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Abstract

The Staudinger reaction is widely used for the generation of B-lactams via the thermal cycloaddition of imines with
ketenes. Traditionally, it cannot be performed as a multicomponent reaction between aldehydes, amines and ketenes, thus
limiting its versatility. Recently we reported for the first time a three-component Staudinger reaction in batch, exploiting
a photochemical Wolff rearrangement of diazoketones and an in situ generation of the imine. Here we report an expedited
continuous flow approach that generates the crucial ketene intermediate prior to its telescoped reaction with an imine
component at ambient temperatures. The imine is prepared by an in situ dehydration between amines and aldehydes in
a packed bed reactor containing basic alumina as drying agent. The resulting telescoped flow approach features a fast
dehydration reaction (tz. ca. 3 min) as well as an efficient Wolff rearrangement using LEDs (420 nm) to afford the desired
B-lactam products in less than 30 min which compares favorably with reaction times of several days in batch mode. Flow
processing thereby affords a safe and streamlined entry to these important targets and allows their effective generation on
gram scale. Moreover, this approach exploits several homogeneous and heterogeneous transformations under mild condi-
tions that generate water and nitrogen gas as the only by-products.
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Introduction

Multicomponent reactions (MCRs) are attractive means to
Corresponding author. generate molecular complexity by exploiting the sequenced
union of several functionalized building blocks [1]. These
popular reactions allow the rapid construction of heterocy-
clic scaffolds as well as entities based on amide bonds that
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products and their analogues [6] and they typically do not
require protecting group manipulations and generate benign
by-products which adds to their value in the context of atom
and step economy. Moreover, commercially available build-
ing blocks such as amines, carboxylic acids, isonitriles and
aldehydes are frequently used starting materials adding to
both the versatility and popularity of MCRs. While most
MCRs exploit the thermal activation of substrates and the
generation of related reactive intermediates that are formed
and consumed in situ, there are some photochemical vari-
ants that are attractive additions to this field as photons
are exploited as an energy source and traceless reagent
equivalent [7]. In this field we have reported the use of
ketenes, generated in situ through the photochemical Wolff
rearrangement of diazoketones: these reactive intermedi-
ate react further with isocyanides and carboxylic acids or
silanols, yielding respectively acrylamides (K-3CR) [8] and
silyl enol ethers (SK-3CR) [9]. Recent studies have shown
how this approach can be exploited using visible (blue) light
instead of UV radiation, with benefits in terms of selectivity
and efficiency [10].

The Staudinger reaction [11, 12] is a well-established
method to assemble B-lactams via a cycloaddition between
ketenes and imines. Although it could be potentially per-
formed in a three-component fashion without preformation
of the imines, by mixing ketene precursors with aldehydes
and amines, this approach is hampered by the intrinsic
reactivity of amines with acyl chlorides, the most common
precursors of ketenes, and ketenes themselves. We have
recently overcome this limitation by using the photochemi-
cal generation of ketenes and a light-off/light-on approach
in which diazoketones, aldehydes and amines were mixed
in the dark and only after imine formation the photochemi-
cal Wolff rearrangement was induced. This novel Ketene
Three-Component Staudinger Reaction (K-3CSR) afforded
a small library of B-lactams in moderate to good yields, but
a drawback of this approach could be seen in the long reac-
tion times for this batch process, indicating limited overall
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productivity (i.e., 48 h for imine formation and 24 h for
Wolff rearrangement and cycloaddition) [13].

To improve on this, we set out to establish a continuous
flow approach for the Staudinger multicomponent reaction
that was anticipated to provide a faster and safer entry to
B-lactam scaffolds. Crucially, these strained heterocyclic
targets represent important scaffolds that often benefit from
continuous flow processing [14]. Continuous flow technol-
ogy is a powerful tool for improving known batch reactions
and the discovery and subsequent exploitation of new reac-
tivities [15]. Flow reactors exploit miniaturized set-ups that
offer improved heat and mass transfer compared to alter-
native batch approaches [16]. This miniaturization leads to
micro-mixing that can be enhanced by using static mixers,
and the increased surface area to volume ratio leads to bet-
ter dissipation of heat which allows using high temperatures
as well as highly exothermic reactions in a safe manner. In
addition to being able to telescope individual reactions into
sequences [17], a further advantage of flow reactions is their
inherent scalability by means scaling-out and scaling-up
methods. This is important in the context of photochemi-
cal reactions which in traditional batch set-ups suffer from
insufficient scalability due to the Beer-Lambert law. Using
narrow diameter tubing thereby allows for full light pen-
etration and uniform irradiation leading to simple scaling
of flow approaches [18, 19]. Moreover, product degradation
is minimized due to high spatiotemporal control, and lon-
ger operating times under steady state conditions allow for
the preparation of larger product quantities. We envisioned
that these advantages would offer a unique opportunity to
streamline the Staudinger multicomponent reaction furnish-
ing a scalable and efficacious entry to valuable fB-lactam
products (Scheme 1).

1 3
Batch with Al,O3 R R
48 h dark
N\ 24 h light
0 R?
& 0-71%
450 nm
420 nm
BPR R! R3
Al,O3/ sand packed-bed NI
25 min g ‘R2
20-86%



Journal of Flow Chemistry

Scheme 2 Staudinger reaction
between phenyl diazoketone 1a
and imine 2a to product 3a
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Table 1 Wolff rearrangement of diazoketone 1a in flow during the Staudinger reaction with imine 2a

Entry Equivalent of la Wavelength (nm) LED intensity (W) tz.(min) ® (uL/min) Solvent

Concentration (M) Yield (%)

1 1 450 24 60
2 1 450 24 60
3 1 420 24 60
4 1 420 60 60
5 1 420 60 30
6 1 420 60 25
7 1.2 420 60 25
8 1.2 420 60 25
9 1.2 420 60 25
10 1.2 420 60 25

166 DCM 0.04 60°
166 DCM 0.1 59°
166 DCM 0.1 81°
166 DCM 0.1 87°
333 DCM 0.1 700
400 DCM 0.1 740
400 DCM 0.1 93P
400 MTBE 0.1 60°
400 MTBE: DCM 5:1 0.1 61°
400 MTBE: DCM 1:1 0.1 75°

2 Presence of the diazoketone in the reaction mixture

b Complete consumption of the diazoketone

Material & methods

An Omnifit glass column (10 cm length, 6.6 mm inner
diameter) was packed with a mixture of dried Al,O; (grade
I) and sand (ca. 1:2 by weight). The column was connected
to a Vapourtec E-Series flow reactor equipped with peristal-
tic pumps. A solution of aldehyde, amine and diazoketone
in dichloromethane (0.1 M) was prepared and pumped with
a flow rate of 400 puL/min through the packed-bed cartridge
followed by the photo-module equipped with high-intensity
LEDs (rt, 60 W). The reaction yield was determined after
purification by flash chromatography.

Results & discussion

The development of a three-component version of the
Staudinger reaction in flow required optimization of three
distinct processes: i) the condensation of both aldehyde
and amine, i7) the Wolff rearrangement of the diazoketone
induced by visible light, and ii7) the cycloaddition of the
resulting ketene with the imine to give the final p-lactam.
Due to the elusive nature of ketenes, it was decided to inves-
tigate the last two processes together. Imine 2a was prepared
following a reported procedure [20] and in a preliminary
experiment it was dissolved in DCM (0.04 M) together with

diazoketone 1a and pumped through a photochemical flow
module irradiated with 450 nm LEDs (24 W, Scheme 2).
Reaction concentration and wavelength were the same as
previously employed by us in batch [13], while the retention
time was set to 1 hour. Product 3a was isolated as the trans
isomer in 60% yield, although unreacted diazoketone and
imine were still detected in the crude mixture by 'H-NMR
(Table 1, entry 1).

Increasing the concentration of the substrate solution
was found to be beneficial if combined with the use of more
energetic radiation (i.e., lower wavelength; Table 1, entries
2 and 3), affording 3a in 81% yield, although unreacted
starting materials were still detected. Finally, increasing
the LED intensity resulted in complete consumption of the
diazoketone (Table 1, entry 4). When a shorter residence
time was tested, product 3a was isolated with a moderate
decrease in the yield (Table 1, entry 5).

Subsequently, with the latter conditions, we performed a
switch-off experiment to determine the optimal irradiation
time for this flow process [21]. We thus pumped the reagent
solution through the photoreactor and switched the LEDs off
after 30 min, thereby creating a gradient of effective expo-
sure time. Quantitative '"H-NMR analysis was employed as
off-line technique to determine the reaction yield and the
conversion of the photo-sensible starting material. Samples
were collected every 5 min giving the data summarized in

@ Springer



Journal of Flow Chemistry

Fig. 1 Switch-off experiment per-
formed using a solution (0.1 M
in DCM) of diazoketone 1a and
imine 2a, irradiating at 420 nm
(60 W). Blue line: consump-

tion of diazoketone, orange line:
product formation
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entry® 4a tres (min) | @ (uL/min) | Yield (%) "
1 1.2 equiv. 13 100 93
2 1.2 equiv. 3 400 100
3 1.1 equiv. 3 400 100
4 1 equiv. 3 400 97

35

2Reactions were performed in DCM (0.1 M), at the given flow rate at room temperature. The glass column was packed

with a mixture of dried aluminum oxide and sand. ® Reaction yield determined by 'H-NMR using trichloroethylene as

internal standard.

Table 2 Flow synthesis of imine 2a using a packed column reactor

Fig. 1. This indicated that diazoketone 1a was completely
consumed after 25 min, giving a 74% yield of B-lactam 3a
(Table 1, Entry 6). Next, we tried to further improve the
reaction yield by increasing the amount of diazoketone to
1.2 equivalents as unreacted imine was always detected in
the crude. This afforded a significative improvement of the
yield (93%, Table 1, entry 7).

To conclude the optimization of the continuous
Staudinger reaction, we evaluated options to replace DCM
with a greener solvent. Acetonitrile, ethyl acetate, 2-methyl
tetrahydrofuran and methyl tert-butyl ether (MTBE) were
tested, however, only the latter giving good results albeit
with lower yields than DCM (Table 1, Entry 8). In addi-
tion, two mixtures of MTBE and DCM were tested (Table 1,
Entries 9 and 10), affording 3a in good yield (75%) when
equal amounts of solvents were employed. Subsequent
studies were conducted in DCM, although MTBE has the
potential to be a greener alternative for this process.

@ Springer

Once the conditions for the Staudinger reaction were
established, the imine forming step was optimized in flow
using the same solvent and a similar flow rate (Scheme
3). This quickly confirmed Al,O5 as a suitable dehydrat-
ing agent allowing the imine to be isolated in quantitative
yield when using the aldehyde in a small excess (Table 2,
see Supporting Information for further details). In a control
experiment an equimolar mixture of diazoketone, aldehyde
and amine were passed through the packed bed reactor ren-
dering the imine product quantitatively without degradation
of the diazoketone.

Finally, both stages of the multicomponent process were
combined as shown Scheme 3. Diazoketone, amine and
aldehyde were dissolved in DCM (molar ratio 1.2: 1: 1.1)
and pumped using a peristaltic pump of the Vapourtec flow
reactor. The mixture initially passed through the packed
bed column (tz. ca. 3 min) generating the imine intermedi-
ate that then reacted with the in situ formed ketene in the
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Scheme 3 General flow process
of a ketene three-component
Staudinger reaction (K-3CSR)
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Fig.2 Library of p-lactams generated via the flow Ketene Three-Component Reaction (* yield determined by "H-NMR using trichloroethylene as
internal standard)
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photo-module. The system was maintained at room tem-
perature and a second peristaltic pump was used in reverse
mode to act as a back-pressure regulator set to 1 bar.

Pleasingly, this approach proved general and allowed
generating a small library of B-lactams that were typically
obtained as single trans-isomers (Fig. 2). Each compound
was synthesized both through the two- and three-component
procedure allowing us to compare the overall efficiency
of these strategies. The reactions proceeded with good to
excellent yields except for aliphatic aldehydes (product 3n),
however, the resulting product, albeit isolated in low yield,
could not be obtained in batch mode. Generally, the two-
component reaction performed better with yields typically
above 85%, however, the results of the three-component
process are comparable when taking into account that in this
case yields refer to two separate synthetic steps. Finally, a
scale up for the synthesis of compound 3d was conducted
with the same performance as on small scale (83% yield, at
4 mmol scale) demonstrating the convenient preparation of
this product on gram scale.

Conclusions & outlook

This work reports an efficient continuous flow version of
the Ketene Three-Component Reaction towards a library
of B-lactam products. This telescoped approach exploits a
packed bed reactor filled with a mixture of Al,O; and sand
that affects the fast dehydration reaction between aldehydes
and amines. The resulting imines then react with ketenes
that are generated via a photochemical Wolff rearrangement
in situ. Importantly, the dehydrating column can be used for
up to 20 reactions at small scale (i.e., 0.3 mmol) making this
strategy particularly attractive for library synthesis. Further-
more, the imine formation in flow required only three min-
utes compared to 48 h in batch mode, and the photochemical
process can be performed in less than 30 min (instead of
24 h in batch) showcasing significant acceleration in flow
due to better mass and photon transfer. Therefore, a signifi-
cantly increased space time yield can be realized in flow
mode (43.5 mmol L™! h™!, calculated for the flow syn-
thesis of compound 3d, vs. 0.36 mmol L™! h=! in batch),
which together with the high atom economy of this multi-
component process makes this continuous approach highly
desirable for the generation of libraries of these small-ring
heterocycles.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s41981-
024-00333-0.
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