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Integrated Micro-flow Synthesis Based on Photochemical Wolff

Rearrangement

Shinichiro Fuse,* Yuma Otake, and Hiroyuki Nakamura

Abstract: Wolff rearrangement of a-diazo carbonyl compounds has
remained important in organic synthesis since its development more
than 115 years ago. The risk in treating diazo compounds can be
minimized by utilizing micro-flow technology. In addition,
photochemical Wolff rearrangement can be carried out efficiently by
utilizing micro-flow technology. Therefore, integrated micro-flow
synthesis is well suited to the preparation of o-diazo carbonyl
compounds and their photochemical Wolff rearrangement. In this
review article, recently reported micro-flow photochemical Wolff
rearrangements and their application in integrated micro-flow
syntheses are summarized.

1. Introduction
1.1. Photochemical Wolff Rearrangement

Wolff rearrangement was developed by Ludwig Wolff in 1902.M
Although 115 years have passed since its development, Wolff
rearrangement has not lost its usefulness in synthetic organic
chemistry.24 In Wolff rearrangement, a-diazocarbonyl compound
1 is converted to ketene 2 via photoirradiation, heating, or silver-
mediated conditions (Scheme 1). Subsequent additions of various
nucleophiles against 2 afford a variety of carbonyl compounds 3.
If R and R? in 1 are directly linked and form a ring structure, a
one-carbon, ring-contracted product is obtained via the Wolff
rearrangement/nucleophilic addition sequence. This sequence is
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Scheme 1. Wolff rearrangement of a-diazocarbonyl compounds 1 to ketene 2
and a subsequent nucleophilic addition to afford 3 or a [2+2] cycloaddition to
afford 4.
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particularly useful for the homologation of carboxylic acids 5.
Namely, the chlorination of 5/nucleophilic acyl substitution of 6
with the diazomethane compounds/Wolff rearrangement of
1/nucleophilic addition of water against ketene 2 affords one-
carbon elongated carboxylic acid 3 (Nuc = OH). This sequence is
referred to as Arndt-Eistert homologation. © In addition, the [2+2]
cycloaddition of reactive ketene 2 with unsaturated compounds
affords the 4-membered ring compound 4.

Due to the potential explosibility of diazo compounds, it is
desirable that a-diazocarbonyl compound 1 is prepared in situ for
use in subsequent reactions without isolation.[” 8 In addition, in
order to reduce the risk in handling dangerous compounds, the
reactor should be as small as possible.[® From this point of view,
integrated micro-flow synthesis[*®'7 is ideal for the preparation of
1 and its Wolff rearrangement.

Thermolysis of a-diazocarbonyl compounds 1 is the oldest
method that is used to generate ketenes 2. Although this involves
only simple manipulation, it usually requires high temperatures (>
100 °C) that sometimes cause undesired reactions.® Therefore,
silver  (silver benzoate/triethyl aminel*®))-mediated ketene
formation has long been the primary option. However, freshly
prepared silver reagent, a long reaction time, and high
temperatures are usually required to obtain the desired
compounds in high yields.[*®-2%1 Another choice is photolysis that
requires no catalyst. With this process, however, the
photochemical reactors are usually expensive, and
photochemical reactions usually require high-dilution conditions
that are ill-suited for large-scale syntheses. Photochemical micro-
flow synthesis can solve these problems.?1-28l

1.2. Advantages of Micro-flow Synthesis over Conventional
Batch Synthesis

Micro-flow synthesis has many advantages over conventional
batch synthesis, as shown below,[10-17: 21-38]

(1) Precise control of short reaction time (< 1 sec) can be
achieved.

(2) Reaction temperature can be precisely controlled.

(3) Light penetration efficiency is higher than batch synthesis in
photochemical reactions.

(4) The risk in handling dangerous compounds can be
minimized.

(5) Scale-up can be readily achieved.

(6) Catalyst poisoning by reaction products can be avoided.

(1) Control of the short reaction time can be achieved by fast
mixing in a micro mixer due to its short diffusion length and
generation of turbulence flow. (2) The large surface-to-volume
ratio of a micro-flow reactor enables rapid heat transfer for precise
reaction temperature control. The advantages of (1) and (2)



enable the use of highly reactive and unstable chemical species
in organic synthesis.??! (3) According to the Lambert-Beer law, the
intensity of light decreases exponentially with the length of the
light path. The thinness of a micro-flow photoreactor improves the
light-penetration efficiency. (4) A micro-flow reactor has a small
reaction space, which allows only a small amount of compounds
and minimizes the risk in treating explosive and/or toxic
compounds. (5) Scale-up is readily carried out either by
continuous operation or by increasing the number of reactors.!
(6) The reaction products are continuously removed from the
reaction space in micro-flow synthesis. In this way, catalyst
poisoning by reaction products can be avoided.

In consideration of these advantages, the preparation of a-
diazocarbonyl compounds 1 and its photochemical Wolff
rearrangement using an integrated micro-flow system is an ideal
synthetic process for obtaining useful carbonyl compounds.
Herein, we summarize recently reported micro-flow
photochemical Wolff rearrangements and describe their
applications in integrated micro-flow syntheses. In this
microreview, “micro-flow” is defined as having reaction channels
equal to, or less than, an inner diameter of 1 mm.

3. Micro-flow, Photochemical Wolff

Rearrangement

3.1. The First Report of Continuous-flow, Photochemical
Wolff Rearrangement

The first example of a continuous-flow photochemical Wolff
rearrangement was reported by Konopelski and co-workers in
2010.% They conducted the photochemical Wolff rearrangement
of a-diazo-B-ketoamide 7 and the subsequent lactamization of in
situ-generated 8 to afford B-lactam 9 (Scheme 2).

Me\N,OMe Me\N,OMe OBn
N hv \\‘
2 K
(@) (‘)Bn —FF— | O
o toluene NHT
o R r
(0]
NHTr
7 8

|

Me., .OMe OBn Me\N,OI\/Ie OBn

Scheme 2. Photochemical Wolff rearrangement of a-diazo-p-ketoamide 7 and
a subsequent lactamization to afford pB-lactam 9.

The continuous-flow photoreactor used in this study is shown
in Figure 1. A toluene solution of a-diazo-p-ketoamide 7 was
placed in a three-neck, round-bottom flask that was then

WILEY-VCH

degassed by bubbling N». A fluorinated ethylene propylene (FEP)
tube (inner diameter: 1.6 mm) was looped around a light source.
The solution was passed through the FEP tube via a liquid
chromatography pump then returned to the three-neck flask. The
solution was allowed to circulate during the photoreaction.

100w

compact fluorescent light
(CFL)

without external cooling

medium-pressure
mercury vapor lamp
(MVL)
with external cooling

Figure 1. Continuous-flow photoreactor used for the Wolff rearrangement and
intramolecular cyclization of a-diazo-B-ketoamide 7.

At first, a medium-pressure mercury vapor lamp (MVL) was
employed as the light source. In this case, an external cooling
system was necessary to cool the reaction mixture. The reaction
time of the continuous-flow conditions was shortened to half that
of the batch conditions (Table 1, entry 1 vs. 2). The observed
cis/trans ratio was not significantly changed (entry 1 vs. 2). To
avoid the risk of using a high-power light source with strong heat
and UV radiation, the use of a 100 W compact fluorescent light
(CFL) was examined for the photochemical Wolff rearrangement.
Due to the decreased heat generation by the CFL, external
cooling was unnecessary. Both the yield of 9 and the ratio of
9a/9b were improved by using a CFL instead of an MVL, although
the reaction time was lengthened (entries 1 and 2 vs. 3 and 4).
Slightly higher yields of 9 were observed in batch conditions
(entries 1 and 3) compared with those of flow conditions (entries
2 and 4). However, Konopelski and co-workers preferred the flow
conditions to the batch conditions because of the ease of scale-

up.

Table 1. Photochemical Wolff rearrangement of o-diazo-B-ketoamide 7
using a continuous-flow photoreactor.

entry light reactor  scale time yield 9a/9b
source

1 MVL batch 069 7h 90% 64%/26%

2 MVL flow 109 35h 81% 61%/20%



3 CFL batch 01g 18 h 95% 75%/20%
4 CFL flow 1.0g 48 h 91% 70%/21%
3.2. The Micro-flow, Photochemical Wolff

Rearrangement/[2+2] Cycloaddition Sequence

Danheiser and co-workers reported the synthesis of aromatic
compound 15 from ketene 11 and amino alkyne 12 (Scheme 3).14%1
In this synthesis, ketene 11 was prepared by the micro-flow
photochemical Wolff rearrangement of a-diazoketone 10.
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Scheme 3. Photochemical Wolff rearrangement/[2+2] cycloaddition to afford
cyclobutenone 13 and a subsequent 4-electron electrocyclic cleavage and 6-
electron electrocyclic closure to afford 15.

The micro-flow photoreactor used in this study is shown in
Figure 2. The light source of for the reactor was a 450 W medium-
pressure mercury lamp with a water jacket and a Pyrex filter,
which was necessary in order to reduce the undesired polymer
generation on the wall of the reaction tube. The solution of 10 and
12 was introduced to the FEP tube (inner diameter: 0.76 mm) at
a flow rate of 0.025-0.32 mL/min. The irradiation time was 21 to
33 min (the corresponding batch reaction required 3 to 8 h to
complete), and the throughput of this reactor was around 0.9
mmol/h. The obtained solution was heated in a batch reactor to
proceed the following 4-electron, electrocyclic cleavage/6-
electron, electrocyclic closure sequence to obtain 15.
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Figure 2. Micro-flow photoreactor used for a Wolff rearrangement/[2+2]
cycloaddition sequence.

Selected results are shown in Scheme 4. The observed yields
of micro-flow conditions were comparable to those of batch
conditions. In the synthesis of 16b and 16c, the products were
purified after converting the phenols to the corresponding triflates
in order to avoid an undesired oxidation of the phenols. In the
synthesis of 16¢, a uranium filter (>340 nm) was used instead of
a Pyrex filter (> 280 nm) in order to suppress the decomposition
of 16c. Use of the uranium filter required a prolonged reaction
time (from 3-8 to 50 h) for batch conditions, whereas a complete
consumption of the substrates was accomplished with a slight
extension of the reaction time (from 21 to 33 min) in the case of
the micro-flow conditions. The use of micro-flow conditions
allowed a ready synthesis of the desired product on multigram
scale.
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Scheme 4. Comparing the yields of 15a, 16b, and 16c from batch and micro-
flow conditions.



Photochemical Wolff
Addition/Carboxylation

3.3. The Continuous-flow,
Rearrangement/Nucleophilic
Sequence

Basso and coworkers demonstrated a three-component
coupling reaction of ketene 18, isonitrile 19, and carboxylic acid
20 to obtain acyloxyacrylamide 21 (Scheme 5).Y1 The authors
attempted to prepare ketene 18 via a silver-mediated Wolff
rearrangement of 17, but the desired product was not afforded,
probably due to an undesired coordination of isonitrile 19 with the
silver reagent. Therefore, 18 was prepared via the continuous-
flow photochemical Wolff rearrangement of a-diazoketone 17.
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Scheme 5. Photochemical Wolff rearrangement/nucleophilic
addition/carboxylation to afford acyloxyacrylamide 21.

The continuous-flow photoreactor used in this study is shown
in Figure 3. A hollow cylinder was surrounded by 8 W UV lamps
(emission maximum wavelength: 365 nm) and an FEP tube
(diameter: 1.6 mm) was looped around the hollow cylinder. A
solution of a-diazoketone 17, isonitrile 19, and carboxylic acid 20
was introduced into the FEP tube.

syringe pump

8 W UV lamp
without external cooling

Wolff
obtain

used for the
sequence to

Figure 3.  Continuous-flow
rearrangement/nucleophilic
acyloxyacrylamide 21.

photoreactor
addition/carboxylation

In the batch synthesis of acyloxyacrylamide 21, the product
was obtained as a mixture of Z/E isomers. In this reaction, a Z-
isomer was generated first, however, photoirradiation of the
generated Z-isomer caused undesired isomerization of the alkene
to afford the E-isomer. In order to avoid this undesired
isomerization, an addition of trans-stilbene (0.2 equiv.) was
required under batch conditions. On the other hand, continuous-
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flow conditions suppressed the isomerization without adding
trans-stilbene because the product was continuously removed
from the photoreaction space. A selected example of the reaction
is shown in Scheme 6. In this example, continuous-flow conditions
dominantly afforded the desired 21a without the additive. The
observed yield of 21a was comparable to that from batch
conditions.

batch with additive: 75%
flow without additive: 71%

ZIE=100:0

21a

Scheme 6. Selective synthesis of (Z)-acyloxyacrylamide via a three-component
coupling reaction under either batch or flow conditions.

3.4. The Micro-flow, Photochemical Wolff

Rearrangement/Nucleophilic Sequence

Fuse and coworkers reported an Arndt-Eistert homologation
of carboxylic acid 22 to obtain ester 25.42 In this synthesis, 25
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Scheme 7. Arndt-Eistert homologation of carboxylic acid 23 to afford a-aryl
ester 25.

was synthesized from the micro-flow, photochemical Wolff
rearrangement of a-diazoketone 23.

In this study, various photo reactors were examined, as shown
in Table 2. The irradiation time required for the complete
consumption of 23 was shortened via the use of micro-flow



conditions (entries 1-3) compared with the time required for batch
conditions (entry 4). A4 W portable UV lamp that was inexpensive,
readily available, and safe to use resulted in a yield (entry 3) that
was comparable to the photoreaction using a 400 W high-
pressure mercury lamp (entries 1 and 2), although a longer
irradiation time was required for the consumption of 23.

(b)
5

water \

]

400 W high-pressure
mercury lamp
with external cooling

400 W high-pressure
mercury lamp
with external cooling

-

out
test
tube

4 W portable UV lamp
without external cooling

4 W portable UV lamp
without external cooling

Table 2. Photochemical Wolff rearrangement of a-diazoketone 23 using
various photoreactors.

entry reactor irradiation time yield

1 al@ (flow) 30 sec 5805lel

2 b®! (flow) 60 sec 5104l

3 ct (flow) 300 sec 579l (8296)11
4 d! (batch) 15h 75%!1

[a] 400 W high-pressure mercury lamp with external cooling and a quartz-
derived micro-flow cell reactor (depth: 200 pm; width: 1 mm; length: 250 mm;
volume: 50 pL). [b] 400 W high-pressure mercury lamp with external cooling
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and a FEP tube (inner diameter: 1.0 mm). [c] 4 W portable UV lamp without
external cooling and a FEP tube (inner diameter: 1.0 mm). [d] 4 W portable
UV lamp without external cooling and a quartz-derived test tube. [e] 1.5
equiv. of 24 was used. [f] 3.0 equiv. of 24 was used.

4. Integrated Micro-flow Synthesis based on
Photochemical Wolff Rearrangement

4.1. Integrated Micro-flow Synthesis of B-amino acids via
Arndt-Eistert Homologation

Kappe and coworkers first reported an integrated micro-flow
synthesis based on a photochemical Wolff rearrangement.3
They successfully demonstrated an Arndt-Eistert homologation of
o-amino acid 26 to f-amino acid 29.

In this synthesis, both preparation of a-diazoketone 28 and its
use for photochemical Wolff rearrangement were carried out in a
micro-flow reactor, as shown in Figure 4. o-Amino acid 26 and
base were injected into a T-shape mixer. Ethyl chloroformate was
also introduced into the T-shape mixer to generate mixed
anhydride 27. The mixed anhydride was introduced to an outer
chamber of a tube-in-tube reactor. Explosive and toxic
diazomethane was safely generated by reacting Diazald and
KOH. #4451 The diazomethane-containing mixture was introduced
to an inner tube of the tube-in-tube reactor. The inner tube (inner
diameter: 0.8 mm) was made of a hydrophobic, gas-permeable
Teflon AF-2400 membrane. Thus, only gaseous diazomethane
diffused through the wall of the inner tube to the outer chamber
and reacted with the mixed anhydride 27 to generate o-
diazoketone 28. Aqueous waste from the inner tube of the tube-
in-tube reactor was removed. The reaction solution in the outer
chamber of the tube-in-tube reactor was then introduced to a gas-
permeable AF-2400 tube that was immersed in acetic acid to
remove the remaining diazomethane. Otherwise, diazomethane
can cause undesired
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Scheme 8. Arndt-Eistert homologation of a-amino acid 26 to afford p-amino
acid 29.
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Figure 4. Integrated micro-flow system for B-peptide synthesis via Arndt-Eistert homologation.

reactions and/or N, generation that disturbs flow rate in a
subsequent photochemical Wolff rearrangement. Then H,O/THF
was mixed with a solution of 28, and the resultant solution was
introduced into a photoreactor (8 W germicide compact
fluorescent UV lamp was surrounded by perfluoroalkoxy alkane
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Figure 5. Arndt-Eistert homologation of a-amino acid 26 to afford f-amino acid

29 and B-amino acid ester 30.

(PFA) tube (inner diameter: 1.6 mm). The desired B-amino acid
29 was obtained from a-amino acid 26 without the isolation of any
intermediates.

Six B-amino acids 29a-29f and two pB-amino acid ethyl esters
30a and 30b were successfully synthesized from the
corresponding a-amino acids, as shown in Figure 5, using the
developed integrated micro-flow system.

4.2. Integrated Micro-flow Synthesis of a-aryl carboxylic acid
via Arndt-Eistert Homologation

Fuse and coworkers recently reported integrated micro-flow
synthesis based on a photochemical Wolff rearrangement.#¢l
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Scheme 9. Synthesis of a-aryl ester 34 via Arndt-Eistert homologation.
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Figure 6. Integrated micro-flow synthesis of a-aryl carboxylic acid via Arndt-Eistert homologation.

They synthesized a-aryl ester 34 from benzoic acid derivative 31
via Arndt-Eistert homologation (Scheme 9).

In detail, o-diazoketone 33a was prepared and directly used
for photochemical Wolff rearrangement in a micro-flow reactor, as
shown in Figure 6. Benzoic acid derivative 31a (with a catalytic
amount of DMF) and triphosgene were injected into a T-shaped
mixer to obtain acid chloride 32a. The acid chloride was
introduced to another T-shaped mixer and reacted with
trimethylsilyl diazomethane to generate a-diazoketone 33a. The
a-diazoketone was mixed with AcOH and MeOH. AcOH
decomposed unreacted trimethylsilyl diazomethane. The
resultant solution was introduced into a photoreactor (6 W
portable UV lamp surrounded by a FEP tube (inner diameter: 1.0
mm). The desired a-aryl ester 34a was obtained in a 33% yield
from benzoic acid derivative 3la in a one-flow reaction. This
integrated micro-flow system rapidly produced a one-carbon
homologated product (total residence time: 11 min 20 s).

Biologically active a-aryl carboxylic acid 35 was synthesized
utilizing the developed method, as shown in Scheme 10. o-Aryl
ester 34b was synthesized in the integrated micro-flow system
from benzoic acid derivative 31b. Hydrolysis of the obtained a-
aryl ester in a batch reactor afforded the desired a-aryl carboxylic
acid 35.

triphosgene
OH =~ Cl
Oj©\ﬂ/ flow ©
O O
31b 32b
TMSCHN, "\'2
> O
flow o
33b
hv
(@) OMe
flow
23% in 3 steps 34b

KOH
MeOH/H,O
—_—
batch

96% 35

Scheme 10. Synthesis of biologically active a-aryl carboxylic acid 35 via Arndt-
Eistert homologation.

Conclusions and Outlook

Wolff rearrangement is regarded as one of the most useful
transformations in organic synthesis. In particular, photochemical
Wolff rearrangement is potentially very useful because it requires
no addition of reagents. Use of micro-flow reactors for the
photochemical Wolff rearrangement further increases its utility
due to improved light penetration efficiency. The micro-flow
photochemical process employs higher concentration conditions,
which decreases the amount of solvent waste and shortens the
reaction time. In addition, the integrated micro-flow system
enables the safe generation and consumption of potentially
hazardous diazo compounds. Moreover, scale-up is readily
carried out either by continuous operation or by increasing the
number of reactors. This integrated micro-flow system is ideal for
industrial processing. It is highly possible that many integrated
micro-flow  syntheses including  photochemical  Wolff
rearrangement, will be used in industrial fields in the near future.
The authors anticipate that more examples of integrated micro-
flow syntheses based on photochemical Wolff rearrangement will
be reported in further advancements in this field.
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Integrated Micro-flow Synthesis
Based on Photochemical Wolff
Wolff rearrangement is regarded as one of the most useful transformations in organic Rearrangement

synthesis. In situ preparation of a-diazo carbonyl compounds and their use in
photochemical Wolff rearrangement in integrated micro-flow systems is particularly
valuable. Because the risk in the treatment of potentially hazardous diazo
compounds can be minimized, photochemical reactions can be accelerated due to
increases in the light penetration efficiency of micro-flow photoreactors.



