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1,4-Aryl migration in ketene-derived enolates by a
polar-radical-crossover cascade
Niklas Radhoff1 & Armido Studer 1✉

The arylation of carboxylic acid derivatives via Smiles rearrangement has gained great

interest in recent years. Both radical and ionic approaches, as well as radical-polar crossover

concepts, have been developed. In contrast, a reversed polar-radical crossover approach

remains underexplored. Here we report a simple, efficient and scalable method for the

preparation of sterically hindered and valuable α-quaternary amides via a polar-radical

crossover-enolate oxidation-aryl migration pathway. A variety of easily accessible N-alkyl and

N-arylsulfonamides are reacted with disubstituted ketenes to give the corresponding amide

enolates, which undergo upon single electron transfer oxidation, a 1,4-aryl migration,

desulfonylation, hydrogen atom transfer cascade to provide α-quaternary amides in good to

excellent yields. Various mono- and di-substituted heteroatom-containing and polycyclic

arenes engage in the aryl migration reaction. Functional group tolerance is excellent and

substrates as well as reagents are readily available rendering the method broadly applicable.
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S ince their first description by Staudinger in 19051, ketenes
have emerged as highly useful starting materials and inter-
mediates in organic synthesis2–9. The high value of ketenes in

synthesis lies in their ability to undergo clean and efficient [2+ 2]
cycloadditions10 with ketenes in dimerizations11–15 and with
ketones16–21, imines9,22,23 or alkenes24,25 for the construction of
four-membered and also larger ring structures26–32. These reactions
often follow a stepwise mechanism with the addition of a nucleo-
phile onto the ketene as the initial step. Equally important but
underrepresented in synthesis is conversion of ketenes to the cor-
responding enolates by nucleophilic attack of C33,34-, N35,36-, Si37-
and O38,39-anions. This is particularly interesting for the generation
of sterically demanding enolates with controlled cis/trans-stereo-
chemistry. Notably, enolates of α,α-disubstituted amides are gen-
erally not accessible via α-deprotonation. Nevertheless, the
functionalization of enolates derived from α,α-disubstituted amides

is of high synthetic interest because the products, all-carbon α-
quaternary amides, are important compounds in pharmaceutical
chemistry as they often show biological activity for example as anti-
nausea agents (e.g. Netupitant®) or spasmolytics40

In recent years, the concept of aryl migration41–60 in general
and especially for the α-arylation of both pre-functionalized and
non-functionalized amides has gained great attention. Many years
after the seminal works of Speckamp61 and Motherwell62 who
pioneered the field of radical aryl migration from sulfur to car-
bon, Nevado’s group developed an approach to access α-
quaternary amides comprising a conjugate radical addition to
an acryl sulfonamide followed by radical 1,4-aryl migration onto
an intermediately generated α-amide radical (Fig. 1a)63–65. Very
recently, the same group published a stereoselective variant of this
reaction in which enantiomerically pure acrylamides were used as
starting materials that contain a chiral aryl sulfinyl group as a
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ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-30817-3

2 NATURE COMMUNICATIONS |         (2022) 13:3083 | https://doi.org/10.1038/s41467-022-30817-3 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


stereodirecting moiety which also serves as the aryl donor66.
Along with radical addition to acrylates, such α-amide radical
intermediates can also be generated via reductive C−X-bond
cleavage of α-halo(sulfon)amides67 or via intramolecular hydro-
gen atom transfer to aryl radicals by using ortho-iodoaryl sulfo-
namides as radical precursors68. Of note, the latter approach
represents an α-C(sp3)−H arylation where the pre-
functionalization of the α-position of the amide substrate is not
required. However, the common limitation of all these methods
lies in their restricted applicability towards formation of α,α-
dialkyl-α-aryl amides, as they do not allow the efficient pre-
paration of α,α-diaryl-α-alkyl amides.

Complementary to radical aryl migrations, anionic 1,4-aryl
migrations can also be applied for C(sp2)−C(sp3) bond forma-
tion. Dohmori and coworkers observed anionic aryl migration in
sulfonamide enolates as early as the 1950s69–76. More recently,
Clayden’s group developed a valuable method for the stereo-
selective arylation of the α-C(sp3)−H bond in imidazolidinones
(Fig. 1b)77. These reactions proceed via deprotonation (enolate
formation) and subsequent anionic 1,4-aryl migration from
nitrogen to carbon. The same group recently introduced an ele-
gant method for the preparation of α-arylated amines via radical-
polar crossover (Fig. 1c)78. The cascade is initiated by a radical
addition to an eneurea with subsequent reduction of the adduct
radical to the corresponding anion followed by ionic 1,4-aryl
migration. The switching from the radical to the anionic mode in
such cross-over processes may offer advantages and will also open
new opportunities in reaction design.

Keeping the crossover benefits in mind, we herein present a
reversed polar-radical crossover strategy that uses an anionic

addition as the initial step of the cascade with subsequent SET-
oxidation and radical translocation, harvesting the great potential
of the radical aryl migration reaction. As substrates, we are using
ketenes that can readily be prepared by established methodology
in a one-pot sequence via acid chlorides easily obtained from
commercially available carboxylic acids. As discussed above,
ketenes serve as efficient enolate precursors. Hence, the addition
of a lithiated arylsulfonamide to a ketene leads to the corre-
sponding sterically demanding α-alkyl-α-aryl or α,α-dialkyl
amide enolate (Fig. 1d). The polar-radical crossover is achieved
by enolate SET-oxidation which is followed by a radical 1,4-aryl
migration. SO2-extrusion and hydrogen atom abstraction will
complete the sequence. Of note, the sulfonamides are prepared in
high yield in an easy and scalable reaction from inexpensive
amines and aryl sulfonyl chlorides, which are commercially
available in great variety. Therefore, this process allows to prepare
a large number of all carbon α-quaternary amides in a simple
one-pot process starting from easily accessible precursors.

Results and discussion
Optimization study. We chose N-isopropylbenzenesulfonamide
1a and ethyl phenyl ketene 2a as model substrates for reaction
optimization. The sulfonamide 1a was first deprotonated with n-
BuLi (1.1 eq.) in THF and then mixed with the preformed ketene
2a. SET oxidation of the enolate was initially attempted by irra-
diation (456 and 467 nm) in the presence of a photoredox cata-
lyst, [Ir(dF(CF3)ppy)2(dtbpy)]PF6 (5 mol%) or [Ru(bpy)3](PF6)2
(5 mol%) (Table 1, entry 1 and 2). Disappointingly, the desired α-
arylated amide 3aa was not formed in both cases. We next tested

Table 1 Reaction optimizationa,b.

S N
H

O

Ph

Ph Et

C

O

+

1) Base, 30 min
2) Oxidant, 15 min

solvent, rt

1a 2a 3aa

N
H

O O

Entry Oxidant (equiv.) Base (equiv.) Solvent (M) Yield

1 [Ir(dF-CF3)ppy)2(dtbpy)]PF6 (0.05) n-BuLi (1.1) THF (0.1) n.d.
2 [Ru(bpy)3](PF6)2 (0.05) n-BuLi (1.1) THF (0.1) n.d.
3 CuCl2 (1.2) n-BuLi (1.1) THF (0.1) 22%c

4 FcBF4 (1.2) n-BuLi (1.1) THF (0.1) 20%c

5 CuCl2 (1.2) n-BuLi (1.1) THF (0.01) 38%
6 FcBF4 (1.2) n-BuLi (1.1) THF (0.01) 60%
7d FcBF4 (1.0) n-BuLi (1.1) THF (0.01) 61%
8d FcBF4 (0.3) n-BuLi (1.1) THF (0.01) Traces
9d FcBF4 (0.1) n-BuLi (1.1) THF (0.01) n.d.
10d FcBF4 (1.0) n-BuLi (1.1) PhMe (0.01) n.d.
11d FcBF4 (1.0) n-BuLi (1.1) PhH (0.01) 32%
12d FcBF4 (1.0) n-BuLi (1.1) Et2O (0.01) >99% (94%c)
13d None n-BuLi (1.1) Et2O (0.01) n.d.
14d FcBF4 (1.0) None Et2O (0.01) n.d.
15d FcBF4 (1.0) NaH (1.1) Et2O (0.01) n.d.
16d FcBF4 (1.0) DBU (1.1) Et2O (0.01) n.d.
17d FcBF4 (1.0) LiHMDS (1.1) Et2O (0.01) 81%
18d fac-[Ir(ppy)3] (0.05) n-BuLi (1.1) Et2O (0.01) n.d.
19d Mes-Acr+ClO�

4 (0.05) n-BuLi (1.1) Et2O (0.01) n.d.
20d [Ru(bpz)3](PF6)2 (0.05) n-BuLi (1.1) Et2O (0.01) n.d.
21d [Ir(ppy)2(dtbpy)]PF6 (0.05) n-BuLi (1.1) Et2O (0.01) n.d.
22d 4CzIPN (0.05) n-BuLi (1.1) Et2O (0.01) n.d.

aReactions (0.200mmol) were performed under an atmosphere of argon. n.d.= not detected (GC-MS). FcBF4= Ferrocenium tetrafluoroborate. DBU= 1,8-Diazabicyclo[5.4.0]undec-7-en.
LiHMDS= Lithium bis(trimethylsilyl)amide. Mes-Acr+ClO�

4 = 9-Mesityl-10-methylacridinium perchlorate. 4CzIPN= 2,4,5,6-tetra(carbazole-9-yl)isophtalonitrile. The optimized reaction conditions are
marked in bold.
bYields determined by GC-FID using n-dodecane as internal standard.
cIsolated yield.
dKetene 2a in Et2O (0.06M) added by syringe pump over 30min.
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the SET-oxidation of the intermediate enolate with stoichiometric
CuCl2 (1.2 eq.) and ferrocenium tetrafluoroborate (FcBF4, 1.2
eq.). Pleasingly, the targeted amide 3aa was obtained in
encouraging 22% and 20% yield, respectively (Table 1, entry 3
and 4). As a side product, the ketene dimer was observed in these
transformations. To suppress dimer formation, the concentration
of the reaction mixture was decreased to 0.01 M and yield
improved to 38% with CuCl2 (1.2 eq.) and further to 60% with
FcBF4 (1.2 eq.) (Table 1, entry 5 and 6). When the ketene is
slowly added as a solution in THF (0.06 M) over half an hour by
syringe pump, the yield minimally increased to 61% with 1.0 eq.
of FcBF4 (Table 1, entry 7). By using a sub-stoichiometric amount
FcBF4, only traces of the product 3aa were obtained (Table 1,
entry 8 and 9). Next, the influence of the solvent was investigated
and the desired 3aa was not formed in toluene, whereas in ben-
zene the yield decreased to 32% (Table 1, entry 10 and 11). To our
delight, in diethyl ether under otherwise identical conditions, a
quantitative conversion was achieved, as analyzed by GC-FID and
the amide 3aa was isolated in an excellent 94% yield (Table 1,
entry 12). The reduced oxidant, ferrocene, which can readily be
re-oxidized to the ferrocenium ion, was recovered in 96% yield. In
a control experiment in the absence of oxidant, product 3aa was
not identified, which indicates the radical nature of the aryl
migration excluding an anionic arylation pathway (Table 1, entry
13). A further control experiment in absence of base also resulted

in no product formation (Table 1, entry 14). Substitution of n-
BuLi with milder and non-nucleophilic bases such as NaH and
DBU also shuts down the reaction (Table 1, entry 15 and 16).
Only with LiHMDS was product formation observed, but with a
reduced yield of 81% (Table 1, entry 17), suggesting that the Li-
enolate is a crucial intermediate in the cascade described herein.

Even though the inexpensive and commercially available
stoichiometric FcBF4 can be near quantitatively recovered and
subsequently recycled, further attempts were made to develop a
variant of the reaction using catalytic amounts of an oxidant. Initial
screenings using photoredox catalysis in the absence of any co-
oxidants (Table 1, entry 1 and 2) failed. Further addressing such a
process, we tested other photocatalysts with both stronger reducing
and oxidizing power, but none of them led to the formation of the
desired product (Table 1, entries 18–22). We then envisioned to
establish a dual catalysis cycle using photoredox catalysis to in situ
recycle the ferrocenium oxidant. The intermediate amidyl radical
formed after the aryl migration sequence might regenerate the
photoredox catalyst under formation of the corresponding
N-anion. Various photocatalysts in combination with 20mol% of
the ferrocenium oxidant were screened and a maximum yield of 8%
was achieved (Table 2, entries 1–5). However, with [Ir(dF(CF3)
ppy)2(dtbpy)]PF6 (5mol%), FcBF4 (20 mol%) under irradiation
with a blue LED (467 nm) the desired amide 3aa was formed in
encouraging 39% yield (Table 2, entry 7). When ketene 2a was

Table 2 Reaction optimization using catalytic amounts of ferrocenium tetrafluoroboratea,b.

S N
H

O

Ph

Ph Et

C

O

+

1) n-BuLi, 30 min
2) FcBF4 (20 mol%), oxidant, 15 min

Et2O, rt

1a 2a 3aa

N
H

O O

Entry Co-oxidant (equiv.) Additive (equiv.) c (M) Yield

1c fac-[Ir(ppy)3] (0.05)j None 0.01 <5%
2c Mes-Acr+ClO�

4 (0.05)j None 0.01 Traces
3c [Ru(bpz)3](PF6)2 (0.05)j None 0.01 Traces
4c [Ru(bpy)3](PF6)2 (0.05)j None 0.01 5%
5c [Ir(ppy)2(dtbpy)]PF6 (0.05)j None 0.01 8%
6c 4CzIPN (0.05)j None 0.01 Traces
7c [Ir(dF-CF3)ppy)2(dtbpy)]PF6 (0.05)j None 0.01 39%
8d [Ir(dF-CF3)ppy)2(dtbpy)]PF6 (0.05)j None 0.01 48%
9d,e [Ir(dF-CF3)ppy)2(dtbpy)]PF6 (0.01)j None 0.01 25%
10d,f [Ir(dF-CF3)ppy)2(dtbpy)]PF6 (0.05)j None 0.01 45% (40%g)
11c [Ir(dF-CF3)ppy)2(dtbpy)]PF6 (0.05)j BrCCl3 (3.0) 0.01 13%
12c [Ir(dF-CF3)ppy)2(dtbpy)]PF6 (0.05)j K2S2O8 (3.0) 0.01 23%
13c [Ir(dF-CF3)ppy)2(dtbpy)]PF6 (0.05)j TBHP (3.0) 0.01 23%
14c [Ir(dF-CF3)ppy)2(dtbpy)]PF6 (0.05)j Bu3SnSnBu3 (1.2) 0.01 <5%
15c [Ir(dF-CF3)ppy)2(dtbpy)]PF6 (0.05)j TMS3SiH (1.2) 0.01 Traces
16c 1,4-benzoquinone (1.0) None 0.01 Traces
17c p-chloranil (1.0) None 0.01 5%
18c DDQ (1.0) None 0.01 48%
19c Bobbitt’s salt (1.0) None 0.01 29%
20c TEMPO-BF4 (1.0) None 0.01 61%
21 TEMPO-BF4 (1.0) None 0.04 64%
22e TEMPO-BF4 (1.0) None 0.04 11%
23h TEMPO-BF4 (1.0) None 0.04 56%
24 TEMPO-BF4 (2.0) None 0.04 54%
25i TEMPO-BF4 (1.0) None 0.04 n.d.

aReactions (0.200mmol) were performed under an atmosphere of argon. n.d.= not detected (GC-MS). FcBF4= Ferrocenium tetrafluoroborate. Mes-Acr+ClO�
4 = 9-Mesityl-10-methylacridinium

perchlorate. 4CzIPN= 2,4,5,6-tetra(carbazole-9-yl)isophtalonitrile. TBHP= tert-Butyl hydroperoxide. Bobbitt’s salt= 4-(Acetylamino)-2,2,6,6-tetramethyl-1-oxo-piperidinium tetrafluoroborate.
DDQ= 4,5-Dichloro-3,6-dioxocyclohexa-1,4-diene-1,2-dicarbonitrile. TEMPO-BF4= 2,2,6,6-Tetramethyl-1-oxo-piperidinium tetrafluoroborate.
bYields determined by GC-FID using n-dodecane as internal standard.
cKetene 2a in Et2O (0.06M) added by syringe pump over 30 min.
dKetene 2a in Et2O (0.06M) added by syringe pump over 120min.
e10 mol% FcBF4.
f30 mol% FcBF4.
gIsolated yield.
h40mol% FcBF4.
iWithout FcBF4.
jIrradiation with blue LED (467 nm).
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added over a period of two hours by syringe pump the yield was
further improved to 48% (Table 2, entry 8). Lowering the catalyst
loading of the FcBF4 led to a reduced yield (Table 2, entry 9), and
increasing the amount of FcBF4 to 30mol% also did not affect the
reaction outcome (Table 2, entry 10). We next tried stochiometric
co-oxidants as additives (BrCCl3, tert-butyl hydroperoxide (TBHP)
and K2S2O8) but were not able to further increase the yield (Table 2,
entries 11–13). The addition of (TMS)3SiH or Bu3SnSnBu3 as
H-atom donors or trapping reagents for the amidyl radical to form
silyl or stannyl radicals, respectively, which can subsequently be
reduced by the photoredox catalyst to close the catalysis cycle, did
also not increase the yield of 3aa (Table 2, entries 14 and 15).

As an alternative approach, we replaced the photoredox
catalyst with cheap stochiometric co-oxidants. Thus, with p-
chloranil (1.0 equiv.) and 1,4-benzoquinone (1.0 equiv.) in
combination with FcBF4 (20 mol%), the desired amide 3aa was
detected in trace amounts only (GC-MS, Table 2, entries 16 and
17). Stronger oxidants such as DDQ (48%), Bobbitt’s salt (21%)
and TEMPO-BF4 (61%) gave significantly better yields (Table 2,
entries 18–20). The best result was obtained, when TEMPO-BF4
(1.0 equiv.) and FcBF4 (20 mol%) were reacted in Et2O (0.04M)
with ketene 2a being added in one portion. In this case, amide
3aa was formed in 64% yield (Table 2, entry 21). Lowering the
loading of FcBF4 to 10 mol% led to a reduced yield (11%),
whereas increasing the iron(III) loading to 30mol% or the
amount of co-oxidant to 2.0 equiv. also gave slightly reduced
yields of 54% and 56%, respectively (Table 2, entries 22–24). A
control experiment without FcBF4 showed no product formation,
indicating that TEMPO-BF4 is not able to directly oxidize the

enolate (Table 2, entry 25). Since the catalytic variants developed
provided lower yields of the targeted aryl migration product 3aa,
we decided to run the scope study applying the procedure that
uses the cheap stoichiometric recyclable FcBF4 as the oxidant.

Substrate scope. We first investigated the scalability of the
method. For this purpose, the model substrate 1a and ethyl
phenyl ketene 2a were converted to the amide 3aa under the
optimized conditions on a 5.0 mmol scale. Compared to the
small-scale experiment (0.2 mmol), a comparatively excellent
yield of 91% (1.28 g) was obtained (Fig. 2). Next, we investigated
the substrate scope keeping 2a as the ketene component. First,
different substituents on the N-atom of the benzenesulfonamide
were investigated. In this series, N-alkylbenzene-sulfonamides 1a-
f were found to be the most efficient substrates and bulkier alkyl
substituents on the N-atom lead to higher yields most likely due
to conformational effects. Thus, for the sterically least demanding
N-methyl derivative 3ab a yield of 57% was noted, whereas the N-
benzyl and N-trifluoroethyl derivatives 3ac and 3ad gave a 78%
yield each. In case of the N-methyl derivative 3ab protonated
enolate was observed as the side product. The best result (98%
yield) was obtained for the N-cyclohexyl derivative 3ae and the
N-dioxanyl derivative 3af could be isolated in 54% yield. The
substrate bearing the sterically demanding N-tert-butyl group
provided the aryl migration product 3ag in only 33% yield and
unreacted sulfonamide 1g was observed. Thus, the high steric
demand of the tert-butyl substituent negatively influences initial
enolate formation. N-Aryl amides also engage in this cascade,
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albeit with lower efficiency, as documented by the preparation of
3ah (26%).

Next, it was investigated whether a diastereoselective aryl migration
is feasible by using enolates generated with chiral lithium amides. To
this end, p-tolylsulfonamides derived from (S)-phenethylamine and
valine methyl ester were reacted under the optimized conditions. The
corresponding amides 3ai and 3aj were isolated in high yields
(78–80%) as a 1:1 mixture of the two diastereoisomers. Guided by the
Myers alkylation79–81, p-tolylsulfonamides 1k-n derived from pseudo-
norephenamine were prepared and subjected to the aryl migration
sequence in combination with ketene 2a. However, reaction did not
work for the O-unprotected compound (3ak) and for the O-protected
congeners, diastereoselectivity could not be controlled (3al-an).

Studies were continued by investigating the substrate scope with
respect to the migrating aryl group with 2a as the ketene component.
p-Methyl, p-fluoro and p-chloro substituents are tolerated on the
migrating aryl moiety and the corresponding amides were isolated in
70% (3ao), 63% (3ap) and 84% (3aq) yield (Fig. 3). The method
tolerates both electron-deficient and electron-rich arenes as migrat-
ing units and the p-CF3- and p-methoxy-phenyl substituted amides
3ar and 3as were isolated in 87% and 69% yield. Lower yields were
noted for the p-nitro, p-cyano, and p-amido congeners (see 3at, 3au,
and 3av). Substituents in ortho and meta position on the migrating

aryl moiety are also tolerated (3aw, 67%; 3ax, 76%; 3ay, 49%).
Reaction with the sterically hindered 1-naphthylsulfonamide was less
efficient and the product 3az was isolated in 19% yield, but the
2-naphthyl congener 3aaa was obtained with 73% yield. The
migration of heteroarenes was found to be lower yielding. Thus,
2-thienyl (3aab), 2-benzothienyl (3aac), and 2-benzofuryl (3aad)
amides were obtained in 27–43% yield. The pyridyl and benzothia-
zolyl migration products 3aae and 3aaf were formed in trace
amounts only, as detected by ESI-MS.

Finally, different ketenes were tested and 1a was selected as the
sulfonamide component in this series (Fig. 4). Starting with alkyl
phenyl ketenes 2b-d, the methyl-, isopropyl- and cyclopentyl-
phenyl amides 3ba-da were obtained in 29–63% yields. A
tetrahydronaphthyl derivative could also be accessed (see 3ea,
42%) and the p-iodo- 3fa as well as the p-bromophenylamide 3ga
were successfully prepared by using ethyl p-iodophenylketene 2f
and ethyl p-bromophenylketene 2g as precursors. Moreover, the
ibuprofen® derivative 3ha was isolated in good yield (75%).
However, diphenyl ketene 2i is not a suitable substrate and the
corresponding amide 3ia could be detected in traces only by ESI-
MS. The higher stability and the larger steric demand of the α,α-
diphenylated α-amide radical likely prevents the aryl migration.
While most alkyl aryl ketenes are rather stable compounds that
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can be stored in the freezer under argon atmosphere for some
time, dialkyl ketenes are reactive intermediates that have to be
used in situ directly after their generation. We were pleased to
find that dialkyl ketenes could also be successfully applied to the
enolate formation aryl migration cascade. For example, the
methyl benzyl derivative 3ja was obtained in 49% yield. Better
yields were noted for the methyl cyclohexylamide 3ka and the
cycloheptane derivative 3la (74–81%).

We made the experience that amide hydrolysis in our case was
very challenging. Addressing that issue, amide 3af with the
assistance of the hydroxyl groups liberated after acetal hydrolysis
was readily hydrolyzed under acidic conditions to the corre-
sponding α-quaternary carboxylic acid 4 in 71% yield (Fig. 5).
Thus, with this strategy a variety of α-quaternary carboxylic acids
can be prepared, further improving the applicability of the
introduced method.

Reaction mechanism. Our suggested mechanism for the polar-
radical crossover cascade is presented in Fig. 6. First, the sulfo-
namide 1a is deprotonated with n-BuLi and the resulting
Li-amide 1a-Li then adds to the ketene to generate the enolate A.
The enolate A is oxidized by the ferrocenium ion (FeIII, E1/2 (Fc/
Fc+) = 0.32 V vs. SCE82) to generate the α-amide radical B83–90,
which attacks the arene at the ipso-position to give the spirocyclic
intermediate C. Homolytic cleavage of the C−S bond and
extrusion of SO2 lead to the amidyl radical D64,67,68. Since fer-
rocene (FeII) is obtained as a by-product in stoichiometric
amounts, the amidyl radical D is not efficiently reduced by fer-
rocene preventing the Fe-salt to act as a redox catalyst. Therefore,
we assume that the amidyl radical D further reacts via hydrogen
abstraction67 from Et2O to finally afford product amide 3. This
may also explain why ethereal solvents provide the highest yields.

In summary, we presented a simple, efficient and scalable
method for the preparation of sterically hindered and syntheti-
cally valuable α-quaternary amides via a polar-radical crossover
enolate oxidation-aryl migration sequence. Ketenes were intro-
duced as highly valuable precursors for the generation of α-amide
radicals. The starting materials, both the ketenes and the
arylsulfonamides, are easily prepared from a wide variety of
commercially available compounds. More than thirty N-alkyl as
well as N-arylamides bearing an all carbon α-quaternary center
were readily prepared via this cascade, convincingly documenting
the broad applicability of the method and also showing the
excellent functional group tolerance. The method convincingly
shows the potential of polar-radical crossover processes in
organic synthesis by merging valuable anionic with equally
important radical steps.

Methods
Representative procedure for the arylation in ketene-derived enolates. To a
Schlenk tube were added sulfonamide 1a (39.9 mg, 0.200 mmol, 1.0 eq.) and
anhydrous Et2O (15 mL). n-BuLi (1.6 M in hexanes, 138 µL, 0.220 mmol, 1.1 eq.))
was added and the mixture was stirred for 30 min at room temperature. Ferroce-
nium tetrafluoroborate (54.7 mg, 0.200 mmol, 1.0 eq.) was added, and stirring
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continued for further 15 min. A solution of ketene 2a (39 µL, 0.30 mmol, 1.5 eq.) in
anhydrous Et2O (5 mL) was added over 30 min by syringe pump. After stirring at
room temperature overnight, the reaction mixture was concentrated and subjected
to flash column chromatography (pentane) to recover ferrocene (35.7 mg,
0.192 mmol, 96%). Flushing the column with EtOAc and subsequent purification
by RP-MPLC (MeOH/H2O, gradient from 20% to 90%) led to isolation of α-
quaternary amide 3aa as a colorless solid (52.9 mg, 0.188 mmol, 94%). For details
on ferrocenium tetrafluoroborate recycling, see the Supplementary Information.

Data availability
Supplementary information and chemical compound information accompany this paper
at www.nature.com/ncomms. The data supporting the results of this work are included in
this paper or in the Supplementary Information and are also available upon request from
the corresponding author.

Received: 10 November 2021; Accepted: 16 May 2022;

References
1. Staudinger, H. Ketene, eine neue Körperklasse. Ber. Dtsch. Chem. Ges. 38,

1735–1739 (1905).
2. Snider, B. B. Intramolecular cycloaddition reactions of ketenes and

keteniminium salts with alkenes. Chem. Rev. 88, 793–811 (1988).
3. Seikaly, H. R. & Tidwell, T. T. Addition reactions of ketenes. Tetrahedron 42,

2587–2613 (1986).
4. Paull, D. H., Weatherwax, A. & Lectka, T. Catalytic, asymmetric reactions of

ketenes and ketene enolates. Tetrahedron 65, 6771–6803 (2009).
5. Orr, R. K. & Calter, M. A. Asymmetric synthesis using ketenes. Tetrahedron

59, 3545–3565 (2003).
6. Allen, A. D. & Tidwell, T. T. Recent advances in ketene chemistry. ARKIVOC

2016, 415–490 (2016).
7. Allen, A. D. & Tidwell, T. T. Ketenes and Other Cumulenes as Reactive

Intermediates. Chem. Rev. 113, 7287–7342 (2013).
8. Allen, A. D. & Tidwell, T. T. New Directions in Ketene Chemistry: The Land

of Opportunity. Eur. J. Org. Chem. 2012, 1081–1096 (2012).
9. Fu, N. & Tidwell, T. T. Preparation of β-lactams by [2+2] cycloaddition of

ketenes and imines. Tetrahedron 64, 10465–10496 (2008).
10. Danheiser, R. L. & Aizpurua, J. M. Science of Synthesis: Houben-Weyl Methods

of Molecular Transformations (Thieme, Stuttgart, 2006).
11. Marqués-López, E. & Christmann, M. β-Lactones through catalytic

asymmetric heterodimerization of ketenes. Angew. Chem. Int. Ed. 51,
8696–8698 (2012).

12. Lv, H., Zhang, Y.-R., Huang, X.-L. & Ye, S. Asymmetric dimerization of
disubstituted ketenes catalyzed by N-heterocyclic carbenes. Adv. Synth. Catal.
350, 2715–2718 (2008).

13. Ibrahim, A. A. et al. Phosphine-catalyzed stereoselective dimerizations of
ketenes. Tetrahedron 78, 131838 (2021).

14. Chen, S. et al. Catalytic asymmetric synthesis of ketene heterodimer β-
lactones: scope and limitations. J. Org. Chem. 81, 7824–7837 (2016).

15. Bhaskararao, B., Jindal, G. & Sunoj, R. B. Exploring the mechanism and
stereoselectivity in chiral cinchona-catalyzed heterodimerization of ketenes. J.
Org. Chem. 82, 13449–13458 (2017).

16. Wynberg, H. & Staring, E. G. J. Asymmetric synthesis of (S)-and (R)-malic
acid from ketene and chloral. J. Am. Chem. Soc. 104, 166–168 (1982).

17. Wynberg, H. & Staring, E. G. J. Catalytic asymmetric synthesis of chiral
4-substituted 2-oxetanones. J. Org. Chem. 50, 1977–1979 (1985).

18. Wang, X.-N., Shao, P.-L., Lv, H. & Ye, S. Enantioselective synthesis of beta-
trifluoromethyl-beta-lactones via NHC-catalyzed ketene-ketone cycloaddition
reactions. Org. Lett. 11, 4029–4031 (2009).

19. Nelson, S. G., Zhu, C. & Shen, X. Catalytic asymmetric acyl halide-aldehyde
cyclocondensation reactions of substituted ketenes. J. Am. Chem. Soc. 126,
14–15 (2004).

20. Wilson, J. E. & Fu, G. C. Asymmetric synthesis of highly substituted beta-
lactones by nucleophile-catalyzed 2+2 cycloadditions of disubstituted ketenes
with aldehydes. Angew. Chem. Int. Ed. 43, 6358–6360 (2004).

21. Zhu, C., Shen, X. & Nelson, S. G. Cinchona alkaloid-lewis acid catalyst systems
for enantioselective ketene-aldehyde cycloadditions. J. Am. Chem. Soc. 126,
5352–5353 (2004).

22. Taggi, A. E., Wack, H., Hafez, A. M., France, S. & Lectka, T. Generation of
ketenes from acid chlorides using NaH/crown ether shuttle-deprotonation for
use in asymmetric catalysis. Org. Lett. 4, 627–629 (2002).

23. France, S., Weatherwax, A., Taggi, A. E. & Lectka, T. Advances in the
catalytic, asymmetric synthesis of beta-lactams. Acc. Chem. Res. 37, 592–600
(2004).

24. Rigsbee, E. M. et al. Lewis acid-promoted 2 + 2 cycloadditions of alkenes with
aryl ketenes. Org. Biom. Chem. 14, 5477–5480 (2016).

25. Rasik, C. M. & Brown, M. K. Lewis acid-promoted ketene-alkene 2 + 2
cycloadditions. J. Am. Chem. Soc. 135, 1673–1676 (2013).

26. Wang, Z.-S. et al. Ynamide smiles rearrangement triggered by visible-light-
mediated regioselective ketyl-ynamide coupling: rapid access to functionalized
indoles and isoquinolines. J. Am. Chem. Soc. 142, 3636–3644 (2020).

27. Zhang, Q.-L. et al. Palladium-catalyzed asymmetric 8+2 dipolar
cycloadditions of vinyl carbamates and photogenerated ketenes. Angew. Chem.
Int. Ed. 59, 14096–14100 (2020).

28. Wei, Y. et al. Enantioselective trapping of Pd-containing 1,5-dipoles by
photogenerated ketenes: access to 7-membered lactones bearing chiral
quaternary stereocenters. J. Am. Chem. Soc. 141, 133–137 (2019).

29. Viceriat, A., Marchand, I., Carret, S. & Poisson, J.-F. Synthesis of γ-lactams by
formal cycloadditions with ketenes. Org. Lett. 23, 2449–2454 (2021).

30. Mondal, M., Panda, M., Davis, N. W., McKee, V. & Kerrigan, N. J.
Asymmetric synthesis of cyclopentanones through dual Lewis acid-catalysed
3+2-cycloaddition of donor-acceptor cyclopropanes with ketenes. Chem.
Commun. 55, 13558–13561 (2019).

31. Liu, J., Li, M.-M., Qu, B.-L., Lu, L.-Q. & Xiao, W.-J. A photoinduced Wolff
rearrangement/Pd-catalyzed 3+2 cycloaddition sequence: an unexpected
route to tetrahydrofurans. Chem. Commun. 55, 2031–2034 (2019).

32. Li, M.-M. et al. Sequential visible-light photoactivation and palladium catalysis
enabling enantioselective 4+2 cycloadditions. J. Am. Chem. Soc. 139,
14707–14713 (2017).

33. Tidwell, T. T. Alkylation and silylation of directed enolates from diethylketene
and organometallic reagents. Tetrahedron Lett. 20, 4615–4618 (1979).

34. Baigrie, L. M., Seiklay, H. R. & Tidwell, T. T. Stereospecific formation of
enolates from reaction of unsymmetrical ketenes and organolithium reagents.
J. Am. Chem. Soc. 107, 5391–5396 (1985).

35. Schultz, A. G. & Kulkarni, Y. S. Enantioselective processes. Reaction of
optically active amines with photochemically generated ketenes. J. Org. Chem.
49, 5202–5206 (1984).

36. Ma, P.-J., Tang, F., Yao, Y. & Lu, C.-D. Addition-rearrangement of ketenes
with lithium N- tert-butanesulfinamides: enantioselective synthesis of α,α-
disubstituted α-hydroxycarboxylic acid derivatives. Org. Lett. 21, 4671–4675
(2019).

37. Naka, A., Ohshita, J., Kunai, A., Lee, M. & Ishikawa, M. The reactions of
tris(trimethylsilyl)silyllithium with ketenes. J. Organomet. Chem. J.
Organomet. Chem. 574, 50–57 (1999).

38. Tandon, V. K. Diethyl zinc catalyzed diastereoselective addition of ketenes
to (S)-(+)-3-hydroxytetrahydrofuran. Tetrahedron Lett. 42, 5985–5987
(2001).

39. Egle, I. et al. Alkoxide-Induced Succinate Ester Formation from Alcohols and
Bis(trimethylsilyl) 1,2-Bisketene. J. Org. Chem. 62, 18–25 (1997).

40. Dubrovskiy, A. & Krivoshein, A. V. Aryl-substituted acetamide and
pyrrolidin-2-one derivatives and their use for the treatment of seizures.
https://patents.google.com/patent/WO2019099760A1/en (2016).

41. Liu, J. et al. Polarity umpolung strategy for the radical alkylation of alkenes.
Angew. Chem. Int. Ed. 59, 8195–8202 (2020).

42. Zhang, H., Wang, M., Wu, X. & Zhu, C. Heterocyclization reagents for rapid
assembly of N-fused heteroarenes from alkenes. Angew. Chem. Int. Ed. 60,
3714–3719 (2021).

SO O

NLi
R1

R2

C

R3

O

SO O

N
R1

OLi

R3

FeIII FeII

SO O

N
R1

O

R3

R2

N
R1

O

R3

R2

R2

S NO
O R1

O

R3 R2

1a-Li

3

-SO2

A B

CD

O

H

N
R1

O

R3

R2

H

Fig. 6 Plausible mechanism of the polar-radical crossover cascade. The
reaction proceeds through anionic (1a-Li and A) and radical intermediates
(B, C and D).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-30817-3

8 NATURE COMMUNICATIONS |         (2022) 13:3083 | https://doi.org/10.1038/s41467-022-30817-3 | www.nature.com/naturecommunications

http://www.nature.com/ncomms
https://patents.google.com/patent/WO2019099760A1/en
www.nature.com/naturecommunications


43. Yu, J., Wu, Z. & Zhu, C. Efficient docking-migration strategy for selective
radical difluoromethylation of alkenes. Angew. Chem. Int. Ed. 57,
17156–17160 (2018).

44. Wu, X., Ma, Z., Feng, T. & Zhu, C. Radical-mediated rearrangements: past,
present, and future. Chem. Soc. Rev. 50, 11577–11613 (2021).

45. Yan, J. et al. A radical smiles rearrangement promoted by neutral eosin Y as a
direct hydrogen atom transfer photocatalyst. J. Am. Chem. Soc. 142,
11357–11362 (2020).

46. Whalley, D. M., Duong, H. A. & Greaney, M. F. A visible light-mediated,
decarboxylative, desulfonylative Smiles rearrangement for general
arylethylamine syntheses. Chem. Comm. 56, 11493–11496 (2020).

47. Whalley, D. M., Duong, H. A. & Greaney, M. F. Alkene carboarylation
through catalyst-free, visible light-mediated smiles rearrangement. Chem. Eur.
J. 25, 1927–1930 (2019).

48. Wang, K., Yu, J., Shao, Y., Tang, S. & Sun, J. Forming all-carbon quaternary
stereocenters by organocatalytic aminomethylation: concise access to β2,2-
amino acids. Angew. Chem. Int. Ed. 59, 23516–23520 (2020).

49. Monos, T. M., McAtee, R. C. & Stephenson, C. R. J. Arylsulfonylacetamides as
bifunctional reagents for alkene aminoarylation. Science 361, 1369–1373
(2018).

50. Liu, J. et al. Base-promoted michael addition/smiles rearrangement/
N-arylation cascade: one-step synthesis of 1,2,3-trisubstituted 4-Quinolones
from ynones and sulfonamides. Adv. Synth. Catal. 362, 213–223 (2020).

51. Barlow, H. L., Rabet, P. T. G., Durie, A., Evans, T. & Greaney, M. F. Arylation
using sulfonamides: phenylacetamide synthesis through tandem acylation-
smiles rearrangement. Org. Lett. 21, 9033–9035 (2019).

52. Alpers, D., Cole, K. P. & Stephenson, C. R. J. Visible light mediated aryl
migration by homolytic C-N cleavage of aryl amines. Angew. Chem. Int. Ed.
57, 12167–12170 (2018).

53. Li, W., Xu, W., Xie, J., Yu, S. & Zhu, C. Distal radical migration strategy: an
emerging synthetic means. Chem. Soc. Rev. 47, 654–667 (2018).

54. Wu, X. & Zhu, C. Radical-mediated remote functional group migration. Acc.
Chem. Res. 53, 1620–1636 (2020).

55. Holden, C. M. & Greaney, M. F. Modern aspects of the smiles rearrangement.
Chem. Eur. J. 23, 8992–9008 (2017).

56. Studer, A. & Bossart, M. Radical aryl migration reactions. Tetrahedron 57,
9649–9667 (2001).

57. Snape, T. J. A truce on the smiles rearrangement: revisiting an old
reaction–the truce-smiles rearrangement. Chem. Soc. Rev. 37, 2452–2458
(2008).

58. Henderson, A. R., Kosowan, J. R. & Wood, T. E. The truce–smiles
rearrangement and related reactions: a review. Can. J. Chem. 95, 483–504
(2017).

59. Allen, A. R., Noten, E. A. & Stephenson, C. R. J. Aryl transfer strategies
mediated by photoinduced electron transfer. Chem. Rev. 122, 2695–2751
(2022).

60. Chen, Z.-M., Zhang, X.-M. & Tu, Y.-Q. Radical aryl migration reactions and
synthetic applications. Chem. Soc. Rev. 44, 5220–5245 (2015).

61. Loven, R. & Speckamp, W. N. A novel 1,4 arylradical rearrangement.
Tetrahedron Lett. 13, 1567–1570 (1972).

62. Motherwell, W. B. & Pennell, A. M. K. A novel route to biaryls via
intramolecular free radical ipso substitution reactions. J. Chem. Soc. Chem.
Commun. 877–879 (1991).

63. Kong, W., Casimiro, M., Fuentes, N., Merino, E. & Nevado, C. Metal-free
aryltrifluoromethylation of activated alkenes. Angew. Chem. Int. Ed. 52,
13086–13090 (2013).

64. Kong, W., Casimiro, M., Merino, E. & Nevado, C. Copper-catalyzed one-pot
trifluoromethylation/aryl migration/desulfonylation and C(sp2)-N bond
formation of conjugated tosyl amides. J. Am. Chem. Soc. 135, 14480–14483
(2013).

65. Kong, W., Merino, E. & Nevado, C. Arylphosphonylation and arylazidation of
activated alkenes. Angew. Chem. Int. Ed. 53, 5078–5082 (2014).

66. Hervieu, C. et al. Asymmetric, visible light-mediated radical sulfinyl-Smiles
rearrangement to access all-carbon quaternary stereocentres. Nat. Chem. 13,
327–334 (2021).

67. Li, Y. et al. Visible light-induced radical rearrangement to construct C-C
Bonds via an Intramolecular aryl migration/desulfonylation process. J. Org.
Chem. 81, 7036–7041 (2016).

68. Radhoff, N. & Studer, A. Functionalization of α-C(sp3)-H bonds in amides
using radical translocating arylating groups. Angew. Chem. Int. Ed. 60,
3561–3565 (2021).

69. Naito, T., Dohmori, R. & Sano, M. Rearrangement of
nitrobenzenesulfonamide derivatives. II. Yakugaku Zasshi 74, 596–599 (1954).

70. Naito, T., Dohmori, R. & Sano, M. Rearrangement of
nitrobenzenesulfonamide derivatives. Ii. akugaku Zasshi 74, 596–599 (1954).

71. Naito, T. & Dohmori, R. Rearrangement of sulfonamide derivatives. IV.
Rearrangement reaction of the sulfonamide derivatives by pyridine and
quinoline 1-oxides. Pharm. Bull. 3, 38–42 (1955).

72. Naito, T., Dohmori, R. & Kotake, T. Rearrangement of sulfonamide
derivatives. V. Syntheses of methyl alpha-phenyl-2- and 4-piperidineacetate.
Chem. Pharm. Bull. 12, 588–590 (1964).

73. Naito, T., Dohmori, R. & Shimoda, M. Rearrangement of sulfonamide
derivatives. III. Considerations on the reaction mechanism. Pharm. Bull. 3,
34–37 (1955).

74. Dohmori, R. Rearrangement of sulfonamide derivatives. 8. Kinetics of the
rearrangement reaction of sulfonamide derivatives with alkali. Chem. Pharm.
Bull. 12, 601–606 (1964).

75. Dohmori, R. Rearrangement of sulfonamide derivatives. VI. Rearrangement
reaction of N-acetoacetyl-P-methylsulfonylbenzenesulfonamide with alkali.
Chem. Pharm. Bull. 12, 591–594 (1964).

76. Dohmori, R. Rearrangement of sulfonamide derivatives. VII. Rearrangement
reaction of the sulfonamide derivatives of pyridine 1-oxide at room
temperature. Chem. Pharm. Bull. 12, 595–601 (1964).

77. Leonard, D. J., Ward, J. W. & Clayden, J. Asymmetric α-arylation of amino
acids. Nature 562, 105–109 (2018).

78. Abrams, R. & Clayden, J. Photocatalytic difunctionalization of vinyl ureas by
radical addition polar truce-smiles rearrangement cascades. Angew. Chem. Int.
Ed. 59, 11600–11606 (2020).

79. Myers, A. G. et al. Pseudoephedrine as a practical chiral auxiliary for the
synthesis of highly enantiomerically enriched carboxylic acids, alcohols,
aldehydes, and ketones. J. Am. Chem. Soc. 119, 6496–6511 (1997).

80. Morales, M. R., Mellem, K. T. & Myers, A. G. Pseudoephenamine: a practical
chiral auxiliary for asymmetric synthesis. Angew. Chem. Int. Ed. 124,
4646–4649 (2012).

81. Kummer, D. A., Chain, W. J., Morales, M. R., Quiroga, O. & Myers, A. G.
Stereocontrolled alkylative construction of quaternary carbon centers. J. Am.
Chem. Soc. 130, 13231–13233 (2008).

82. Kuwana, T., Bublitz, D. E. & Hoh, G. Chronopotentiometric studies on the
oxidation of ferrocene, ruthenocene, osmocene and some of their derivatives.
J. Am. Chem. Soc. 82, 5811–5817 (1960).

83. Jagtap, P. R., Císařová, I. & Jahn, U. Bioinspired total synthesis of
tetrahydrofuran lignans by tandem nucleophilic addition/redox isomerization/
oxidative coupling and cycloetherification reactions as key steps. Org. Biomol.
Chem. 16, 750–755 (2018).

84. Jahn, U. Highly efficient generation of radicals from ester enolates by the
ferrocenium ion. Application to selective alpha-oxygenation and dimerization
reactions of esters. J. Org. Chem. 63, 7130–7131 (1998).

85. Jahn, U. & Hartmann, P. Electron transfer-induced sequential transformations
of malonates by the ferrocenium ion. Chem. Commun. 209–210 (1998).

86. Jahn, U. & Hartmann, P. Oxidative radical cyclizations of malonate
enolates induced by the ferrocenium ion – a remarkable influence of
enolate counterion and additives. J. Chem. Soc., Perkin Trans. 1, 2277–2282
(2001).

87. Jahn, U., Hartmann, P., Dix, I. & Jones, P. G. Lithium malonate enolates as
precursors for radical reactions − convenient induction of radical cyclizations
with either radical or cationic termination. Eur. J. Org. Chem. 2001, 3333
(2001).

88. Jahn, U., Hartmann, P., Dix, I. & Jones, P. G. Oxidative enolate cyclizations of
6,8-nonadienoates: towards the synthesis of prostanes. Eur. J. Org. Chem.
2002, 718–735 (2002).

89. Jahn, U., Hartmann, P. & Kaasalainen, E. Efficient oxidative radical
cyclizations of ester enolates with carbocation desilylation as termination:
synthesis of cyclopentanoid monoterpenes and analogues. Org. Lett. 6,
257–260 (2004).

90. Jahn, U., Kafka, F., Pohl, R. & Jones, P. G. N,3,4-Trisubstituted pyrrolidines by
electron transfer-induced oxidative cyclizations of N-allylic β-amino ester
enolates. Tetrahedron 65, 10917–10929 (2009).

Acknowledgements
We thank the WWU Münster and the European Research Council ERC (advanced grant
agreement No. 692640, awarded to A.S.) for supporting this work.

Author contributions
N.R. and A.S. conceived and designed the experiments. N.R. performed the experiments
and analyzed the data. N.R. and A.S. wrote the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-30817-3 ARTICLE

NATURE COMMUNICATIONS |         (2022) 13:3083 | https://doi.org/10.1038/s41467-022-30817-3 | www.nature.com/naturecommunications 9

www.nature.com/naturecommunications
www.nature.com/naturecommunications


Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-022-30817-3.

Correspondence and requests for materials should be addressed to Armido Studer.

Peer review information Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-30817-3

10 NATURE COMMUNICATIONS |         (2022) 13:3083 | https://doi.org/10.1038/s41467-022-30817-3 | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-022-30817-3
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	1,4-Aryl migration in ketene-derived enolates by a polar-radical-crossover cascade
	Results and discussion
	Optimization study
	Substrate scope
	Reaction mechanism

	Methods
	Representative procedure for the arylation in ketene-derived enolates

	Data availability
	References
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




