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Abstract Herein, we describe the generation of highly reactive
monoalkyl and phenyl ketenes by using a dehalogenation procedure
under flow conditions. All ketenes were generated in good yields (de-
termined by quenching with an appropriate aniline derivative) and
showed high reactivity in the [2+2] cycloaddition with imines, resulting
in the formation of a range of B-lactams at room temperature in less
than 10 minutes. Furthermore, initial experiments were performed by
using these reactive ketenes for the synthesis of B-lactams under flow
conditions.

Keywords ketenes, reactive intermediates, lactams, flow chemistry,
cycloaddition

The generation and control of reactive/unstable inter-
mediates is a fundamental part of organic chemistry be-
cause it allows the synthesis of unique molecular struc-
tures. Reactions with reactive intermediates are sometimes
challenging as they are difficult to isolate, show only mod-
erate selectivity or tend to dimerise or polymerise under
the reaction conditions used for their generation in a classi-
cal batch-mode environment.

Ketenes are versatile compounds because they possess
unique chemical properties and reactivity.! They can take
part in various [2+2] cycloaddition reactions, giving direct
access to interesting structural motifs. Most importantly,
the reaction of ketenes with imines offers a straightforward
route to biological interesting B-lactams, which are an im-
portant structural motif in medicinal chemistry.?

Whereas secondary ketenes can be synthesised and iso-
lated relatively easily,> most primary ketenes are highly re-
active and their synthesis and isolation is difficult. There-
fore, the method of choice for reactions with these reactive
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ketenes is their generation in situ, starting from the corre-
sponding acyl chloride in the presence of a tertiary amine
base and an appropriate coupling partner.* However, the
presence of Lewis bases, for example tertiary amines, can
alter or inhibit certain reaction pathways of ketenes.
Therefore, in an effort to discover new pathways involving
reactive intermediates, we began investigations into the
base-free generation of ketenes.

An alternative, base-free route to reactive ketenes was
reported by Staudinger around 100 years ago.’ He demon-
strated that reactive ketenes can be obtained by a zinc-me-
diated dehalogenation procedure starting from o-bromo
acyl bromides. However, the yields obtained by this method
under batch-mode conditions were very low because of
side reactions such as polymerisation. To prevent the gen-
erated ketenes from undergoing dimerisation or polymeri-
sation, this method was improved by Ward et al.” By direct
co-distillation of the generated ketene together with tetra-
hydrofuran (THF) from the reaction flask it was possible to
significantly improve the yield of obtained ketene. Howev-
er, immediate cooling of the collecting flask with liquid ni-
trogen was necessary because the authors noted that
the generated ketenes tend to dimerise or polymerise even
at -80 °C.

By using this dehalogenation procedure as a starting
point, we assumed that side reactions such as dimerisation
and polymerisation could be decreased or even inhibited by
using flow chemistry as a tool to control the generation of
reactive intermediates directly. Previously, we could
demonstrate that relatively unstable benzylic diazo com-
pounds are accessible by oxidation of readily available ben-
zyl hydrazones with MnO, through translocation.® Here, we
describe the controlled in-flow generation of reactive
mono-alkyl and mono-phenyl ketenes and their usage in
the [2+2] Staudinger reaction with imines. It should be not-
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Scheme 1 General setup for the generation of reactive ketenes starting from a-brominated acyl halides (1). The stream of reactive ketene was directly

quenched with an appropriate coupling partner.

ed that the Lectka group has previously reported a different
flow approach towards the generation of ketenes based on
a polymer-supported base.>b<

In contrast to classical batch-mode chemistry, for which
all reaction partners must be present in one chemical envi-
ronment, flow chemistry allows the synthesis of complex
molecules by translocation of an intermediate from one
chemical environment into another without the need for
isolation.? This advantage of flow chemistry is especially
useful when applied in the generation of reactive interme-
diates. Whereas it is difficult to control the reactivity of a
reactive species in batch mode, flow chemistry offers vari-
ous parameters (flow rate, retention time, temperature, in-
line analysis etc.) to give improved control over these inter-
mediates.'® Therefore, it is (in contrast to batch-mode
chemistry, for which these reactive species are mostly gen-
erated in situ in the presence of an appropriate coupling
partner) possible to generate a reactive species specifically
and then react it with another substrate.

By using Staudinger’s dehalogenation procedure as in-
spiration, we explored the generation of reactive ketenes
under flow conditions by using a simple Omnifit column
loaded with zinc and a source of a-bromoacyl bromides as
ketene precursors. Notably, the application of metals in
special cartridges for the preparation of zinc species under
flow conditions has been reported previously.!!

Ketenes can be easily monitored by their characteristic
IR band at around 2100 cm~'. Thus, it seemed reasonable to
use an in-line IR spectrometer as an analytical tool to deter-
mine and follow the formation of reactive ketenes. With a-
bromopropionyl bromide (1a) as a test substrate (0.1 M in
THF), we were pleased to see the corresponding ketene
band (2116 cm™') in the IR spectra when commercially
available zinc dust was packed into an Omnifit column and
a flow rate of 0.5 mL/min was used (see Scheme 1 for the
general setup). Unfortunately, the formation of the ketene
was not stable and different runs showed different intensi-
ties of the ketene IR-band. This was mainly attributed to
holes that were formed in the zinc column through genera-

tion of readily soluble ZnBr,. However, this problem could
be solved when zinc dust was activated by treatment with
aq. HCl and mixed with commercially available glass
beads.'?
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Figure 1 (Left) Intensity of the ketene band at 2107 cm™' (0.1 M in
THF) of n-butyl ketene (2c, green) compared with starting material
(red) using activated zinc (500 mg). Ketene formation was stable for 30
min. (Right) 3D spectra obtained by the in-line IR spectrometer of the
ketene generation, showing clean conversion into the desired ketene.

Thus, an Omnifit column containing one third (3 equiv)
activated zinc and two thirds glass beads (<106 um) al-
lowed the stable generation of reactive monoalkyl ketenes
at room temperature in THF. It should be noted that ketene
formation was also possible in ethyl acetate, diethyl ether
and methyltetrahydrofuran. Following the reaction by in-
line IR spectrometer allowed further control of ketene gen-
eration. Whereas more concentrated solutions (0.2 M) of
acyl bromide led to the occurrence of side products, opti-
mal control could be achieved by using a 0.1 M solution and
a flow rate of 1.0 mL/min. In this case, ketene formation
was quantitative and no side products could be observed in
the IR spectra (Figure 1). We then attempted to quantify the
yield of the ketene generated. This has been done previous-
ly by quenching the reactive ketene with a solution of an
appropriate aniline derivative.5” Thus, the ketene solution
(1.0 equiv in THF) was directly quenched with p-toluidine
(1.5 equiv). By using highly reactive methyl ketene (2a) as
test substrate, the corresponding amide could be obtained
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in 68% yield, without any 2-bromo-N-(p-tolyl)propanamide
as byproduct. This confirmed our in-line analysis, which
showed clean conversion from the acyl bromide into the
corresponding ketene.

With the optimised conditions in hand, we then started
to explore the reactivity of these ketenes in the [2+2] cy-
cloaddition reaction with imines to form p-lactams.
Whereas the ketenes could be easily controlled under flow
conditions, as shown by the in-line IR spectra, they readily
polymerised after collecting the outcoming ketene stream
in a flask. This result suggests that a coupling partner must
be reasonably nucleophilic to react immediately with the
highly reactive ketene.

Table 1 [2+2] Cycloaddition Reaction of Ketenes with Imines

s
Zn )l
Br : Q IR oL PMP
/H\ (1.0 equiv) )L_,l
(0] r.t. H R
1a 1 mL/min 2a 6a
R = 4-CICgH.
Entry Ketene (equiv)  Conc. (mol/L) Solvent Conversion (%)?
1 1.5 0.1 THF 40
2 2.5 0.1 THF 45
3 1.5 0.05 THF 51
4 15 0.05 Et,0 98 (91)°

2 Conversion based on "H NMR analysis of the crude mixture after workup.
b Isolated yield after purification by column chromatography.

As shown in Table 1, first experiments using 1.5 equiv of
a 0.1 M solution of 1a in THF and (E)-1-(4-chlorophenyl)-N-
(4-methoxyphenyl)methanimine as imine resulted in only
moderate conversion into the desired B-lactam 6a (entry 1).
However, yields could be improved by decreasing the ke-
tene concentration to 0.05 M (entry 3) and full conversion
could be achieved by changing the solvent from THF to Et,0
(entry 4). This could be explained by the higher Lewis acid-
ity of Zn(Il)-salts in Et,0, which further increases the elec-
trophilicity of ketenes.

As shown in Scheme 2 (6a-f), methyl ketene reacts
readily with a range of imines at room temperature to form
the corresponding B-lactams in good to very good yields.
The high reactivity was clear from the reaction time, since
the reactions were complete in less than 10 minutes.

To demonstrate the generality of ketene formation, a
range of other ketenes were generated under the same con-
ditions. In all cases, the ketene IR band showed a similar in-
tensity when monitored with an in-line IR spectrometer,
suggesting similar generation of reactive ketene. The IR
bands obtained in Et,0 for the different ketenes were
2110 cm™! (ethyl ketene, 2b), 2107 cm™! (n-butyl ketene,

Br Zn
3 )
X (3 equiv)
R?
O r.t.
1
X =Cl, Br
O PMP (0] Ph (e} 0} tBu
4-CICgH4 Ph Ph Ph
6a, 91% 6b, 97% 6c, 68% 6d, 70%
(cisltrans = (cis/trans = 1:4.7) (cis/trans = 1.2:1) only cis
1:1. 4)
p )i t ]:
6e, 90% 6f, 61% 69, 84% 6h, 98%

(cis/trans = 1:1) (cis/trans =14.7:1) (cis/trans = 8.9:1) (cis/trans = 1:15.7)

JE . e
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Scheme 2 Reaction of imines with ketenes 2 generated in-flow.

lal Reaction conditions: A solution of a-bromoacyl halide 1 (0.05 M) was
pumped with a flow rate of 1.0 mL/min through a Omnifit column con-
taining Zn (3.0 equiv) and glass beads to generated the corresponding
ketene 2. The outcoming stream (0.3 mmol) was directly reacted with
the imine (0.2 mmol dissolved in 1 mL Et,0) at room temperature (ad-
dition over 6 min, stirring for another 4 min). Isolated yields after purifi-
cation by column chromatography. [’ In case of 2-bromohexanoyl
bromide 2c, a flow rate of 0.5 mL/min was used, under otherwise iden-
tical conditions.

2c¢), 2111 cm™! (phenyl ketene, 2d) and 2118 cm™! (2-bro-
moethyl ketene, 2e). All of these ketenes showed similar re-
activity and selectivities compared to methyl ketene, and
the reaction with imines resulted in similar good to very
good yields (Scheme 2). As expected from the high reactivi-
ty of the ketenes, selectivity was relatively low in most cas-
es. Whereas ketenimines (6e, 6i, 6k and 60) always formed
a 1:1 cis- and trans-B-lactam mixture, benzylideneaniline
showed a preference for the trans over the cis form (6b, 6h,
61 and 6n). In contrast to benzylideneaniline, benzylidene-
diisopropylamine (6f and 6g) and benzylidene-tert-butyl-
amine (6d) showed a higher tendency to form the cis prod-
uct. These selectivities can be explained by the established
mechanism of the Staudinger reaction'® and observations
made by Moore et al.'* and by Xu et al.’>
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Notably, phenyl ketene 2d was prepared starting from
the corresponding acyl chloride instead of the acyl bro-
mide. While we found that the a-bromo functionality was
important for the smooth and stable generation of the cor-
responding ketene through zinc-mediated dehalogenation,
both acyl chlorides and bromides reacted the same way.
When o-chloro-2-phenylacetyl chloride was used instead,
ketene formation only occurred when a heated zinc column
with freshly prepared activated zinc was used. However, it
was difficult to achieve reliable and stable ketene forma-
tion.

To compare the reaction with a classical batch-mode re-
action, the reaction was also studied in one pot. Thus, zinc
and benzylideneaniline were placed in a flask under argon
in Et,0 and the a-butyryl bromide (1b) was added slowly.
However, after 2 h stirring at room temperature and com-
plete consumption of starting material, the crude '"H NMR
spectrum showed no desired product 6h, and N-phenylbu-
tyramide (7) could be isolated in 67% as the major product
(Scheme 3). This clearly demonstrates the advantage of
translocation of a reactive species, which can be achieved
by using flow chemistry.

0
Br-
N B o_ Ph H
)| Et N \n/\/
Ph Zn, Et,O, rt, 2 h * o}
Et Ph
6h 7

not observed (67%)

Scheme 3 Test reaction of B-lactam formation under the same condi-
tions in the batch mode. Isolated yield of 7 is given.

0.1 Min EtOAc
1 ml/min

0.05M in EtOAc
1 ml/min

O

Ph
e
N

6b Ph
50%

Scheme 4 Synthesis of B-lactam 6b by using reactive ketenes in flow.
Isolated yield of 6b is given.

Furthermore, we investigated a full flow protocol for the
[2+2] cycloaddition reaction between ketenes and imines.!®
A stream of generated ketene 2a was directly reacted in-
line with a stream of benzylideneaniline. However, because
pumping of different streams of low-boiling solvent is chal-
lenging, the solvent system was switched. Optimum results
were obtained by using ethyl acetate as the solvent. Here,
the desired B-lactam 6b could be obtained in 50% yield af-
ter a residence time of just 5 minutes (Scheme 4).

In conclusion, we report the generation of monoalkyl-
and phenyl ketenes by using a simple dehalogenation pro-
cedure under flow conditions.!” The generation of these
highly reactive species could be followed by using in-line IR
analysis, and the ketenes were obtained in high yields, al-
lowing the preparation of different B-lactams by a [2+2] cy-
cloaddition reaction at room temperature.
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