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Chapter 4

Optimization of a decatungstate-
catalyzed C(sp?)-H alkylation using a
continuous oscillatory milli-structured

photoreactor
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Abstract

Tetrabutylammonium decatungstate (TBADT) has emerged as an
efficient and versatile photocatalyst for hydrogen atom transfer (HAT)
processes, which enables the cleavage of both activated and unactivated
aliphatic C-H bonds. Using a recently developed oscillatory milli-
structured continuous-flow photoreactor, investigations of a
decatungstate-catalyzed C(sp3)-H alkylation protocol are presented
here. The performance of the reactor was evaluated in correlation to
several chemical and process parameters, including residence time, light
intensity, catalyst loading and substrate/reagent concentration. In
comparison to previously reported batch and flow protocols, conditions
were found that lead to considerably higher productivity, achieving a

throughput up to 36.7 mmol/h, with a residence time of only 7.5 minutes.
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Scale-up in oscillatory milli-structured photoreactor
4.1 Introduction

Over the past decade, photocatalysis has emerged as a powerful
methodology to enhance the greenness and sustainability of many
chemical transformations.! Among the various photocatalytic methods,
hydrogen atom transfer (HAT) processes are particularly useful for the
functionalization of substrates containing unreactive C-H bonds, without
recurring to metal catalysis or strong oxidants.?2 Light-induced HAT
catalysis can proceed via three different pathways: direct HAT,3 indirect
HAT,* and proton-coupled electron transfer (PCET) processes.> Among
these, direct HAT processes are the most reagent-economical, as the
other two approaches require addition of additives to the reaction. Only
a limited number of catalysts are able to promote direct HAT upon
absorption of light, including aromatic ketones,¢ Eosin Y,3P uranyl salts,3¢
and polyoxometalates, the latter mainly represented by
tetrabutylammonium decatungstate ([(nBuaN)4(W10032)], TBADT).” The
decatungstate anion has been proven a robust and versatile catalyst for
the functionalization of unactivated aliphatic C-H bonds upon irradiation
with near-UV light (Scheme 4.1).72 Notable examples are alkylation,328

arylation, 9 fluorination,1° trifluoromethylation!! and oxygenation.12

Although the synthetic utility of photochemical methods has been amply
demonstrated, still their applications in industry are limited.13 Indeed,
photochemistry suffers from light-attenuation effects due to the Beer-
Lambert law, which makes traditional scale-up (enlarging reactor
dimensions) strenuous. When scaling out reactor vessels beyond the
laboratory (mL) scale, a photon gradient becomes apparent between the
wall and the center of the reactor. To compensate for the ‘dark zone’
generated in the vessel, photochemical processes are often run at
prolonged reaction times, which results in local over-irradiation, and in

turn leads to the potential erosion of yield and selectivity. To counteract
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Chapter 4

such non-ideal reaction conditions, ensuring a homogeneous irradiation
profile in the reactors is most crucial in order to obtain the ideal
photochemical reaction conditions.!* Continuous-flow (micro)reactors
are often considered as a ‘go-to technology’ in order to address these
issues. In flow photochemistry, the reaction occurs in narrow transparent
channels or thin fluid beds, ensuring quasi-homogeneous irradiation and,
consequently, a higher selectivity and shorter reaction time due to the
increase of photon input/volume. Considerable advances have been
reported in this field, both in terms of reaction methodology and reactor

design.14-15

Several large-scale photoreactions in flow have been described in the last
few years, mostly based on specific reactor designs.l¢ Recently, the
HANU™ reactor, a multi-purpose continuous-flow photoreactor
developed by Creaflow,!” was utilized for the multigram-scale synthesis
of a N-arylpyrrolidine derivative via a heterogeneous Ni/photoredox
dual-catalyzed C-N coupling.’8 This milli-structured photoreactor
combines an oscillatory flow regime and static mixing elements along a
narrow channel, ensuring good irradiation and mixing properties
(Scheme 4.1).19 In addition, the HANU™ reactor comes in different sizes
(up to 150 mL reactor volume) and features narrow residence time
distributions (RTD), thus holding considerable potential for scaling-up

photochemical processes.

Following our interest in flow photochemistryl4iéciée20 and C-H
functionalization®1221 as enabling methods in organic synthesis, herein
we present the optimization of a TBADT-catalyzed C(sp3)-H alkylation
process using the HANU™ reactor. The radical addition of cyclohexane to
the electron-poor olefin 2-benzylidenemalononitrile, occurring via the
mechanism in Scheme 4.1, was selected as a model reaction.22 This

conceptually simple transformation represents an appealing and atom-
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Scale-up in oscillatory milli-structured photoreactor

economic protocol for C-C bond formation.
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Scheme 4.1. TBADT-catalyzed C (sp3)-H alkylation studied in this work.
4.2. Results and discussion

4.2.1 Effects of residence time

For comparison purposes, we first performed the reaction in a
homemade capillary reactor (PFA tubing, 0.75 mm I. D.), irradiated with
36 W 365 nm LED strip. Using this setup, 74% conversion over 30 min
residence time was obtained (see experimental section). The reaction
was then transferred to the HANU™ reactor with a dedicated irradiation
source. A screening of residence times from 2.5 to 30 min revealed that
full conversion was reached after 7.5 min, corresponding to 82% GC yield.
Only a slightly higher yield (88%) was obtained even at double residence

time. Because of the biphasic nature of the reaction (the liquid phases of
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cyclohexane and acetonitrile are immiscible), we envisaged that the use
of a pulsator might improve mixing efficiency and film refreshment at
window, possibly leading to improved reaction rates, and hence,
shortened residence times. Moreover, a certain degree of pulsation was
shown to be fundamental in minimizing residence time distribution
(RTD) inside the HANU™ reactor, leading to a plug flow behavior. Based
on these studies,8 25 we performed experiments at different residence
times with a pulsation amplitude corresponding to 5% of the maximum
and a frequency of 3 Hz.26 With this addition, higher conversions and
yields were obtained at residence times < 5 min, in comparison with the
non-pulsated reaction (Figure 4.1). However, full conversion was only
reached at 7.5 min, which was thus chosen for further experiments.
Although no pulsation effect was observed at such residence time, a 5%
pulsation was maintained to ensure narrow residence time distribution

and improved mixing, which is independent of the net flow rate used.
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Figure 4.1. Effect of residence time on conversion, yield and productivity. Reaction
conditions: 0.1 M alkene substrate, 2 mol% TBADT, 10 equiv. cyclohexane, 5 % pulsation,
96 W 365 nm light.
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4.2.2. Effect of light intensity

The effect of different light intensities was then investigated in order to
evaluate potential light-limiting conditions. From the data reported in
Figure 4.2, it is clear that the photochemical process becomes light-
limited for optical output below 48 W (50% light intensity). At maximum
optical output (96 W), a sufficient number of photons have been

absorbed to allow full conversion, and as such this was chosen as optimal.
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Figure 4.2. Effect of light intensity on substrate conversion, yield and productivity.
Reaction condition: 0.1 M substrate, 2 mol% TBADT, 10 equiv. cyclohexane, 5% pulsation,
7.5 min.

4.2.3. Effect of the amount of cyclohexane

We next evaluated the effect of the cyclohexane stoichiometry on the
reaction (Figure 4.3). It is apparent that 10 equivalents of cyclohexane
gave the optimal result. While a lower excess of cyclohexane was
insufficient to reach full conversion within 7.5 min residence time, at
higher excesses the reaction resulted in lower selectivity, due to the
formation of larger amounts of side-products. Additionally, higher

amounts of cyclohexane also translate to a larger amount of immiscible
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phase, potentially contributing to the lower yield under these conditions.
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Figure 4.3. Effect of cyclohexane excess on conversion, yield and productivity. Reaction
condition: 0.1 M substrate, 2 mol% TBADT, 96 W 365 nm light, 5% pulsation, 7.5 min.

4.2.4. Effect of concentration of substrate and

catalyst loading
With the aim of increasing the reaction throughput, the effect the

substrate concentration was studied in combination with different
catalyst loadings (Table 4.1). By doubling the concentration of substrate
to 0.2 M, incomplete conversion and lower yields were obtained (Entries
1 and 2). Doubling the catalyst loading to 4 mol%, full conversion and a
91% yield was achieved, which translates to a productivity of 11.1
mmol/h (Entry 3). Further increasing both substrate concentration and
catalyst loading up to 0.7 M and 7 mol% respectively, resulted in full
conversion with 88% yield and a 36.7 mmol/h throughput (Entry 11).
Both the use of 0.6-0.7 M concentrations in combination with lower
catalyst loading (Entries 8 and 10), and further increase of concentration
to 0.8 M (Entry 12), resulted in a significant drop in yield. Loadings of
TBADT higher than 7% were considered not practical, due to solubility

limitations.
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Table 4.1. Optimization of substrate concentration and TBADT loading.

TBADT Conv. Yield Productivity Productivity
Entry — Cone(M)  nolog) (%) (%) (g/h) _ (mmol/h)
1 0.1 2 100 86 1.2 5.0
2 0.2 2 91 81 2.3 99
3 0.2 4 100 91 2.6 11.1
4 0.3 4 96 84 3.7 15.7
5 0.4 5 97 85 4.8 20.3
6 0.4 6 100 90 5.5 23.3
7 0.5 7 100 91 6.5 27.2
8 0.6 5 100 82 6.9 29.1
9 0.6 7 99 92 7.9 33.1
10 0.7 5 100 82 8.2 34.3
11 0.7 7 100 88 8.7 36.7
12 0.8 7 100 80 9.1 38.4

Reaction condition: 10 equiv. cyclohexane, 96 W 365nm, 5% pulsation, 7.5 min. 2
Determined by GC-FID with biphenyl as internal standard.

4.2.5. Comparison of different photoreactors and
scale-up

In order to compare the results obtained with the HANU™ reactor to
previously reported photochemical setups, we listed the published
productivities for the same product in Table 4.2. Although a direct
comparison between the different methods is challenging due to a lack of
experimental details, this table helps to put into perspective the potential
of this protocol. It can be seen that this protocol by far outperforms other
reactors/conditions reported in the literature, both in terms of
productivity and space-time yield (STY).2?” Furthermore, the design
concept of the HANU™ reactor allows linear scalability by broadening the
reactor channel, since all of the critical process properties (e.g. channel
dimensions, mass-, heat-, and light transfer capabilities, RTD),17-18 are
retained. Larger versions of the HANU™ reactor (such as the HANU™ HX-
150 with an internal volume of 150 mL) can enable further scale-up of

this procedure.
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Table 4.2. Literature comparison of the productivity of the C—H functionalization of 2-
benzylidenemalononitrile to 2-(cyclohexyl(phenyl)methyl)malononitrile.

Irradiatio Reaction
Reactor type Catalyst n source time / Productivity STY
(power (mmol/h) [mmol/(L/h)]
; temperature
input)
. (18w)
3b 0, [
Batch Eosin Y (2 mol%) white LED 24h /60°C 0.003 3
_ (40 w)
Batchse [UO](NO:)26H0  yo0 o gy /rt. 0.04 40
(8 mol%) LED
Stop-flow Mes-Acr*ClO4 (2 (81W)
microtubing mol%) / HCI (5 24h /50°C 0.112 4.1
Blue LED
reactor?8 mol%)
. Mes-Acr*ClO4 (2
Capillary flow o (54 W) o
reactor2s mol%) / HCI (5 Blue LED 6h/50°C 0.113 13.9
mol%)
Homemade (36 W)
capillary TBADT (2 mol%) 365nm 30min/r.t 0.74 148
(this work) LED
HANU™ (240W)
reactor (this TBADT (7 mol%) 365nm 7.5min/rt. 36.7 2447
work) LED

4.3. Conclusion

In summary, we illustrated the utility of a continuous oscillatory milli-
structured photoreactor for the optimization of a photochemical,
decatungstate-catalyzed C(sp3)-H alkylation. Conversion, yield, and
productivity of the reaction were evaluated by changing various
parameters, including residence time, light intensity, reactants
concentration, and catalyst loading. Following the optimization study,
conditions leading to a productivity of 36.7 mmol/h were found, and full
conversion was obtained after only 7.5 min residence time. This
investigation further demonstrated the efficiency of the HANU™ reactor

and its potential use for the scale-up of photocatalytic transformations.
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4.4 Experimental Section

Home-made reactor

(B)

Figure S4.1. Pictures of our homemade photochemical flow reactor. (a) 5 mL flow reactor;
(b) Flow setup with 3D-printed shell.

Our homemade photochemical flow reactor (5 mL) includes two parts:

1) PFA tubing (0.750 mm [.D.) coiled around 3D-printed reactor lid with
cylinder (material: polylactic acid, PLA). The cylinder was covered with
reflective tape to increase the efficiency of the set-up. Dimensions of the
cylinder: length 9 cm, diameter 7.5 cm. Dimensions of the lid: diameter

14.5 cm.

2) 3D-printed outer shell was made out of PLA. Inside of the shell LED
strips (2.5 m, 36W, 300SMD5050 LEDs, LedLightingHut, A=365 nm) are
mounted. An inlet for pressurized air is incorporated in the shell, a

constant airflow during operation prevents overheating of the LEDs.
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HANU ™ reactor

J.;x;nﬂﬁ
— Cycloexane

Pulsator

~2
Product

Figure S4.2. Photographs of the HANU reactor setup.
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Figure S4.3. Photograph of the HANU reactor. The orange part (left) was the reactant
mixture without light irradiation; the blue part (right) was the reaction mixture with light
irradiation.

Ph CN
+ TBADT
—& 365 nm
Qi P
oo .
— N
Ph CN

Pulsator HANU reactor

CH,CN
0.25-1 mL min’

Scheme S4.1. Experimental setup for decatungstate photocatalysis in flow.

Detailed information about the equipment used in the experiments are

listed below:

Photoreactor (HANU™ HX 15-316L-CUB): A stainless-steel milli-
structured flow reactor (Size: 540 x 60 x 60 mm; channel dimensions:
480 x 20 x 2 mm) with a series of cubic static mixing elements (2 x 2 x 2
mm) along the channel. The volume of the channel is 15 mL, but only half
of the reactor was irradiated (see Figure S4.2b), therefore the volume

considered was 7.5 mL.

Light source (FireEdge FE400 240x10AC 365-4W, Phoseon): Air-cooled
high-performance LED array with a emitting window sizes being 240 x
10 mm and peak irradiance of 4 W/cm?2(Input power: 240 W; optical
output: 96 W 365 nm (Figure S4.4)). The light source was put on the top

of the reaction plate. It is noteworthy that the light source only covered
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half of the reactor (Figure S4.2).

Syringe Pumps (Fusion 2000 Touch, Chemyx Inc.): The cyclohexane and
substrate solution were delivered to the feeding loop. The flow rate of
substrate solution was set to 1 mL/min, while the flow rate of
cyclohexane was adjusted according to the equivalent of cyclohexane and

concentration of the substrate.

365nm Spectral Response
100%

90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

350 360 370 380 390
Wavelength (A - nm)

Figure S4.4. Emission spectra of the light source (365 nm) used in this study. (Provided
by Phoseon)

Feeding loop: PFA tubing (0.750 mm I.D.) was employed. The volume of

feeding loop was 10 mL.

Pulsator (gamma/ L diaphragm metering pump, ProMinent): Placed
between the feeding loop and the photoreactor, the pulsator was used to
pulse the reactants solution. This had a tunable pulsation intensity (0-
100%, corresponding approximately to 0-0.44 mL per stroke) and a

constant frequency (3 Hz).

Experimental procedure:

Two syringe pumps were used to inject the two feeds. Feed 1: substrate
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solution (0.1-0.8 M) + biphenyl (0.1 M) + TBADT (2-7 mol%), flow rate =

1 mL/min; Feed 2: cyclohexane (5-15 equiv.), flow rate = 0.11-0.86
mL/min according to the equivalents of cyclohexane. The two feeds were
mixed in a T-Mixer and pumped into a feeding loop. Once the reaction
mixture was loaded into the loop (slug flow between the two different
phases), the resulting mixture was pushed through the HANU reactor
with acetonitrile via a 6-way valve. Experimental parameters, such as
flow rate, pulsation, and light intensity were adjusted according to the
different conditions. At the reactor outlet, the samples were collected in

GC vials, diluted with acetonitrile, and analyzed by GC-FID.

CN

CN 2-(cyclohexyl(phenyl)methyl)malononitrile: The

product was prepared following the procedure described above.
Following collection, the solvent was evaporated and the crude product
was purified by the flash chromatography (eluent: cyclohexane/ethyl
acetate: 95/5). The product was obtained as a colorless oil. tH NMR (400
MHz, CDCl3) § 7.44 - 7.36 (m, 3H), 7.34 - 7.29 (m, 2H), 4.18 (d, /] = 5.5 Hz,
1H), 2.88 (dd, /= 9.8, 5.5 Hz, 1H), 2.05 - 1.80 (m, 3H), 1.72 - 1.63 (m, 2H),
1.51 - 1.35 (m, 2H), 1.23 - 1.03 (m, 3H), 0.88 - 0.77 (m, 1H). 13C NMR
(100 MHz, CDCI3) & 136.8, 129.3, 128.9, 128.4, 112.3, 112.1, 52.5, 39.4,
31.3,30.7,27.3, 26.0, 26.0, 25.9.

4.5 Associated content

Further experimental details are available as Supporting Information
published on the Organic Process Research & Development website with

DOI: 10.1021/acs.oprd.0c00235.

99




Chapter 4

4.6 Reference

10

100

(a) Anastas, P.; Eghbali, N. Chem. Soc. Rev. 2010, 39, 301; (b) Hoffmann, N.
Photochem. Photobiol. Sci. 2012, 11, 1613; (c) Bonfield, H. E.; Knauber, T;
Lévesque, F.; Moschetta, E. G.; Susanne, F.; Edwards, L. J.,, Nature Comm.
2020, 11, 804; (d) Romero, N. A.; Nicewicz, D. A., Chem. Rev. 2016, 116,
10075; (e) Marzo, L.; Pagire, S. K.; Reiser, O.; Konig, B., Angew. Chem. Int.
Ed. 2018, 57, 10034; (f) Crisenza, G. E. M.; Melchiorre, P., Nature Comm.
2020, 11, 803.

(a) Yi, H.; Zhang, G.; Wang, H.; Huang, Z.; Wang, ].; Singh, A. K;; Lei, A., Chem.
Rev. 2017, 117, 9016; (b) Capaldo, L.; Ravelli, D., Eur. J. Org. Chem. 2017,
2017, 2056.

(a) Murphy, J. J.; Bastida, D.; Paria, S.; Fagnoni, M.; Melchiorre, P., Nature
2016, 532, 218; (b) Fan, X.-Z.; Rong, ].-W.; Wu, H.-L.; Zhou, Q.; Deng, H.-P.;
Tan,].D.; Xue, C.-W.; Wu, L.-Z,; Tao, H.-R.; Wu, ], Angew. Chem. Int. Ed. 2018,
57, 8514; (c) Capaldo, L.; Merli, D.; Fagnoni, M.; Ravelli, D., ACS Catalysis
2019, 9, 3054.

(a) Mukherjee, S.; Maji, B.; Tlahuext-Aca, A.; Glorius, F., J. Am. Chem. Soc.
2016, 138, 16200; (b) Shaw, M. H.; Shurtleff, V. W.; Terrett, ]. A;
Cuthbertson, J. D.; MacMillan, D. W. C., Science 2016, 352, 1304.

(a) Choi, G. ].; Zhu, Q.; Miller, D. C.; Gu, C. J.; Knowles, R. R., Nature 2016,
539, 268; (b) Chuy, J. C. K;; Rovis, T., Nature 2016, 539, 272.

(a) Shen, Y.; Gu, Y.; Martin, R, J. Am. Chem. Soc. 2018, 140, 12200; (b)
Dewanji, A.; Krach, P. E.; Rueping, M., Angew. Chem. Int. Ed. 2019, 58, 3566;
(c) Zhang, M.; Yang, L.; Yang, H.; An, G.; Li, G., ChemCatChem 2019, 11, 1606.
(a) Ravelli, D.; Fagnoni, M.; Fukuyama, T.; Nishikawa, T.; Ryu, 1., ACS
Catalysis 2018, 8, 701; (b) Ravelli, D.; Protti, S.; Fagnoni, M., Acc. Chem. Res.
2016, 49, 2232.

(a) Shi, D.; He, C; Sun, W.; Ming, Z.; Meng, C.; Duan, C., Chem. Comm. 2016,
52,4714; (b) Fukuyama, T.; Nishikawa, T.; Yamada, K.; Ravelli, D.; Fagnoni,
M.; Ryu, L., Org. Lett. 2017, 19, 6436; (c) Laudadio, G.; Deng, Y.; van der Wal,
K.; Ravelli, D.; Nufio, M.; Fagnoni, M.; Guthrie, D.; Sun, Y.; Noél, T., Science
2020, 369, 92.

Perry, I. B,; Brewer, T. F.; Sarver, P. ].; Schultz, D. M.; DiRocco, D. A;
MacMillan, D. W. C., Nature 2018, 560, 70.

(a) Halperin, S. D.; Fan, H.; Chang, S.; Martin, R. E.; Britton, R., Angew. Chem.
Int. Ed. 2014, 53, 4690; (b) Halperin, S. D.; Kwon, D.; Holmes, M.; Regalado,
E. L.; Campeau, L.-C.; DiRocco, D. A;; Britton, R,, Org. Lett. 2015, 17, 5200;
(c) Nodwell, M. B.; Yang, H.; Colovié, M.; Yuan, Z.; Merkens, H.; Martin, R. E.;
Bénard, F.; Schaffer, P.; Britton, R., J. Am. Chem. Soc. 2017, 139, 3595.



11

12

13

14

15

16

17
18

19
20

Scale-up in oscillatory milli-structured photoreactor

Sarver, P. J.; Bacauanu, V.; Schultz, D. M.; DiRocco, D. A.; Lam, Y.-h.; Sherer,
E. C.; MacMillan, D. W. C,, Nature Chemistry 2020, 12, 459.

Laudadio, G.; Govaerts, S.; Wang, Y.; Ravelli, D.; Koolman, H. F.; Fagnoni, M.;
Djuric, S. W.; Noél, T., Angew. Chem. Int. Ed. 2018, 57, 4078.

(a) Turconi, J.; Griolet, F.; Guevel, R.; Oddon, G.; Villa, R.; Geatti, A.; Hvala,
M.; Rossen, K.; Goller, R.; Burgard, A., Org. Process Res. Dev. 2014, 18, 417;
(b) Burgard, A.; Gieshoff, T.; Peschl, A.; Hérstermann, D.; Keleschovsky, C.;
Villa, R.; Michelis, S.; Feth, M. P., Chem. Eng. ]. 2016, 294, 83; (c) Funken, K.-
H.; Miiller, F.-].; Ortner, ].; Riffelmann, K.-].; Sattler, C., Energy 1999, 24, 681;
(d) Fischer, M., Angew. Chem. Int. Ed. 1978, 17, 16; (e) Zhu, G.-D.; Okamura,
W. H., Chem. Rev. 1995, 95, 1877; (f) Noél, T. In Photochemical Processes in
Continuous-Flow Reactors: From Engineering Principles to Chemical
Applications; Noél, T., Ed.; WORLD SCIENTIFIC (EUROPE): 2017, p 199.
(a) Cambié, D.; Bottecchia, C.; Straathof, N. ]. W.; Hessel, V.; Noél, T., Chem.
Rev. 2016, 116, 10276; (b) Sambiagio, C.; Noél, T., Trends Chem. 2020, 2,
92.

(a) Politano, F.; Oksdath-Mansilla, G., Org. Process Res. Dev. 2018, 22, 1045;
(b) Rehm, T. H., ChemPhotoChem 2019; (c) Noél, T., J. Flow Chem. 2017, 7,
87; (d) Wriedt, B.; Ziegenbalg, D., . Flow Chem. 2020, 10, 295.

(a) Beatty, Joel W.; Douglas, James J.; Miller, R.; McAtee, Rory C.; Cole, Kevin
P.; Stephenson, Corey R. J., Chem 2016, 1, 456; (b) Elliott, L. D.; Berry, M,;
Harji, B.; Klauber, D.; Leonard, J.; Booker-Milburn, K. 1., Org. Process Res.
Dev. 2016, 20,1806; (c) Su, Y.; Kuijpers, K.; Hessel, V.; Noél, T., React. Chem.
Eng. 2016, 1, 73; (d) Harper, K. C.; Moschetta, E. G.; Bordawekar, S. V,;
Wittenberger, S. J., ACS Cent. Sci. 2019, 5, 109; (e) Chaudhuri, A.; Kuijpers,
K. P.L.; Hendrix, R.; Hacking, ].; Shivaprasad, P.; Emanuelsson, E. A. C.; Noel,
T.; van der Schaaf, ]., Chem. Eng. ]. 2020, 400, 125875; (f) Berton, M.; de
Souza, |. M.; Abdiaj, I.; McQuade, D. T.; Snead, D. R,, J. Flow Chem. 2020, 10,
73; (g) Emmanuel, N.; Mendoza, C.; Winter, M.; Horn, C. R.; Vizza, A;
Dreesen, L.; Heinrichs, B.; Monbaliu, J.-C. M., Org. Process Res. Dev. 2017, 21,
1435; (h) Williams, J. D.; Nakano, M.; Gérardy, R.; Rincén, ]. A.; de Frutos,
0.; Mateos, C.; Monbaliu, ].-C. M.; Kappe, C. 0., Org. Process Res. Dev. 2019,
23,78; (i) Bianchi, P; Petit, G.; Monbaliu, ].-C. M., React. Chem. Eng. 2020, 5,
1224.

http://www.creaflow.be/

Rosso, C.; Gisbertz, S.; Williams, J.; Gemoets, H.; Debrouwer, W.; Pieber, B.;
Kappe, C. O., React. Chem. Eng. 2020, 5, 597

Bianchi, P.; Jason, W.; Kappe, C. 0., J. Flow Chem. 2020, 10, 475-490.

(a) Wei, X.-].; Abdiaj, I.; Sambiagio, C.; Li, C.; Zysman-Colman, E.; Alcazar, J.;
Noél, T., Angew. Chem. Int. Ed. 2019, 58, 13030; (b) Cambié, D.; Dobbelaar,
] Riente, P.; Vanderspikken, J.; Shen, C.; Seeberger, P. H.; Gilmore, K;

101


http://www.creaflow.be/

Chapter 4

21

22

23

24
25

26

27

28

102

Debije, M. G.; Noél, T., Angew. Chem. Int. Ed. 2019, 58, 14374; (c) Bottecchia,
C.; Martin, R,; Abdiaj, I.; Crovini, E.; Alcazar, J.; Orduna, J.; Blesa, M. J,;
Carrillo, ]. R.; Prieto, P.; Noél, T., Adv. Synth. Catal. 2019, 361, 945.

(a) Govaerts, S.; Nyuchev, A.,; Noel, T, J. Flow Chem. 2020, 10, 13; (b)
Casnati, A.; Gemoets, H. P. L.; Motti, E.; Della Ca, N.; Noél, T., Chem. Eur. ].
2018, 24, 14079.

Dondji, D.; Cardarelli, A. M.; Fagnoni, M.; Albini, A., Tetrahedron 2006, 62,
5527.

Protti, S.; Ravelli, D.; Fagnoni, M.; Albini, A., Chem. Comm. 2009, 7351.

Yu, Y.; Wang, Z., J. Chin. Chem. Soc. 2013, 60, 288.

Debrouwer, W.; Kimpe, W.; Dangreau, R.; Huvaere, K.; Gemoets, H. P. L,;
Mottaghi, M.; Kuhn, S.; Van Aken, K., Org. Process Res. Dev. 2020, 24, 2319-
2325.

5% pulsation intensity, with a similar pulsator to the one used here, was
observed to produce the narrowest residence time distribution (RTD) in
the HANU reactor. See reference 18.

It is noteworthy that the light source employed only covered half of the
reactor (see experimental section), which means that there is a lot of room
for improvement and future work.

Deng, H.-P.; Zhou, Q.; Wu, ]., Angew. Chem. Int. Ed. 2018, 57, 12661.



