via
ionic pathways, leading to Mannich, Povarov,23 or Imino-ene24

reactions. On the other hand, enol ethers are also sensitive to
strong oxidants, generating radical cation species. Therefore,
developing a non-Lewis acidic and mild catalytic system for the
oxidative azide radical formation is pivotal to materialize our
working hypothesis.
As a safe and easy to operate azide source,25 TMSN3 exhibits

certain Lewis acidity that promotes polar reactions. For-
tunately, N-aryl imine 1a showed decent stability toward a
cyclic enol ether 2a in the presence of TMSN3, while a Povarov
product 3 was afforded in 72% yield with a stronger Lewis acid
TMSOTf in 10 min.26 1a and 2a were therefore used as model
substrates to commence our reaction discovery, and the
conversion and yield were determined by quantitative 19F
NMR analysis. After extensive condition screening, fluorenone
(FLN) was found to be the optimal photosensitizer and the
polarity-reversed adduct 4aa was selectively obtained in
acetone (Table 1, entry 1, 89% yield, dr = 1.2:1). A few

other organic photosensitizers were then tested, and inferior
yields were generally observed (entries 2−4). This cascade
showed good compatibility in various solvents such as CH2Cl2,
acetonitrile, or DMF, giving 4aa in slightly diminished yields
(entries 5−7). It is noteworthy that all the reactions were
performed in regular solvents without drying, so the proton on

the final product may come from moisture. Next, diluting the
reaction to 0.1 M led to a noticeably decreased yield (entry 8).
Importantly, no product was detected when the reaction was
performed in darkness (entry 9). To our surprise, the reaction
proceeded smoothly in the absence of a photosensitizer to
afford 4aa in moderate yield (entry 10). This result will be
discussed later in the mechanistic section.
Although the reaction proceeded to a certain extent without

a photosensitizer, in order to achieve good reproducibility and
faster conversions, we decided to employ fluorenone as the
catalyst to explore the substrate scope of this radical addition
cascade (Table 2). First, a series of imines prepared from ethyl

glyoxalate and substituted anilines were applied with
dihydrofuran 2a and TMSN3 under the optimized conditions,
and the results are listed in Table 2. Product 4aa was obtained
in 86% yield after purification through a silica gel flash column.
Imine 1b with a simple N-phenyl ring exhibited comparable
reactivity to produce 4ba in 81% yield (entry 2). Several para-
substituted imines are perfectly tolerated under the same
conditions to provide the azide-containing amino esters 4ca−
4ea in satisfactory yields (entries 3−5). Notably, imine 1f with
a removable para-methoxyphenyl group (PMP) was also
reactive under the standard conditions, furnishing 4fa in a
moderate yield (entry 6). In addition, an array of substrates
with meta-substituents were also proved to be suitable for this
transformation (entries 7−10).
Next, the scope of enol ethers was examined (Figure 2).

Simple vinyl alkyl ethers are equally active under the standard
conditions, providing γ-azido-threonine derivatives 4db and
4dc with good selectivity. Compound 4dd bearing a silyl
protected hydroxyl group was obtained with trimethylsilyl vinyl
ether as a substrate. The tolerance of functionalities on the
vinyl ethers was then assessed. Hydroxyl, ester, and tosylate
groups all survived the transformation, affording product 4de,
4df, and 4dg, respectively. In addition, with a common
protecting group, benzyl vinyl ether displayed good compat-
ibility with this method, giving compounds 4bh, 4ch, and 4dh.
It is noteworthy that a di-TBS protected glycal 2l that is easily
obtained from thymidine was successfully ligated with imine

Table 1. Optimization of Reaction Conditionsa

entry catalysts and conditions conv.b (%) yieldc (%)

1 FLN, standard cond. >95 89
2 BD, standard cond. >95 70
3 benzophenone, standard cond. >95 65
4d Eosin Y, standard cond. >95 69
5 FLN, in CH3CN >95 87
6 FLN, in CH2Cl2 >95 78
7 FLN, DMF >95 75
8 c = 0.1 M 93 80
9 FLN, in the dark <5 <5
10 no catalyst, standard cond. 90 70

aUnless otherwise stated, the reaction was performed under N2 with
imine 1a (0.2 mmol), dihydrofuran (0.6 mmol), and TMSN3 (0.24
mmol) in the presence of a photosensitizer (0.02 mmol) with light
irradiation (3 W blue LEDs). bDetermined by quantitative 19F NMR
analysis with 4-fluoroiodobenzene as an internal standard. cDeter-
mined by NMR; 4aa consists of a pair of diastereomers, dr ≈ 1.2:1. d2
mol % of Eosin Y was used.

Table 2. Scope of Iminesa

entry product Ar yieldb(%) drc

1 4aa 4-F-Ph 86 1.2
2 4ba Ph 81 1.2
3 4ca 4-Cl-Ph 86 1.3
4 4da 4-Br-Ph 86 1.2
5 4ea 4-CH3-Ph 84 1.1
6 4fa 4-OMe-Ph 63 1.3
7 4ga 3-F-Ph 84 1.2
8 4ha 3-Cl-Ph 79 1.1
9 4ia 3-Br-Ph 81 1.1
10 4ja 3-CH3-Ph 84 1.2

aUnless otherwise stated, the reaction was performed under N2 with
an imine 1 (0.2 mmol), dihydrofuran 2a (0.6 mmol), and TMSN3
(0.24 mmol) in the presence of a fluorenone (0.02 mmol) in acetone
under light irradiation (3 W blue LEDs) for 24 h. bIsolated yield.
cDetermined by 1H NMR.
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1d to yield 4di as a pair of diastereomers. This example
promises a potential way that integrates an amino acid as an
aglycon into a furanose. Furthermore, a propanal-derived silyl
enol ether 5 with an acyclic internal double bond showed
moderate reactivity in CH2Cl2, affording product 6 as a
mixture of diastereomers (eq 2).27

In order to gain mechanistic insights into this cascade, we
performed a series of experiments with 1a and 2a to study the
reaction kinetic profile (Scheme 2). First, the reactions’
progress were compared side by side in the presence/absence
of a fluorenone, and the formation of product 4aa was found to
be much faster when fluorenone was used, especially in the
initial stage (Scheme 2a). Then, the impact of the
concentration of each reagent on the reaction rate was
investigated. When the amount of imine was cut by half, the
formation of 4aa slowed down accordingly within the first 3 h
(Scheme 2b). In comparison, no distinct rate difference was
observed during the early stage when the reaction was
performed with a halved amount of dihydrofuran (DHF)
(Scheme 2c). These data indicated that imine 1a was involved
in the rate-determining step, while DHF was likely not. Next,
the addition of an azide radical to double bonds is reported to
be a reversible process, which could cause the isomerization of
cis-alkenes (Scheme 2d).28 Therefore, we envisioned probing
the efficiency of azide radical generation by monitoring the
ratio change of trans/cis-enol ether 5. When a mixture of 5
(trans/cis = 1.2:1) was submitted under the standard reaction
conditions, the ratio was increased to 5.3:1 after 3 h. When this
experiment was performed in the absence of fluorenone, the
ratio was also enhanced after the same amount of time, but to a
lesser extent (trans/cis = 1.7:1, Scheme 2e). This observation
verified the fact that product 4aa was also obtained without a
photosensitizer (Table 1, entry 10), and suggested that the
azide radical might be gradually generated from TMSN3 under
visible light, while this process could be expedited by a proper
photosensitizer.

Based on these collected data, we proposed a plausible
mechanism for this sequential radical addition (Scheme 2f).
First, the azide radical is generated with TMSN3 under visible
light with the assistance of fluorenone. Then, the azide radical
reversibly adds to an enol ether, rendering an oxyalkyl radical A
in an equilibrium. Since the concentration of enol ether does
not show distinct influence on the reaction rate, the oxyalkyl
radical intermediate A is probably the thermodynamically
favored species in this equilibrium ([A] ≈ [·N3]). Con-
sequently, radical A adds to an imine, resulting in an N-
centered radical B, which is then reduced and protonated to
afford the final product 4. Notably, as in the TMSOTf
promoted Povarov reaction,26 a Lewis acidic trimethylsilyl
cation29 might also play a role activating the imine toward the
oxyalkyl radical. Within the whole process, the addition of A to
imine is probably the rate-limiting step, so that the overall
reaction rate depends on the concentration of imine and
intermediate A, which, in turn, is influenced by the efficiency of
azide radical formation.
Last, the synthetic applications of these azide-containing

amino esters obtained with this method were evaluated
(Scheme 3). First, the ester group could be readily converted
to corresponding alcohol 7 or carboxylic acid 8 via simple
reduction or hydrolysis. Then, the azide could be either
reduced to amine (9) or linked up with an alkyne to give 10
through copper-catalyzed cycloaddition. Next, product 4dg
with a distal tosylate was cyclized to afford morphrine

Figure 2. Scope of enol ethers. Unless otherwise stated, the reaction
was performed under N2 with imine 1d (0.2 mmol), an enol ether
(0.6 mmol), and TMSN3 (0.24 mmol) in the presence of fluorenone
(0.02 mmol) in acetone under light irradiation (3 W blue LEDs) for
24 h; dr was determined through 1H NMR analysis.

Scheme 2. Preliminary Studies on the Reaction Mechanism
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derivatives 11. Notably, the trans-isomer was generated
spontaneously, while the formation of cis-11 was much slower
and required hasher conditions. Further, the PMP group on
compound 4fa was easily removed with ceric ammonium
nitrate (CAN) to give a free amino ester 12. Moreover, a γ-
lactam 13 was obtained through the reduction and
lactamization of 4db.
In summary, we have developed a polarity-reversed, metal-

free, and redox-neutral radical addition cascade with a
glyoxylate imine, an enol ether, and TMSN3 promoted by
visible light. This method implements an efficient approach to
γ-azido unnatural amino acids with readily accessible and
inexpensive materials. The obtained multifunctional amino
esters have showcased versatile applications for the synthesis of
amino alcohols, amino acids, and heterocycles. Preliminary
mechanistic studies revealed that the azide radical addition to
an enol ether is a favorable and quick process to afford an
oxyalkyl radical intermediate, while the addition process to an
imine presumably limits the overall reaction rate. Further
efforts are currently focused on the synthetic applications and
the improvement of the stereoselectivity with this method.
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