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asymmetric azidation of
sulfoxonium ylides: mild synthesis of
enantioenriched a-azido ketones bearing a labile
tertiary stereocenter†

Wengang Guo, *a Feng Jiang,a Shijia Libc and Jianwei Sun *abc

Disclosed here is a catalytic asymmetric azidation reaction for the efficient synthesis of a-azido ketones

bearing a labile tertiary stereocenter. With a superb chiral squaramide catalyst, a mild asymmetric formal

H–N3 insertion of a-carbonyl sulfoxonium ylides proceeded with excellent efficiency and

enantioselectivity. This organocatalytic process not only complements the previous a-azidation

approaches for the formation of quaternary stereocenters and mostly for 1,3-dicarbonyl compounds, but

also has advantages over the well-known metal-catalyzed asymmetric carbene insertion chemistry using

a-diazocarbonyl compounds. Detailed mechanistic studies via control reactions and NMR studies

provided important insights into the reaction pathway, which features reversible protonation and

dynamic kinetic resolution. The curiosity in mechanism also led to the development of a simplified

alternative protocol with a cheaper HN3 source.
Introduction

Organic azides are valuable molecules with broad applications
in different disciplines, including chemical biology, material
science, and drug discovery.1,2 They are also important building
blocks for the synthesis of other useful compounds, such as
amines, nitrenes, and iminophosphoranes.1,3 Specically, a-
azido carbonyl compounds represent a special class of azides
with unique applications.4 The proximal azide and carbonyl
functionalities enable them to serve as useful precursors toward
biologically important molecules, heterocycles, and chiral
ligands (e.g., I–III, Scheme 1a).4,5 As a result, a wide range of
racemic or achiral methods have been developed for their
synthesis.1,6–12 However, their asymmetric synthesis remains
a challenge. Among the few methods, catalytic asymmetric a-
azidation of carbonyl compounds represents an attractive one,
but it was implemented with only limited success (Scheme 1b).
These include electrophilic azidation,7 oxidative nucleophilic
Scheme 1 Introduction to asymmetric a-azidation of carbonyl
compounds.
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Scheme 2 Preliminary results and catalyst screening. Reaction scale:
1a (0.1 mmol), TMSN3 (0.2 mmol), PhCO2H (0.11 mmol), SQ3 (0.01
mmol), solvent (0.5 mL), 24 h. Yield was determined by 1H NMR spectra
of the crude mixture using CH2Br2 as an internal standard. Ee was
determined by HPLC on a chiral stationary phase. aThe reaction gave
a messy mixture, likely due to the incompatibility of the reaction with
the basic cinchona alkaloid functionality.
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azidation,8 enantioconvergent halogenophilic nucleophilic
substitution (SN2X),9 and radical addition.10 All these methods
were uniformly limited to the formation of quaternary stereo-
genic centers and the majority were even limited to certain 1,3-
dicarbonyl molecules. To the best of our knowledge, catalytic
asymmetric a-azidation of carbonyl compounds to generate
a tertiary stereocenter remains unknown,11 with the exception of
a fewmulti-step approaches from enantioenriched precursors.12

Adjacent to both carbonyl and azide functionalities, this type of
doubly activated tertiary stereocenters are very labile (easy to
racemize) and vulnerable to many reaction conditions. More-
over, chemoselectivity issues resulting from this tertiary center
(e.g., over-azidation) cause additional challenges.13 Herein we
address this unmet challenge by a new approach, leading to the
rst asymmetric azidation toward a-azido ketones bearing
a tertiary stereocenter.

Catalytic asymmetric H–X bond insertion of metal carbenes
generated in situ from a-diazocarbonyls represents one of the
most powerful approaches to access chiral a-functionalized
carbonyl compounds bearing a tertiary stereocenter (Scheme
1c).14 However, despite the great success of this chemistry for
the installation of a range of functionalities to the carbonyl a-
position, the insertion to a “H–N3” bond remains unknown.
This is likely due to the potentially facile decomposition of
either the azide reagents or the azido carbonyl products trig-
gered by the same metal catalysts employed for carbene inser-
tion (similar to azide reactivity toward nitrene).

Recently, a-carbonyl sulfur ylides have been developed as
powerful surrogates to a-diazocarbonyl compounds, partici-
pating in a range of asymmetric cycloaddition and H–X bond
insertion reactions, with the latter still in its infancy.15–17 The
amenability of this chemistry to mild metal-free organocatalytic
conditions, combined with our continued interests in this
topic,17 led us to envision that an asymmetric formal H–N3

insertion of a-carbonyl sulfoxonium ylides could be possibly
achieved.18 If successful, it would not only eliminate the draw-
back of the already powerful diazo-based carbene insertion
chemistry, but also serve as an important alternative solution to
the above challenge in the synthesis of enantioenriched a-azido
carbonyl compounds (Scheme 1d).

Results and discussion
Reaction development

We began our study by employing sulfoxonium ylide 1a as the
model substrate. The combination of stoichiometric TMSN3

and PhCO2H was used for in situ generation of hydrazoic acid
(HN3) in a safe and user-friendly manner.19 In hope of inducing
enantiocontrol under mild metal-free conditions, we evaluated
a diverse range of chiral hydrogen-bonding organocatalysts.20

Chiral phosphoric acids CPA1 and CPA2 were initially tested, as
they were the catalysts of choice in our previous amine N–H
insertions.17 The expected azido ketone 2a was successfully
generated in almost quantitative yield, but in racemic form
(Scheme 2). We also evaluated a wide range of other chiral
phosphoric acids (details in the ESI†), but uniformly without
asymmetric induction, suggesting that this azidation process is
© 2022 The Author(s). Published by the Royal Society of Chemistry
drastically distinct from amination. We then screened other
hydrogen bonding catalysts, such as chiral (thio)ureas TU1–4
bearing different chiral motifs (details in the ESI†). However,
they also led to no asymmetric induction, although the chem-
ical efficiency could be good. At this point, we realized that
PhCO2H or the in situ generated HN3 might be sufficient to
protonate sulfoxonium ylides and promote the background
reaction. Indeed, without catalyst, the reaction did afford the
desired product, thus causing an additional challenge in
developing the asymmetric variant. The solutions would be
either to inhibit the background reaction or to accelerate the
asymmetric pathway, with the latter likely being more feasible.
With the notion that chiral hydrogen-bond donors (HBDs) can
accelerate Brønsted acid-promoted reactions,21,22 we continued
to evaluate another family of HBDs, squaramides, as they
feature different acidities and distance between the two HBD
motifs from thioureas.20d To our delight, when cinchona
alkaloid-derived squaramide SQ1 was used, we started to
observe enantiomeric induction (14% ee), albeit low. Subse-
quent screening indicated that chiral amino acid-derived
squaramide SQ2 was able to substantially improve the enan-
tioselectivity (66% ee). Further considerable screening efforts
led to the identication of the best catalyst SQ3, giving 72% ee.23

We further examined other reaction parameters with SQ3 as
catalyst (Table 1). Less acidic proton sources, such as water,
methanol, hexauoroisopropanol (HFIP), resulted in lower
yields and no change in enantioselectivity (entries 1–3). Other
carboxylic acids, including AcOH and substituted benzoic acids,
gave same results as benzoic acid (entries 4–6). Chiral acids,
such as N-Boc-L-proline and N-Boc-D-proline, did not inuence
Chem. Sci., 2022, 13, 11648–11655 | 11649
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Table 1 Evaluation of reaction conditionsa

Entry Proton source Solvent Conv. (%) ee (%)

1 H2O CHCl3 30 71
2 MeOH CHCl3 72 71
3 HFIP CHCl3 80 72
4 AcOH CHCl3 >95 71
5 (p-OH)C6H4CO2H CHCl3 >95 70
6 (p-Cl)C6H4CO2H CHCl3 >95 70
7 N-Boc-L-proline CHCl3 >95 71
8 N-Boc-D-proline CHCl3 >95 71
9 PhCO2H DCM >95 55
10 PhCO2H DCE >95 41
11 PhCO2H Toluene 45 41
12 PhCO2H THF 25 18
13c PhCO2H EtOAc Trace —
14 PhCO2H MTBE Trace —
15b,c PhCO2H CHCl3 >95 84
16b,d PhCO2H CHCl3 >95 83
17b,e PhCO2H CHCl3 >95 84
18b,f PhCO2H CHCl3 >95 89
19g PhCO2H CHCl3 >95 (83) 90

a Reaction scale: 1a (0.1 mmol), TMSN3 (0.2 mmol), proton source (0.11
mmol), SQ3 (0.01 mmol), solvent (0.5 mL), 24 h. Yield was determined
by 1H NMR spectra of the crude mixture using CH2Br2 as an internal
standard. Yield in parentheses refers to isolated yield. Ee was
determined by HPLC on a chiral stationary phase. b Run at �10 �C.
c 96 h. d c ¼ 0.4 M, 72 h. e c ¼ 0.1 M, 120 h. f Run with 20 mol% of
catalyst, 96 h. g Run with 20 mol% of catalyst at �15 �C, 120 h.

Scheme 3 Reaction scope. Conditions: sulfoxonium ylide 1 (0.20
mmol), BzOH (0.22 mmol), TMSN3 (0.40 mmol), SQ3 (0.04 mmol),
CHCl3 (1.0 mL). Isolated yield. ee was determined by HPLC on a chiral
stationary phase.
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the enantioselectivity either (entries 7–8). These results indi-
cated that these acids only served as a proton source to generate
HN3, but did not directly function in the enantiodetermining
transition state. It was later found that the yield and enantio-
selectivity were sensitive to solvents. DCM or DCE resulted in
a much lower enantioselectivity (entries 9–10). Toluene and
THF led to both low conversion/yield and low enantioselectivity
(entries 11–12). Drastically, no reaction was observed in EtOAc
and MTBE (entries 13–14). It seemed that coordinating solvents
were detrimental to this reaction, presumably due to competing
hydrogen bonding interactions. An obvious increase in enan-
tioselectivity was observed at a decreased temperature (�10 �C),
though at the expense of reaction time (84% ee, entry 15).
Variation of the reaction concentration did not affect the
outcome (entries 16–17). The presence of background reaction
then prompted us to examine an increased catalyst loading, in
hope of enhancing enantiocontrol by accelerating the asym-
metric path relative to the background reaction. Gratifyingly,
the enantioselectivity was further improved to 89% ee with
20 mol% of catalyst (entry 18). Finally, both excellent yield and
enantioselectivity were achieved at �15 �C (90% ee, entry 19).
Notably, this is a remarkable result in view of the many unfa-
vorable factors, such as labile tertiary stereogenic center, chal-
lenging enantiocontrol (no asymmetric induction with most
catalysts) as well as complication by the background reaction.

We next investigated the substrate scope of this formal
asymmetric H–N3 insertion process (Scheme 3). Sulfoxonium
11650 | Chem. Sci., 2022, 13, 11648–11655
ylides with different substituents (see the ESI for details†), both
electron-donating and electron-withdrawing ones, at different
positions of the aryl rings reacted smoothly under the opti-
mized conditions, leading to a range of enantioenriched a-azido
ketones with good to excellent yields and enantioselectivities.24

It is worth noting that electron-poor arenes on the ylide motif
typically reacted at lower reaction rates, but with enhanced
enantioselectivity. This might be attributed to less contribution
by the background reaction in these cases. Moreover, hetero-
cycles, such as furan and thiophene, could also be incorporated
into the azido ketone products with equally good enantiose-
lectivity. These are valuable synthetic precursors to the
analogues of monoamine oxidase inhibitors.25,26a
Synthetic application

To demonstrate the practical utility of our process, we carried
out a 2 mmol-scale reaction of 1b using the opposite enan-
tiomer of SQ3 as catalyst (Scheme 4). Under the standard
conditions, product (R)-2b was obtained with equally good
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Large-scale synthesis of 2b and product transformations.
(a) H2, Pd/C, Boc2O, EtOAc, 0 �C, 1 h. (b) NaBH4, MeOH,�20 �C, 5 h. (c)
NaBH4; CuSO4$5H2O, PhC^CH; DMP.

Scheme 5 Mechanistic studies. (a) Catalytic activity of SQ3-Me2. (b)
KIE experiment. (c) Correlation between product er value and catalyst
loading. (d) Linear correlation between product and catalyst ee. (e)
Proposed mechanism. (f) Computed geometries of the transition
states for azide substitution by employing a simplified SQ3 catalyst.
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efficiency and enantioselectivity. Notably, the catalyst could be
recovered in 90% yield and reused with equal catalytic activity.
The enantiopurity of 2b could be enhanced by crystallization.
The azide functionality in 2b could be selectively reduced by Pd/
C-catalyzed hydrogenation followed by Boc-protection to form
a-amino ketone 8, whose absolute conguration was conrmed
by X-ray crystallography. Further diastereoselective reduction of
8 furnished amino alcohol 9, representing a family of useful
chiral ligands and bioactive molecules.5,25 Finally, a simple 3-
step sequence could convert 2b to enantioenriched triazole 10
with good overall efficiency.26b Notably, in all these trans-
formations, the good enantiopurity remained essentially intact.

Mechanistic studiFes

Next, we carried out some control experiments to gain insights
into the reaction mechanism. First of all, the N-methylated
squaramide SQ3-Me2 did not show any catalytic activity
(Scheme 5a). Neither rate acceleration (vs. background reaction)
nor asymmetric induction was observed, indicating the essen-
tial role of the two N–Hmotifs in the optimal catalyst SQ3, likely
serving as hydrogen bond donors. Next, 1H NMR study was used
to probe which reactant is activated by the catalyst (Fig. 1).
When a solution of 1a in CDCl3 was treated with SQ3, a dramatic
high-eld shi of the signal at�3.6 ppm (the twomethyl groups
in 1a) was observed. Increasing the loading of SQ3 caused
a more pronounced shi, indicating strong but reversible
interaction. Such a shi was also observed in the standard
reaction mixture. In contrast, mixing SQ3 with HN3 (generated
from HCl and NaN3) did not lead to an obvious change in its
signal. These observations suggested that the catalyst mainly
activates the sulfoxonium ylide partner.

We also carried out a one-pot competition experiment
between equal amounts of PhCO2H and PhCO2D.26c With sub-
stoichiometric substrate 1e, the reaction did not exhibit
a primary kinetic isotope effect. Since the product enantiopurity
was stable in the presence of PhCO2H, indicating H/D exchange
aer product formation was not responsible for this result.
Thus, protonation may not be the rate-determining step, which
is distinct from the previous S–H insertion (Scheme 5b).16a We
© 2022 The Author(s). Published by the Royal Society of Chemistry
believe that the acidity and nucleophilicity of HN3 may have an
impact to this observation. Furthermore, an obvious correlation
of product enantiomeric excess with catalyst loading was
observed, which is consistent with the presence of background
Chem. Sci., 2022, 13, 11648–11655 | 11651
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Fig. 1 NMR study of the reaction.
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reaction (Scheme 5c). This result may also suggest that the
catalyst functions prior to the enantiodetermining substitution
step (dynamic interconversion).27 Finally, the product ee value
showed a linear relation to the catalyst ee, suggesting only one
catalyst molecule operates in the enantiodetermining transition
state (Scheme 5d).26d

Based on the above results and the typical HBD activation
modes as well as DFT computations (Scheme 5e and Fig. S1 in
the ESI for details†),16a,20,21,28 we proposed a mechanism for the
reaction. The squaramide catalyst initially activates the sul-
foxonium ylide with the double N–H motifs. Further reversible
protonation of the resulting intermediate A by the in situ
generated HN3 leads to ion pair B as a diastereomeric mixture.
The azide anion also has hydrogen bond interactions with the
squaramide catalyst (Scheme S1†).29 The reversible feature of
this step allows (R)-B and (S)-B to rapidly equilibrate with each
other, thus epimerizing the a-stereogenic center. Next, the azide
substitution takes place to deliver the enantioenriched product
Fig. 2 The use of HCl and NaN3 for the asymmetric azidation reaction. (
reaction. (b) Selected scope of the azidation protocol with HCl and Na
sulfoxonium chloride salt.

11652 | Chem. Sci., 2022, 13, 11648–11655
through dynamic kinetic resolution. This step is both rate-
determining and enantiodetermining. The preference for tran-
sition state S-TS2 can be attributed to the hydrogen-bond
interactions between the N–H motifs of SQ3 and azide
(Scheme 5f, N/H1 ¼ 1.91 Å, N/H2 ¼ 1.92 Å), while there is
only one N–H/N interaction in R-TS2 (N/H ¼ 1.89 Å). On the
other hand, the steric repulsion between azide and the carbonyl
moiety of the substrate in R-TS2 leads to higher activation
energy. Finally, the catalyst is regenerated, which rests in the
DMSO$SQ3 adduct form as indicated by the doublet signal at
�2.4 ppm (Fig. 1 and also the ESI† for details). This mechanistic
rationale agrees with all the experimental results.

We were also curious about whether we could mimic the last
step using a preformed sulfoxonium chloride salt. Indeed,
mixing substrate 1a with a stoichiometric amount of HCl (aq.)
resulted in rapid and clean formation of sulfoxonium salt C
within 5 min, which was characterized by 1H and 13C NMR
(Fig. 2a, more details in the ESI†). Further addition of ent-SQ3
a) In situ formation of the sulfoxonium chloride salt and their azidation
N3. (c) NMR monitoring the formation and azidation reaction of the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and NaN3 at �15 �C led to the desired product 2a in 70% yield
and 89% ee.29 Indeed, this reaction worked equally well if all the
materials (HCl, NaN3, ent-SQ3, and 1a) were added in one
portion, regardless of the order of addition. Some selected
examples were performed for comparison with the standard
protocol, which gave almost the same results (Fig. 2b). The high
enantioselectivity achieved here was remarkable, considering
that the strong acid HCl could potentially compete with the
catalyst to facilitate the racemic background reaction. This new
protocol clearly provided a simplied alternative to the stan-
dard reaction with a cheaper azide and proton source. Next, we
monitored this reaction progress to check whether it proceeded
as expected by direct ion-exchange through phase-transfer. To
our surprise, salt C immediately reversed to 1a upon addition of
NaN3 based on in situ 1H NMR study (Fig. 2c). Subsequent
addition of SQ3 simply permitted the reaction to proceed slowly
to the product, similar to the standard protocol. This result
further conrmed that protonation of the sulfoxonium ylide is
reversible and salt C is just a combined source of the sulfoxo-
nium ylide and proton. The comparable enantioselectivity
between these two protocols also suggested that PhCO2H and
TMSN3 do not play any additional roles (e.g., substrate activa-
tion or catalyst binding for asymmetric induction) other than
the HN3 source, consistent with the observations during
condition optimization where different acids did not inuence
enantioselectivity.
Conclusions

In summary, catalytic asymmetric azidation provides efficient
access to enantioenriched a-azido carbonyl compounds.
However, known approaches are limitedly available and devel-
oped with drawbacks (e.g., all limited to quaternary stereo-
centers, mostly for 1,3-dicarbonyls). Here we have developed the
rst catalytic asymmetric azidation for the efficient synthesis of
a-azido ketones bearing a labile tertiary stereocenter by formal
asymmetric H–N3 insertion of the versatile a-carbonyl sulfoxo-
nium ylides. This mild, base- and metal-free organocatalytic
approach represents an extraordinary complement to the
powerful metal-catalyzed asymmetric H–X insertion of diazo-
carbonyl compounds, which remains incapable of H–N3 inser-
tion. The proper choice of a superb chiral squaramide catalyst,
together with careful optimization of other parameters, over-
came many disfavored factors (e.g., background reaction,
product labile chirality) and resulted in excellent efficiency and
enantiocontrol. Control experiments and in situ NMR studies
suggested that the reaction proceeds via reversible activation
and protonation of the sulfoxonium ylide followed by rate- and
enantiodetermining azide substitution via dynamic kinetic
resolution. Our mechanistic curiosity related to the use of
a preformed sulfoxonium salt also led to the discovery of
a simplied protocol with a cheaper HN3 source.
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