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Flow photolysis of aryldiazoacetates leading to
dihydrobenzofurans via intramolecular C—H
insertiont
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Flow photolysis of aryldiazoacetates 3—5 leads to C—H insertion to form dihydrobenzofurans 6—8 in a
metal-free process, using either a medium pressure mercury lamp (250-390 nm) or LEDs (365 nm or
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450 nm) with comparable synthetic outcomes. Significantly, addition of 4,4’-dimethoxybenzophenone 9
results in an increased yield and also alters the stereochemical outcome leading to preferential isolation
of the trans dihydrobenzofurans 6a—8a (up to 50% yield), while the cis and trans diastereomers of 6—8
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Introduction

a-Diazocarbonyl compounds are synthetically versatile inter-
mediates that have been widely studied since Curtius first
reported the synthesis of ethyl diazoacetate in 1883."> These
compounds can undergo various carbon-carbon bond
forming transformations such as cyclopropanation,® ylide for-
mation,” aromatic addition® and C-H insertion®® under mild
conditions. The most salient reactions of a-diazocarbonyl com-
pounds involve the use of transition-metal catalysts, facilitat-
ing highly chemoselective and stereoselective outcomes.
However, replacing these metals with photolysis can lead to a
more sustainable, greener process, as evidenced by the resur-
gence of interest in this area in recent years due to advances in
technology for photochemistry.'*™

Developments in continuous flow chemistry have enhanced
the synthetic potential of photochemistry and its practical use
at scale, due to its ability to overcome issues associated with
batch reactors, such as non-uniform light penetration leading
to over-irradiation and increased side-product formation.'”*
Recently, photochemistry in flow has gained much interest as
it enables better control over reaction conditions, facilitating
improved reproducibility and scalability.”>>* Continuous flow
processing also offers the possibility to improve the safety

“School of Chemistry, Analytical and Biological Chemistry Research Facility,
Synthesis and Solid State Pharmaceutical Centre, University College Cork, Ireland.
E-mail: a.maguire@ucc.ie, stuart.collins@ucc.ie

bSchool of Chemistry, University College Dublin, Belfield, Dublin 4, Ireland

“School of Pharmacy, University College Cork, Ireland

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d30b00541k

4770 | Org. Biomol. Chem., 2023, 21, 4770-4780

are recovered in essentially equimolar amounts in the absence of a photosensitiser (up to 26% yield).

profile associated with hazardous conditions, reactants and
intermediates, such as a-diazocarbonyl compounds, due to in-
line reaction monitoring, efficient heat and mass transfer, as
well as the ability to generate hazardous reagents in situ in
small quantities, without the need for their handling or
isolation.>** Continuous flow photolysis of aryldiazoacetates
leading to cyclopropanation have been reported.**”

While photochemical reactions of o-diazocarbonyl com-
pounds have been explored for decades, the first example of a
photolytic intramolecular C-H insertion was reported by Corey
and Felix in 1965 for the synthesis of methyl 6-phenylpenicilli-
nate from an a-diazoamide.*® Since then, the photochemical
intramolecular C-H functionalisation of aryldiazoacetates 1a
and 1b leading to 5,5-dimethyl-3-phenyldihydrofuran-2(3H)-
one 2a and 4,4-dimethyl-3-phenyloxetan-2-one 2b has been
reported by Jurberg and Davies (Scheme 1).*° Notably, these
transformations required extended reaction times.

In this work, we investigate the application of continuous
flow photochemistry to achieve a metal-free intramolecular C-
H insertion of different aryldiazoacetates for the synthesis of a
dihydrobenzofuran scaffold, a motif found in a variety of bio-
logically active compounds.*®™ Previously, formation of this
moiety has been explored through a number of pathways
including, among others, metal catalysed C-H insertion of an
aryldiazoacetate,”®" or of an aryldiazomethane®® and photo-
chemical C-H insertion of an acyl silane.>

Enantioselective rhodium carboxylate catalysed C-H inser-
tions of aryldiazoacetate 3 to form dihydrobenzofurans leading
to selective formation of the cis diastereomer, have been inves-
tigated by Hashimoto® and Davies,> with excellent enantio-
selectivity through appropriate choice of the rhodium catalyst.
Having recently demonstrated that we can provide access to

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Intramolecular C—H insertion of aryldiazoacetates (Davies et al.).*
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Scheme 2 Rhodium-catalysed C—H insertion of aryldiazoacetates 3, 4 and 5 (Maguire et al.).>*

either dihydrobenzofuran 6a or 6b as a major product depend-
ing on the catalyst employed, with good enantiocontrol
(Scheme 2),>® we wished to explore if a similar transformation
could be affected photochemically, providing the dihydroben-
zofurans via a metal-free transformation.

Results and discussion

Photochemical transformations of aryldiazoacetates 3, 4 and 5
were investigated in continuous flow to establish the synthetic
utility of this transformation in the absence of a metal catalyst.
As summarised in Table 1, the initial studies were conducted
in continuous flow with methyl aryldiazoacetate 3, using a
photochemical reactor and a medium pressure mercury lamp.
The impact of different wavelength filters, concentrations,
temperatures and solvents on the efficiency of the C-H inser-
tion were initially explored. The outcomes of the reactions
were monitored by recording "H NMR spectra of the crude pro-
ducts, to estimate the efficiency of the C-H insertion process
and the diastereomeric ratio of the resulting dihydrobenzofur-
ans. While no side-products could be isolated and character-
ised, signals consistent with azine formation were detected, in
line with reported azine formation in the metal-catalysed C-H
insertion reactions.>*

As anticipated, in the absence of light there was no evi-
dence of C-H insertion with only unreacted aryldiazoacetate 3
starting material remaining (Table 1, entry 1), while using any
one of three wavelength filters (300-2000 nm, 109-2000 nm or
250-390 nm) led to essentially the same outcome, with total
consumption of the aryldiazoacetate 3 and approximately
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30-40% formation of the dihydrobenzofurans 6a and 6b
within 10 minutes of photolysis (Table 1, entries 2-4).
Investigation of the impact of concentration (Table 1, entries
4-7) showed that the extent of C-H insertion decreased some-
what at higher concentrations (0.15 M), presumably due to
competing intermolecular reactions such as azine formation.>*
When the temperature was reduced to 0 °C the efficiency of
the C-H insertion decreased significantly (Table 1, entry 8 cf.
entry 6). In practice, due to the background heating effect of
the lamp, the reaction coil stabilises at ca. 28 °C with ambient
air cooling, and this was used for all subsequent experiments.
Notably, as demonstrated in Table 1, entry 1, there is no evi-
dence of thermolytic C-H insertion at this temperature.
Utilising a fixed concentration of aryldiazoacetate 3 (0.04 M), a
solvent screen (Table 1, entries 9-15 ¢f. entry 4) indicated that
the efficiency of the C-H insertion was greatest in TBME and
poorest in THF.

When acetone, a known photosensitiser, was employed as
the reaction solvent a diastereomeric ratio of 1.5:1.0 of 6a: 6b
was observed (Table 1, entry 14); this unanticipated obser-
vation led to the investigation of the effect of triplet photosen-
sitisers on the stereochemical outcome of the photochemical
C-H insertion.’®™® Six triplet photosensitisers were investi-
gated, which were each added individually, at the same con-
centration of 0.0013 M, to the starting solutions prior to photo-
lysis (Table 2, entries 1-6). While the presence of tetraphenyl-
porphyrin (TPP) had no detectable effect on the diastereomeric
ratio, use of rose bengal, methylene blue, benzophenone, 4,4"-
dichlorobenzophenone and 4,4-dimethoxybenzophenone 9
(Fig. 1) each resulted in alteration of the diastereomeric ratio
observed in the crude product mixtures, favouring the trans
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Table 1 Optimisation of the photochemical intramolecular C—H insertion of aryldiazoacetate 3 using flow chemistry”

N3 CO,Me CO,Me
CO,Me
2 8 bar aiph t Ph
OBn O O
3 6a 6b
Medium pressure Hg lamp
10 min residence time
10 mL reactor coll
Wavelength filter Temperature Molarity Ratio” 6a: 6b Dihydrobenzofuran®

Entry (nm) (°Q) Solvent (mM) (trans : cis) (%)

1 No light 28 MeCN 40 — 0

2 300-2000 28 MeCN 40 1.0:1.0 39

3 109-2000 28 MeCN 40 1.0:1.0 29

4 250-390 28 MeCN 40 1.0:1.0 36

5 250-390 28 MeCN 7 1.0:1.0 30

6 250-390 28 MeCN 70 1.0:1.0 32

7 250-390 28 MeCN 150 1.0:1.0 24

8 250-390 0 MeCN 70 1.0:1.0 14

9 250-390 28 Ethyl acetate 40 1.0:1.0 57

10 250-390 28 DCM 40 1.0:1.0 57

11 250-390 28 THF 40 1.0:1.0 16

12 250-390 28 Toluene 40 1.0:1.0 53

13 250-390 28 TBME 40 1.0:1.0 66

14 250-390 28 Acetone 40 1.5:1.0 45

15 250-390 28 TBME/MeCN (80 : 20) 40 1.0:1.0 60

“ Reactions were conducted using Method A for a 5 mL solution of aryldiazoacetate 3 at stated molarity.  The ratio of trans : cis was determined by the
relative integration of C(2)H signals at 6.12 (1H, d) and C(3)H signals at 5.99 (1H, d) ppm, respectively, in the "H NMR spectrum of the crude reaction
mixture. ° The percentage was estimated by comparing the relative integration of signals in the aromatic region (6.6-8.0 ppm) in the 'H NMR spectrum
of the crude reaction mixtures to the signals for dihydrobenzofurans 6a and 6b. While there are limitations in the quantitative accuracy of this, this
approach proved useful in providing an indication of the relative efficiency of different experiments.

Table 2 Optimisation of the photochemical intramolecular C—H insertion of aryldiazoacetate 3 in the presence of a triplet photosensitiser using
flow chemistry”

N> CO,Me CO,Me
CO,Me +
2 8 bar “11Ph Ph
OBn 0 (0]
3(0.04 M) 6a 6b
with photosensitiser Medium pressure Hg lamp
250-390 nm wavelength filter
10 min residence time
10 mL reactor coil
28 °C
Photosensitiser molarity Photosensitiser Ratio” 6a: 6b
Entry Solvent Photosensitiser (mol L) mol% (trans : cis)
1 DCM TPP 0.0013 4 1.0:1.0
2 MeCN Rose bengal 0.0013 4 1.3:1.0
3 MeCN Methylene blue 0.0013 4 1.3:1.0
4 MeCN Benzophenone 0.0013 4 1.3:1.0
5 DCM 4,4'-Dichlorobenzophenone 0.0013 4 1.3:1.0
6 MeCN 4,4'-Dimethoxybenzophenone 9 0.0013 4 1.6:1.0
7 MeCN 4,4'-Dimethoxybenzophenone 9 0.0100 28 2.6:1.0
8 MeCN 4,4'-Dimethoxybenzophenone 9 0.0250 67 3.1:1.0
9 MeCN 4,4-Dimethoxybenzophenone 9 0.0500 125 3.3:1.0
10 MeCN 4,4-Dimethoxybenzophenone 9 0.1000 280 3.3:1.0
11 TBME/MeCN (80 : 20) 4,4'-Dimethoxybenzophenone 9 0.0500 125 3.5:1.0

“ Reactions were conducted using Method B for a 5 mL solution of aryldiazoacetate 3 (0.04 M). © The ratio of trans: cis was determined by the relative inte-
gration of C(2)H signals at 6.12 (1H, d) and C(3)H signals at 5.99 (1H, d) ppm, respectively, in the "H NMR spectrum of the crude reaction mixture.
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Fig. 1 Photosensitisers employed in this investigation.

isomer 6a. As use of 4,4'-dimethoxybenzophenone 9 gave the
best diastereomeric ratio at the initial amount, this photosen-
sitiser was investigated further. Increasing the concentration
of 9 added to the starting solution of aryldiazoacetate 3 (0.04
M) prior to photolysis resulted in an increase in the diastereo-
meric ratio of trans:cis for dihydrobenzofurans 6a:6b to a
maximum ratio of 3.3:1.0 of 6a:6b, achieved at 0.05 M in
acetonitrile (Table 2, entries 6-9). Increasing the concentration
or relative amount of the photosensitiser 9 beyond 0.05 M did
not result in any further increase in the diastereomeric ratio
(Table 2, entry 10). While the initial results from Table 1
showed that TBME was the best solvent choice, a mixture of
TBME/acetonitrile (80:20) was ultimately chosen as our
optimal solvent due to the limited solubility of 4,4"-dimethoxy-
benzophenone 9 in TBME alone, leading to the highest dia-
stereomeric ratio (Table 2, entry 11).

Investigation of the impact of residence time revealed that
the photochemical transformation of aryldiazoacetate 3 in
TBME/acetonitrile (80 :20) was more rapid in the presence of
the photosensitiser 9, with complete consumption within
3 minutes of photolysis (Table 3, entry 4), whereas unreacted
aryldiazoacetate 3 was detectable in the absence of the photo-
sensitiser 9 at this residence time (Table 3, entry 5).
Significantly, in the "H NMR spectra of the crude product mix-
tures, integration of characteristic signals showed that the dia-
stereomeric ratio of 6a:6b was notably altered in the photo-
sensitised reactions (>2.7 : 1.0 ¢f. 1.0: 1.0 in the absence of the
photosensitiser 9). While 3 minutes photolysis in the presence
of the photosensitiser provided the optimum conditions for
generation of 6a and 6b the impact of prolonged photolysis
was also explored. It was evident that following 3 minutes resi-
dence time the diastereomeric ratio seen in the presence of
the photosensitiser 9 was ~2.7: 1.0, while extending the radi-

This journal is © The Royal Society of Chemistry 2023
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ation time led to an increased diastereomeric ratio of 6a: 6b.
On closer investigation, it was clear that the dihydrobenzofur-
ans 6a and 6b degrade under prolonged photolysis, and the
increased diastereomeric ratio was as a result of the cis isomer
6b degrading faster than the trans isomer 6a (Table 3, entries
1-8), (Fig. 2). Experiments with very short exposure to photo-
lysis (10 s and 1 min) (Table 3, entries 1 and 2) were under-
taken and while both contained unreacted aryldiazoacetate 3,
it was clear that the diastereomeric ratio was reduced as shown
in Fig. 2.

From a synthetic perspective examination of the "H NMR
spectra of the crude product mixtures show that the C-H inser-
tion in the presence of the photosensitiser 9 provides a much
cleaner product mixture than the reactions in the absence of
the photosensitiser 9. Accordingly, use of the photosensitiser 9
leads to significantly increased product recovery of the trans
dihydrobenzofuran 6a (up to 50% yield) relative to the reaction
in the absence of the photosensitiser 9 (up to 26% yield),
(Table 4, entries 1 and 4). The recovery of the cis dihydrobenzo-
furan 6b is comparable both in the presence and absence of
the photosensitiser 9 (up to 21% yield), (Table 4, entries 1 and
4). Interestingly, the reactions in the absence of the photosen-
sitiser 9 require 10 minutes to ensure complete consumption
of the aryldiazoacetate 3 but there is no alteration of the dia-
stereomeric ratio from 1.0:1.0 in these experiments. Clearly
the increased diastereomeric ratio due to selective degradation
of the cis dihydrobenzofuran 6b is enhanced in the presence
of the photosensitiser 9.

Interestingly, when the photolysis was conducted in TBME/
acetonitrile (80:20) degradation of the photosensitiser 9 was
evident from 'H NMR spectra of the crude product mixtures,
but not when the photolysis was conducted in acetonitrile
alone. Degradation of the photosensitiser was evident follow-

Org. Biomol. Chem., 2023, 21, 4770-4780 | 4773
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Table 3 Optimisation of residence time for the photosensitised intramolecular C—H insertion of aryldiazoacetate 37

N,
(jfkcozm
OBn

3(0.04 M) + 9 (0.05 M)

(e}

COzMe COzMe

6a 6b

in TBME/MeCN (80:20)
Medium pressure Hg lamp
250-390 nm wavelength filter
10 mL reactor coil
28 °C

Residence time

Yield trans 6a°

Yield cis 6b°

Entry (min) Ratio” 3: 6a: 6b (%) (%)
1 0.17 24.9:1.7:1.0 — —
2 1 1.1:2.4:1.0 —f —f
3 2 0.4:2.7:1.0 47 284
4 3 0:2.7:1.0 50 20
5¢ 3 1.9:1.0:1.0 —f —f
6 4 0:2.9:1.0 45 9

7 10 0:3.5:1.0 42 7

8 60 0:4.5:1.0 39 4

“Reactions were conducted using Method B for a 25 mL solution of aryldiazoacetate 3 (0.04 M); each entry is an individual experiment. ® The
ratio of trans: cis was determined by the relative integration of C(2)H signals at 6.12 (1H, d) and C(3)H signals at 5.99 (1H, d) ppm, respectively, in
the "H NMR spectrum of the crude reaction mixture. °Isolated after purification by column chromatography. Isolated as a mixture of the cis
isomer 6b and aryldiazoacetate starting material 3. By integration of the 'H NMR spectrum, the isolated product mixture consisted of 73% dihy-
drobenzofuran 6b and 25% 3. ¢ Reaction conducted without the addition of a photosensitiser using Method A./Reaction not purified by column

chromatography.

4.5

3.5

25

Diastereomeric ratio

1.5

0.5

0 10 20 30 40 50 60 70
Residence Time (min)

Fig. 2 Impact of residence time/photolysis on the diastereomeric ratio
(trans : cis) observed for aryldiazoacetate 3 to 6a and 6b.

ing 5 minutes of irradiation and increased with longer resi-
dence times but only occurred to a very limited extent in the
3 minutes optimised reactions, and therefore has no impact
on the synthetic utility of the photochemical C-H insertion
(Table 3, entry 2). Among the degradation products was the
dimer 10, which was isolated in agreement with an earlier
report by Nagorny (Scheme 3).>° To confirm the origin of this
dimer, a sample of the photosensitiser 9 was irradiated in
TBME/acetonitrile in the absence of the aryldiazoacetate,
leading to isolation of the dimer in 34% yield after column
chromatography, presumably formed via dimerisation of the
excited state biradical intermediate.

4774 | Org. Biomol. Chem., 2023, 21, 4770-4780

Further work to explore the effect of the triplet photosensi-
tiser was carried out in acetonitrile, to avoid complications
due to reaction of the photosensitiser 9 when the photolysis is
conducted in TBME. A solution containing 4,4’-dimethoxyben-
zophenone 9 (0.05 M, optimised concentration) and a
1.0:1.0 mixture of the trans and cis isomers 6a and 6b in
acetonitrile was exposed to the photolysis conditions for
10 minutes to establish if cis-trans interconversion was occur-
ring on this time scale. However, it was clear that the alteration
in diastereomeric ratio on prolonged photolysis is due to faster
degradation of the cis dihydrobenzofuran 6b than that of ¢trans
6a, rather than interconversion (Fig. 3). This pattern continued
when the resulting mixture was re-exposed for another
10 minutes and then 30 minutes of photolysis conditions. The
extent of alteration of the diastereomeric ratio in the absence
of the photosensitiser 9 is much less. The degradation of the
dihydrobenzofurans 6a and 6b on photolysis leads to a
complex mixture of unidentified products. A genuine sample
of the benzofuran 11 (Fig. 4) was prepared for comparison and
there is little evidence in the "H NMR spectra for the presence
of this within the complex mixture.®®

With the optimised conditions established, the substrate
scope was extended to include benzyl aryldiazoacetate 4 and
isopropyl aryldiazoacetate 5.°* In the absence of any photosen-
sitiser with 10 minutes of photolysis, as seen in the transform-
ation of 3 to 6a and 6b, an equimolar mixture of the cis and
trans dihydrobenzofurans 7a:7b and 8a:8b was observed,
with the trans and cis diastereomers being isolated in compar-
able yields after column chromatography (Table 4, entries 1-3).

This journal is © The Royal Society of Chemistry 2023
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Table 4 Photochemical intramolecular C—H insertion of aryldiazoacetates 3, 4 and 5 using flow chemistry both with and without the addition of

photosensitiser 9

N CO,R CO,R
OBn
3,4,5(0.04 M) 6a, 7a, 8a 6b, 7b, 8b
in MeCN/TBME (80:20)
Medium pressure Hg lamp
250-390 nm wavelength filter
10 mL reactor coil
28 °C
Residence time Ratio Yield trans Yield cis

Entry R (minutes) Photosensitiser (trans : cis) (%) (%)
1 Me (3, 6) 10 None* 1.0:1.0 26 21
2 Bn (4, 7) 10 1.0:1.0 18 14
3 iPr (5, 8) 10 1.0:1.0 17 16
4 Me (3, 6) 3 4,4'-Dimethoxybenzophenone 9 (0.05 M)” 2.8:1.0 50 20
5 Bn (4, 7) 3 2.7:1.0 46 17
6 iPr (5, 8) 3 2.6:1.0 44 15

“ Reactions were conducted using Method A for a 25 mL solution of aryldiazoacetate 3, 4 or 5 (0.04 M). ” Reactions were conducted using Method

B for a 25 mL solution of aryldiazoacetate 3, 4 or 5 (0.04 M).

hv 250 390 nm)

TBME/MeCN

MeO II II OMe

Dimerisation

MeO II II OMe

9

MeQ OMe
HO OH
MeO OMe

10, 34%

Scheme 3 11,2,2-Tetrakis(4-methoxyphenyl)ethane-1,2-diol 10,
lated from photolysis of photosensitiser 9 alone in TBME/MeCN.

iso-

In the presence of 4,4-dimethoxybenzophenone 9 (0.05 M)
and with a shorter residence time of 3 minutes, the diastereo-
meric ratio of 6a: 6b, 7a: 7b and 8a: 8b increased to ~2.7: 1.0.
Addition of the triplet photosensitiser 9 to the starting solu-
tion of aryldiazoacetate 3, 4 or 5 consistently resulted in
increased diastereomeric ratios in the crude product mixture
leading to improved isolated yields of the trans dihydrobenzo-
furan products 6a, 7a and 8a (Table 4, entries 4-6).
Interestingly, the alteration in the stereochemical outcome was
consistent across the series with no detectable impact by the
nature of the substituent on the ester moiety.

In the reactions of the substrates 4 and 5, the f-lactones 12
and 13 were formed as side products in the photolysis reac-

This journal is © The Royal Society of Chemistry 2023

tions both in the presence and absence of the photosensitiser
9 (Scheme 4). p-Lactone 13 was isolated (37%) and character-
ised from the reaction in the presence of the photosensitiser 9.
Thus, C-H insertion into the benzyl C-H or the isopropyl C-H
of the ester competes with insertion into the benzyl ether C-H
bond to form the dihydrobenzofuran. Davies has demon-
strated C-H insertion of aryldiazoacetates to form p-lactones
both photochemically®® and using rhodium catalysts.®
has reported photochemical C-H insertion of a-diazoamides
and a-diazoesters to form lactones.*”

Photolysis using LEDs was explored to establish if narrower
wavelength ranges would lead to better outcomes in terms of
selectivity and efficiency.'”**** Photolysis of aryldiazoacetates
3, 4 and 5 was undertaken using LEDs (365 nm and 450 nm).
Interestingly, in the presence of the photosensitiser 9, use of
the 365 nm LEDs led to essentially identical outcomes to those
seen with the medium pressure mercury lamp, without any
apparent difference in the product mixture either in terms of
yield or diastereomeric ratio, for the photolysis of aryldiazoace-
tate 3 (Table 5, entries 1 and 2). While the objective was to
explore if use of narrower wavelengths could lead to decreased
product degradation and, accordingly, higher yields of dihydro-
benzofurans, in practice, there was no observable difference.

Photolysis of benzyl and isopropyl aryldiazoacetates 4 and 5
was also undertaken using the 365 nm LEDs in the presence of
the photosensitiser 9 (0.05 M), resulting in preferential iso-
lation of the ¢rans dihydrobenzofurans 7a and 8a (Table 5,
entries 3 and 4). While the ¢rans dihydrobenzofurans 7a and
8a were isolated in modest yields, the cis dihydrobenzofuran
7b was isolated in poor yield. The cis dihydrobenzofuran 8b
was not isolated, but the p-lactone 13 was isolated from the
photolysis of isopropyl aryldiazoacetate 5. Photolysis of aryldia-

Lowe
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Fig. 3 Degradation of the trans and cis dihydrobenzofurans 6a and 6b with repeated exposure to photolysis conditions.  The percentage was esti-
mated by comparing the relative integration of signals in the aromatic region (6.6—8.0 ppm) in the *H NMR spectrum of the crude reaction mixtures
to the signals for dihydrobenzofurans 6a and 6b, excluding the integration for the signals for the photosensitiser 9.

CO,Me
N—ph
o

1"

Fig. 4 Methyl 2-phenylbenzofuran-3-carboxylate 11.

N, Q
o._Ph hy O
O Ph
OBn OBn
4 12
N, Q
O\( hv O
o)
OBn OBn
5 13

Scheme 4 3-(2-(Benzyloxy)phenyl)-4-phenyloxetan-2-one 12 and 3-
(2-(benzyloxy)phenyl)-4,4-dimethyloxetan-2-one 13.

zoacetate 3 in the absence of photosensitiser 9 was also
trialled using the 365 nm LEDs. Full consumption of the aryl-
diazoacetate 3 was observed within 5 minutes of photolysis in
acetonitrile leading to 32% formation of the dihydrobenzofur-
ans 6a and 6b in a ratio of 1.1: 1.0 (products not isolated).

4776 | Org. Biomol. Chem., 2023, 21, 4770-4780

In contrast, when 3 was exposed to 450 nm LEDs in the
absence of the photosensitiser 9, reactions were slower with
decreased reaction efficiency and some aryldiazoacetate 3
remaining unreacted (1.0: 1.0: 0.6, 6a : 6b : 3) following 60 min
of photolysis conditions (Table 5, entry 5), presumably due to
the lower input power of the LEDs employed relative to the
mercury lamp (12 W 450 nm LEDs; 75 W mercury lamp).
Similar results were seen for aryldiazoacetates 4 and 5
(Table 5, entries 6 and 7). Notably, photolysis using the blue
LEDs in the presence or absence of the photosensitiser led to
an equimolar mixture of dihydrobenzofurans 6a and 6b; this
was the first time we observed no alteration of the diastereo-
meric ratio in the presence of the photosensitiser. This altered
behaviour can be rationalised by examination of the UV/Vis
spectra of the aryldiazoacetates and the photosensitiser 9;
while the aryldiazoacetates absorb at 450 nm leading to C-H
insertion, the photosensitiser 9 does not absorb at this wave-
length. In contrast, both compounds absorb at 365 nm (see
ESI} for details). Thus, it is clear that the altered diastereo-
meric ratio seen at shorter wavelengths is associated with the
presence of the photosensitiser 9. Recent reports of the impact
of photosensitisers on stereochemical outcome are relevant to
this work,*>®* although in this instance the altered diastereo-
meric ratio is principally due to selective degradation.

To demonstrate the practical synthetic utility of this photo-
chemical C-H insertion, 2 g of aryldiazoacetate 3 in TBME/
acetonitrile (80:20) was irradiated in the presence of the
photosensitiser 9 with a residence time of just 3 minutes
leading to isolation of dihydrobenzofurans 6a and 6b in 47%
and 11% yield, respectively. The efficiency of the photochemi-
cal transformation was comparable at this scale to that seen at
smaller scale as evidenced by comparing the "H NMR spectra
of the crude product mixtures (see Fig. S1 in the ESIf}).

This journal is © The Royal Society of Chemistry 2023
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Table 5 Comparison of the photosensitised intramolecular C—H insertion of aryldiazoacetates 3, 4 and 5 using a mercury lamp or 365 nm LEDs

N CO,R CO,R
+
coR () s oar | iPh Ph
OBn o o
3,4,5(0.04 M) 6a, 7a, 8a 6b, 7b, 8b
in MeCN/TBME (80:20) hv
10 mL reactor coll
Residence time Temperature Ratio Yield trans Yield cis
Entry R Light source (minutes) (°C) 6a:6b:3 (%) (%)
1 Me (3, Medium pressure Hg lamp (75 5 28 3.0:1.0:0 33 6
6) w)*
2 Me (3, 365 nm LED (50 W)” 5 33 2.8:1.0:0 37 12
6)
3 Bn (4, 5 33 3.8:1.0:0 30 5
7)
4 iPr (5, 5 33 41:1.0:0 32 —
8)
5 Me (3, 450 nm LED (12 W) 60 28 1.0:1.0:0.6 25 234
6)
6 Bn (4, 60 28 1.0:1.0:0.8 14 15¢
7)
7 iPr (5, 60 28 1.0:1.0:0.6 10 13¢
8)

“ Reactions were conducted using Method B for a 25 mL solution of aryldiazoacetate 3 (0.04 M). ” Reactions were conducted using Method C for a
25 mL solution of aryldiazoacetate 3, 4 or 5 (0.04 M). “ Reactions were conducted using Method D for a 25 mL solution of aryldiazoacetate 3, 4 or
5 (0.04 M). “Isolated as a mixture of cis dihydrobenzofuran and aryldiazoacetate starting material.

Conclusion

In conclusion, flow photolysis of aryldiazoacetates 3, 4 and 5 leads
to metal-free C-H insertion to form dihydrobenzofurans 6, 7 and 8
in moderate yields. Significantly, while the cis and ¢rans diastereo-
mers of 6, 7 and 8 are formed in essentially equimolar amounts,
addition of the photosensitiser 9 results in preferential recovery of
the trans dihydrobenzofurans 6a, 7a and 8a (dr approximately
>2.7 :1.0). The photolysis can be effected using a mercury lamp or
LEDs with comparable synthetic outcomes, and is readily scaled to
multigram quantities without impacting on reaction efficiency or
selectivity. Effecting C-H insertion in the absence of a metal cata-
lyst is notable from a green chemistry perspective.
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