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Abstract

The late-stage introduction of allyl groups provides an opportunity to synthetic organic

chemists for subsequent diversification, providing rapid access to new chemical space. Here,



we report the development of a modular synthetic sequence for the allylation of strong aliphatic
C(sp*)-H bonds. Our sequence features the merger of two distinct steps to accomplish this goal,
including a photocatalytic Hydrogen Atom Transfer and an ensuing Horner-Wadsworth-
Emmons reaction. This practical protocol enables the modular and scalable allylation of

valuable building blocks and medicinally relevant molecules.

Main article:

Modern drug discovery programs capitalize increasingly on the application of late-stage
functionalization methodologies to accelerate the hit-to-lead (H2L) optimization phase
(Scheme 1A).!? Such strategies allow to rapidly and cost-efficiently®* diversify the parent
molecule by exploiting native functionalities (e.g., C—H bonds), thus avoiding effectively the
need to redesign its entire synthetic route to access new leads.””” More specifically, the late-
stage decoration of organic molecules with multipurpose functional groups would provide new
points of entry for subsequent diversification (Scheme 1B).> Such a strategy could be
particularly convenient when it is realized via a chemo- and regioselective functionalization of
C-H bonds in the absence of any proximal directing or activating groups.” However, while
C(sp?)—H activation has been extensively investigated, the direct functionalization of C(sp*)—H
bonds remains challenging and is often narrow in scope.” Recently, photocatalytic hydrogen
atom transfer (HAT) has been exploited to enable the late-stage functionalization of C(sp*)—H
bonds, showing remarkable levels of regioselectivity even in complex drug-like molecules
(Scheme 1C).'% In HAT photocatalysis, a catalyst converts light energy into chemical energy
for the homolytic cleavage of strong aliphatic C—H bonds. Especially, the decatungstate anion
([W10032]*) has shown remarkable selectivity for specific C(sp>)-H bonds, governed by an

intricate balance between steric and electronic interactions.!' 3

We envisioned that the regioselective introduction of an allyl moiety onto hydrocarbon

frameworks would be particularly useful as it provides a convenient branching point for further



late-stage synthetic exploitation (Scheme 1B).!* To install such moieties, radical allylation has
manifested itself as a valuable strategy. One approach relies on the use of transition metal
complexes to activate a substrate containing an allylic leaving group to afford a m-allyl
complex, which is then suited to trap a C-centered radical (Scheme 1D).!* This strategy can
engage a diverse set of allyl coupling partners but typically requires purposely designed radical
precursors, which prevents the direct allylation of unactivated C(sp*)—H bonds. SOMOphilic
allylation constitutes another tactic and exploits radicofugal groups X (e.g., X = halide, SO2R,
SnR3) in the allylic position to afford the desired product via a radical addition/fragmentation
process (Scheme 1D).!?° However, while synthetically useful, the reaction scope is mainly

restricted to the synthesis of 1,1-disubstituted olefins.?*-2430:3!

Seeking to address these challenges, we sought to develop a robust and versatile synthetic
platform for the allylation of strong aliphatic C(sp®)—H bonds. Hereto, a modular synthetic
sequence is preferred in which the allyl moiety is assembled in a stepwise fashion, enabling the
rapid generation of structurally diverse analogues. Specifically, our sequence features the
merger of two distinct synthetic steps to accomplish this goal (Scheme 1 E). First, we planned

3233 and

to activate C(sp’>)—H bonds via decatungstate-catalyzed hydrogen atom transfer
subsequently trap the resulting C-centered radical with a vinyl phosphonate. The ensuing
radical addition product serves as a suitable linchpin for the second step, in which a classical
Horner-Wadsworth-Emmons (HWE) olefination®* is able to deliver the targeted allylated
compounds.' In order to streamline these two steps, we reasoned that a telescoped flow protocol
would be indispensable not only to accelerate access to these valuable building blocks but also

to ensure facile scalability.>>>7 Herein, we report the successful realization of such a flow

platform enabling both early-stage and late-stage allylation of a wide range of hydrocarbons.

! During the writing of this manuscript, Silvi et al.> reported a one-pot strategy to obtain 1,2-disubstituted olefins via a visible-light driven
decarboxylative strategy merged with the Wittig reaction.
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Scheme 1. Allylation of C(sp*)~H bonds. (A) Common steps in the discovery of new drugs. (B) Late-stage
functionalization allows rapid diversification of lead compounds. (C) Photocatalytic HAT enables late-stage
functionalization of pharmaceutically relevant molecules. (D) Reported approaches for the radical allylation of

organic molecules. (E) A telescoped flow platform for the modular allylation of C(sp*)—H bonds (this work).



Our investigations commenced with the decatungstate-enabled hydroalkylation of ethyl 2-
(diethoxyphosphoryl)acrylate (2) using cyclohexane as the H-donor (See Supporting
Information, Table S1). Following a careful optimization of different reaction parameters, we
found that the photocatalytic radical addition performed optimal in continuous-flow using a
commercially available Vapourtec UV-150 photochemical reactor (PFA (perfluoroalkoxy)
capillary, ID: 0.75 mm; V = 3.06 mL, flow rate = 0.612 mL min ", 1, = 5 min) equipped with
a 60 W UV-A LED light source, which matches the measured absorption spectrum of
decatungstate. A 65% NMR yield (64% after isolation) was obtained for the targeted
hydroalkylated compound when a CH3CN solution of the acrylate (0.1 M), cyclohexane (20
equivalents) and tetrabutylammonium decatungstate (TBADT, (Bus4N)i[W10032]) as the
photocatalyst (1 mol%) was irradiated for 5 minutes (See Supporting Information, Table S1,
Entry 9).3%4 Other HAT photocatalysts, such as Eosin Y,*” anthraquinone,”® 5,7,12,14-
pentacenetetrone®® and fluorenone,* were also evaluated, but failed to deliver the targeted

3051 showed a comparable activity to the decatungstate

product. Interestingly, benzophenone
anion, although only when used at high catalyst loading (20 mol%, 68% NMR yield). In
addition, since benzophenone also dimerizes to give pinacol upon UV-A irradiation, we
selected TBADT as the ideal photocatalyst for the targeted hydroalkylation reaction. Notably,

this transformation is quite general and a diverse set of alkylphosphonates (3) could be readily

isolated and characterized (see Supporting Information, Section 6).

Next, the obtained alkylphosphonates were subjected to the successive HWE olefination
(Scheme 2). A telescoped flow approach was developed in which the two individual steps were
connected in a single streamlined flow process without intermediate purification. We selected
1,3-benzodioxole (1a), a common moiety in many medicinally-relevant molecules, as the H-
donor and exposed it to the photocatalytic reaction conditions. Upon exiting the photochemical

reactor, the reaction mixture containing the alkylphosphonate is merged with a stream



containing paraformaldehyde (3 equiv.) and lithium fert-butoxide (1.1 equiv.) in
tetrahydrofuran. The combined reaction mixture is subsequently introduced into a second
capillary microreactor (PFA, ID: 0.75 mm; V = 7.1 mL; 1, = 5 min) and, after only 5 minutes
of residence time, the targeted C(sp®)—H allylated product 4 could be obtained in 80% overall
NMR vyield (70% isolated yield). Notably, the tactical combination of these two steps in flow
results in a very efficient and operationally simple protocol, delivering these coveted scaffolds
in only 10 minutes overall reaction time. As another benefit, the flow process could be readily
scaled to produce 5-10 mmol of the desired compound (65% isolated yield, Scheme 2) without
the need for tedious reoptimization of the reaction conditions, which is typically associated

with batch-type scale up procedures.

This telescoped strategy could be subsequently applied to a wide variety of hydrogen donors 1
(Scheme 2). Activated substrates, such as hydrocarbon scaffolds with a-to-O C(sp®)—H bonds
(5-7), were regioselectively allylated in yields ranging from 49-66% over two steps. Similarly,
substrates containing o.-to-S (8 and 9) and a-to-N (10-13) C(sp*)—H bonds were functionalized
without difficulty (52-70% overall yield). Allyl functional groups could also be appended to
activated benzylic positions (14, 32%). Finally, even strong, non-activated aliphatic C—H

bonds could be readily allylated using our approach (15-19, 44-53% yield).

To further demonstrate the potential of this operationally facile approach to introduce allyl
functional groups, we wondered whether paraformaldehyde-d> could be used in the HWE step.
Such a straightforward, regioselective introduction of deuterium atoms in organic molecules

5233 gpectroscopic and tracer studies.>

would be of tremendous importance for mechanistic,
Using our two-step flow protocol, the analogous deutero-allylated compound 4-d? was isolated
in 68% yield, perfectly matching the results obtained for the non-deuterated version 4.

Similarly, N-Boc piperidinone was a competent substrate for this protocol affording the

deuterated product 20 in 44% yield. Finally, in an effort to demonstrate the applicability of this



method to the late-stage functionalization of some medicinally relevant molecules, we
subjected several biologically active molecules to our two-step flow protocol. N-methyl-2-
pyrrolidone, often used in the formulation of drugs for both oral and transdermal delivery
routes,>® could be regioselectively functionalized at the endocyclic a-to-N position (21, 52%).
Also the terpenoid ambroxide (22, 40% yield) and the nootropic drug aniracetam (23, 20%

yield) could be efficiently decorated with a deuterated allyl moiety.
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in tetrahydrofuran; flow rate = 0.802 mL min'; tr = 8 min. ® TBADT was used 5 mol%.



In a similar vein, we turned our attention to introduce aromatic and aliphatic aldehydes in the
second step, yielding trisubstituted allyl moieties, which are particularly challenging to
synthesize. By exploiting our modular protocol, a virtually limitless array of substituents can
be systematically introduced (Scheme 3). Due to steric hindrance, prolonged reaction times (~
3 hours) were required to obtain full conversion and thus a fed-batch approach was adopted
(Scheme 2). Using this strategy, the expected olefin 24 was obtained in 60% yield (d.r. 2:1)
when the reaction stream exiting the photoreactor was added to a stirring solution of
benzaldehyde (1.5 equiv) and LiO#Bu (1.1 equiv) in tetrahydrofuran. In general, aromatic
aldehydes bearing electron-withdrawing substituents required shorter reaction times (e.g., 26-
30) and the presence of ortho-substituents resulted in higher E-to-Z ratios (e.g., 31, 33 and 36).
This allowed us to utilize our telescoped flow strategy (as shown in Scheme 2) for electron-
poor aldehydes and, to our delight, similar results were obtained as with the fed-batch
procedure (see e.g., 28, 29, 35-37). Notably, different classes of hydrogen donors, such as
hydrocarbons (39, 43%), (thio)ethers (40-41, 47-68%), protected amines (42, 51%) and amides
(43, 55%), proved all competent reaction partners. In all cases, the reaction performed
particularly well, delivering densely functionalized alkenes in high yields and E-
stereoselectively. It is important to note that it would be extremely challenging to access either
of these with the current radical allylation methodologies, which do not allow to synthesize
trisubstituted alkenes (Scheme 1D). Unfortunately, all attempts to install fully-substituted

olefins, by engaging ketones in the HWE step, failed.

Interestingly, our protocol was also amenable to aliphatic aldehydes containing enolizable
positions (44-48, 57-71% yield). The use of protected piperidine-4-carboxaldehyde allowed to
obtain the corresponding allylated products 47 and 48 in excellent yields (60-68 %) and with
good diastereomeric ratios. As a testament to the power of this strategy to rapidly diversify

double bonds, medicinal agents and natural products containing carbonyls, such as acetyl-



protected helicin, citronellal and indomethacin aldehyde derivatives, were also reactive

delivering the targeted value-added olefins in synthetically useful yields (49-51, 20-63%).

H CO,Et oi)C\OzEﬁ N\ CO,Et
* Prpoyoe, 3 P(O)(OEY, O/
TBADT (1 mol%) _ R
CH4CN (0.25 M), rt, N, not isolated ) 'fCHO (1.5 equiv) .
1 2 60 W UV-A LEDs (. = 365 nm) LiO'Bu (1r.t1 ;aulv), THF 24-51
PFA, ID: 0.75 mm, V = 3.06 mL
0.612 mL/min, 7, = 5 min
— Aromatic aldehyde
EtO,C, EtO,C,
EtO,C, o o - EtO,C, EtO,C,
7y e & oy, COS
(] OM o
o © o CF3 o
MeO  OMe CFs
24, 60% 25°57% 26, 63% 27,52% 28, 69% (72%)°
E:Z2:1 EZ2:1 EZ1:A EZ1:1 E:Z51
EO,G EtO,G EtO,C, EtO,C, . CE)‘O?c
o, Y= NO, o, Y= Br = o Y= o @ =
\'/_F
o (¢}
(¢] (¢] 0 Me o O
29, 64% (76%)° 30, 72% 31,58% 32, 54% 33, 58%
EZ5:1 EZ51 EZ7A EZ3:1 EZT7A
EtO,C,
gtozc Et0,C Et0,C EtO,C, o z
" CO Ty OO O0° OO~
e - - R
IR SN e T e
I
34,57% 35, 72% (77%)° 36, 60% (59%)° 37, 66% (68%)° 38,50%
E:Z2:1 E:Z31 E:Z8:1 EZ1:1 EZ31
— H-donors
EtO,C, EtO,C, E0,C
Naw, 3
s ‘A
Boc Me
39,°43% 402 47% 41°68% 42,°51% 43 55%
E:Z>20:1 E:Z>20:1 E:Z>20:1 E:Z>20:1 E:Z >20:1
— Aliphatic aldehydes ¢
EtO,C, EtO,G, EtO,C,
S‘OZC 0 = EtO,G, o )= o )=
Q" <x -y
o (¢} (o]
o o N N
Me Boc \—ph
44,71% 45,65% 46, 57% 47,68% 48, 60%
dr2:1 EZ11 EZ1:A EZ15 EZ16
= Natural derivatives - drugs
cl
AcO  OAc EtO,C,
EtO,C, 7 le) — Me
O —_ [e] “10Ac @ gtozc Me
o o Me @ =u_ N0
o = o
AcO Me
MeO
49, 25% (from Helicin) 50,9 63% (from (S)-Citronellal) 51,9 20% (from Indomethacin)
EZ31 dr2:1 EZ13

Scheme 3. Scope of the modular allylation of strong aliphatic C—H bonds with aromatic and aliphatic
aldehydes. * Reactions were carried out on a 0.5 mmol scale and yields refer to isolated products, E:Z

ratios were measured by NMR or LC-MS. See Section 5 in the Supplementary Information for



experimental details. ® reaction time 16 h. © reaction performed via a fully telescoped approach (see
general procedure GP5 in the Supporting Information). ¢ reaction performed via a modified version of

the fed-batch procedure (see general procedure GP6 in the Supporting Information).

The regioselective and late-stage installation of allyl groups opens up innumerable possibilities
for further diversification.'* As an illustration of this synthetic potential, we explored diverse
conditions for the conversion of synthon 4 into functionalized derivatives (Scheme 4). The
olefin and the ester functionalities could be orthogonally reduced by exploiting different
reduction conditions, yielding compounds 52 (70%) and 53 (62%), respectively.’®>” Moreover,
compound 4 was an ideal substrate for another Giese-type radical addition using decatungstate-
photocatalyzed HAT (54, 62%). Finally, product 55 could be obtained via a classical Mizoroki-

Heck-type coupling (60%).5®

o> CO,Et 0
S )‘WO)(OEQZ HJLH Q
Pd/C 10% (10 mg)

& s
EtO:Q NaBH, (4 equiv.) (S equiv) EtO,C , *)»—0
@[ >_)— . AcOH (2 equiv.) TBADT (5 mol%) _ fo}
-€ L
PhCHj, 2 h, 1t CH,4CN, 24 h, N, d
70% 40 W Kessil Iamp (% =390 nm)
Olefin reduction EtO,C, Giese reaction

a Et0.G
©[°>_§': _ DIBALH (44 equiv) _O_Br 2 equiv) @[
° ) 0'c PA(OAC); (5 mol%), PPhy (10 mol%)

PhCH3, 0°C, 2 h
Ester reduction NEt; (2 equiv), DMF, 110°C, 48 Heck reaction
60% (4:1d.r)

3
e

Scheme 4. Examples of further diversification of compound 4 by exploiting the synthetic options delivered by the

olefin synthon, including olefin reduction, ester reduction, Giese-type radical addition and Heck coupling.

In conclusion, we have developed a practical methodology which enables the modular and
regioselective allylation of C(sp®)—H bonds. Our strategy involves a synergistic merger of a
photocatalytic Hydrogen Atom Transfer and an ensuing Horner-Wadsworth-Emmons

olefination in a scalable and telescoped flow protocol. In its present form, the synthetic



platform offers rapid access to various di- and tri-substituted olefins from abundantly available
hydrocarbon feedstocks, including biologically active molecules. The operational simplicity of
our flow protocol, requiring no intermediate purification, should facilitate a rapid transition
from academic to industrial settings. We anticipate that this practical method will unlock new
synthetic opportunities for the rapid and late-stage diversification of building blocks,

medicines, natural products and other specialty chemicals.

Acknowledgement

We are grateful to have received generous funding from the European Union H2020 research
and innovation program under the Marie S. Curie Grant Agreement (HAT-TRICK, No

101023615, L.C.; PhotoReAct, No 956324, S.B. & T.N.; CHAIR, No 860762, A.P. & T.N).

References

1. Kim, K. E., Kim, A. N., McCormick, C. J. & Stoltz, B. M. Late-Stage Diversification: A Motivating Force
in Organic Synthesis. J. Am. Chem. Soc. 143, 16890-16901 (2021).

2. Guillemard, L., Kaplaneris, N., Ackermann, L. & Johansson, M. J. Late-stage C—H functionalization
offers new opportunities in drug discovery. Nat. Rev. Chem. 5, 522-545 (2021).

3. DiMasi, J. A., Hansen, R. W. & Grabowski, H. G. The price of innovation: new estimates of drug
development costs. J. Health Econ. 22, 151-185 (2003).

4. Morgan, S., Grootendorst, P., Lexchin, J., Cunningham, C. & Greyson, D. The cost of drug development:
A systematic review. Health Policy (New. York). 100,4-17 (2011).

5. Cernak, T., Dykstra, K. D., Tyagarajan, S., Vachal, P. & Krska, S. W. The medicinal chemist’s toolbox
for late stage functionalization of drug-like molecules. Chem. Soc. Rev. 45, 546-576 (2016).

6. Blakemore, D. C. et al. Organic synthesis provides opportunities to transform drug discovery. Nat. Chem.
10, 383-394 (2018).

7. Borgel, J. & Ritter, T. Late-Stage Functionalization. Chem 6, 1877—1887 (2020).

8. Hong, B., Luo, T. & Lei, X. Late-Stage Diversification of Natural Products. ACS Cent. Sci. 6, 622—635
(2020).

9. Lovering, F., Bikker, J. & Humblet, C. Escape from Flatland: Increasing Saturation as an Approach to

Improving Clinical Success. J. Med. Chem. 52, 6752—-6756 (2009).

10. Capaldo, L., Quadri, L. L. & Ravelli, D. Photocatalytic hydrogen atom transfer: the philosopher’s stone
for late-stage functionalization? Green Chem. 22, 3376-3396 (2020).

11. Capaldo, L., Ravelli, D. & Fagnoni, M. Direct Photocatalyzed Hydrogen Atom Transfer (HAT) for
Aliphatic C-H Bonds Elaboration. Chem. Rev. acs.chemrev.1c00263 (2021)
doi:10.1021/acs.chemrev.1¢00263.

12. Salamone, M. & Bietti, M. Tuning Reactivity and Selectivity in Hydrogen Atom Transfer from Aliphatic
C—H Bonds to Alkoxyl Radicals: Role of Structural and Medium Effects. Acc. Chem. Res. 48, 2895-2903
(2015).

13. Ravelli, D., Fagnoni, M., Fukuyama, T., Nishikawa, T. & Ryu, 1. Site-Selective C—H Functionalization
by Decatungstate Anion Photocatalysis: Synergistic Control by Polar and Steric Effects Expands the
Reaction Scope. ACS Catal. 8, 701-713 (2018).

14. The Alkenes: Vol. 1 (1964). (John Wiley & Sons, Ltd., 1964). doi:10.1002/9780470771044.

15. Huang, H.-M., Bellotti, P. & Glorius, F. Transition metal-catalysed allylic functionalization reactions
involving radicals. Chem. Soc. Rev. 49, 6186-6197 (2020).



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Gerster, M., Audergon, L., Moufid, N. & Renaud, P. Simple and efficient stereocontrol of radical
allylations of B-hydroxy esters. Tetrahedron Lett. 37, 6335-6338 (1996).

Keck, G. E. & Yates, J. B. Carbon-carbon bond formation via the reaction of trialkylallylstannanes with
organic halides. J. Am. Chem. Soc. 104, 5829-5831 (1982).

Keck, G. E. & Byers, J. H. A new one-electron carbon-carbon bond-forming reaction: separation of the
chain-propagation steps in free-radical allylation. J. Org. Chem. 50, 5442-5444 (1985).

Ueno, Y., Miyano, T. & Okawara, M. A new method for the evaluation of the relative stability of
organosulfur radicals by competitive elimination technique. Tetrahedron Lett. 23, 443—446 (1982).
Chabaud, L., James, P. & Landais, Y. Allylsilanes in Organic Synthesis — Recent Developments. Fur. J.
Org. Chem. 2004, 3173-3199 (2004).

Xu, B. & Tambar, U. K. Remote Allylation of Unactivated C(sp 3 )-H Bonds Triggered by
Photogenerated Amidyl Radicals. ACS Catal. 9, 4627-4631 (2019).

Cui, L., Chen, H., Liu, C. & Li, C. Silver-Catalyzed Decarboxylative Allylation of Aliphatic Carboxylic
Acids in Aqueous Solution. Org. Lett. 18,2188-2191 (2016).

Paul, S. & Guin, J. Radical C(sp 3 )-H alkenylation, alkynylation and allylation of ethers and amides
enabled by photocatalysis. Green Chem. 19, 2530-2534 (2017).

Liang, L. et al. Copper-Catalyzed Intermolecular Alkynylation and Allylation of Unactivated C(sp 3 )-H
Bonds via  Hydrogen  Atom  Transfer. Org.  Lett. acs.orglett.1c03298 (2021)
doi:10.1021/acs.orglett.1c03298.

Kharasch, M. S. & Sage, M. Reactions of Atoms and Free Radicals in Solution. XVI. The Reaction of
Allyl Bromide with Bromotrichloromethane. J. Org. Chem. 14, 79—-83 (1949).

Kharasch, M. S. & Biichi, G. Reactions of Atoms and Free Radicals in Solution. XVII. Decomposition of
Diacetyl Peroxide in Allyl Bromide. J. Org. Chem. 14, 84-90 (1949).

Gaudemer, A. et al. Allylation and oxidation reactions promoted by cobalt(Il) complexes. Tetrahedron
41, 4095-4106 (1985).

Usugi, S., Yorimitsu, H. & Oshima, K. Triethylborane-induced radical allylation of a-halo carbonyl
compounds with allylgallium reagent in aqueous media. Tetrahedron Lett. 42, 45354538 (2001).
Hirano, K., Fujita, K., Shinokubo, H. & Oshima, K. Triethylborane-Induced Radical Allylation Reaction
with Zirconocene—Olefin Complex. Org. Lett. 6, 593595 (2004).

Kamijo, S., Kamijo, K., Maruoka, K. & Murafuji, T. Aryl Ketone Catalyzed Radical Allylation of C(sp3)-
H Bonds under Photoirradiation. Org. Lett. 18, 65166519 (2016).

Deng, H. P., Zhou, Q. & Wu, J. Microtubing-Reactor-Assisted Aliphatic C—H Functionalization with HCI
as a Hydrogen-Atom-Transfer Catalyst Precursor in Conjunction with an Organic Photoredox Catalyst.
Angew. Chem. Int. Ed. 57, 12661-12665 (2018).

Capaldo, L. & Ravelli, D. Hydrogen Atom Transfer (HAT): A Versatile Strategy for Substrate Activation
in Photocatalyzed Organic Synthesis. Eur. J. Org. Chem. 2017, 20562071 (2017).

Cao, H., Tang, X., Tang, H., Yuan, Y. & Wu, J. Photoinduced intermolecular hydrogen atom transfer
reactions in organic synthesis. Chem Catal. 1, 523-598 (2021).

Wadsworth, W. S. Synthetic Applications of Phosphoryl-Stabilized Anions. in Organic Reactions 73-253
(John Wiley & Sons, Inc., 1977). doi:10.1002/0471264180.0r025.02.

Plutschack, M. B., Pieber, B., Gilmore, K. & Seeberger, P. H. The Hitchhiker’s Guide to Flow Chemistry.
Chem. Rev. 117, 1179611893 (2017).

Cambié, D., Bottecchia, C., Straathof, N. J. W., Hessel, V. & Noél, T. Applications of Continuous-Flow
Photochemistry in Organic Synthesis, Material Science, and Water Treatment. Chem. Rev. 116, 10276—
10341 (2016).

Buglioni, L., Raymenants, F., Slattery, A., Zondag, S. D. A. & Noél, T. Technological Innovations in
Photochemistry for Organic Synthesis: Flow Chemistry, High-Throughput Experimentation, Scale-up,
and Photoelectrochemistry. Chem. Rev. acs.chemrev.1¢00332 (2021) doi:10.1021/acs.chemrev.1c00332.
Wan, T. et al. Decatungstate-Mediated C(sp 3 )-H Heteroarylation via Radical-Polar Crossover in Batch
and Flow. Angew. Chem. Int. Ed. 60, 17893—17897 (2021).

Mazzarella, D., Pulcinella, A., Bovy, L., Broersma, R. & Noél, T. Rapid and Direct Photocatalytic C(sp
3 )-H Acylation and Arylation in Flow. Angew. Chem. Int. Ed anie.202108987 (2021)
doi:10.1002/anie.202108987.

Cao, H. et al. Photoinduced site-selective alkenylation of alkanes and aldehydes with aryl alkenes. Nat.
Commun. 11, 1956 (2020).

West, J. G., Huang, D. & Sorensen, E. J. Acceptorless dehydrogenation of small molecules through
cooperative base metal catalysis. Nat. Commun. 6, 10093 (2015).

Laudadio, G. et al. Selective C(sp 3 )—H Aerobic Oxidation Enabled by Decatungstate Photocatalysis in
Flow. Angew. Chem. Int. Ed. 57, 4078-4082 (2018).

Protti, S., Ravelli, D., Fagnoni, M. & Albini, A. Solar light-driven photocatalyzed alkylations. Chemistry



44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

on the window ledge. Chem. Commun. 7351-7353 (2009) doi:10.1039/b917732a.

Ravelli, D., Protti, S. & Fagnoni, M. Decatungstate Anion for Photocatalyzed ‘window Ledge’ Reactions.
Acc. Chem. Res. 49, 2232-2242 (2016).

Murphy, J. J., Bastida, D., Paria, S., Fagnoni, M. & Melchiorre, P. Asymmetric catalytic formation of
quaternary carbons by iminium ion trapping of radicals. Nature 532, 218-222 (2016).

Laudadio, G. et al. C(sp 3 )-H functionalizations of light hydrocarbons using decatungstate photocatalysis
in flow. Science 369, 92-96 (2020).

Fan, X. et al. Eosin Y as a Direct Hydrogen-Atom Transfer Photocatalyst for the Functionalization of
C—H Bonds. Angew. Chem. Int. Ed. 57, 8514-8518 (2018).

Lee, W., Jung, S., Kim, M. & Hong, S. Site-Selective Direct C—H Pyridylation of Unactivated Alkanes
by Triplet Excited Anthraquinone. J. Am. Chem. Soc. 143, 30033012 (2021).

Xia, J.-B., Zhu, C. & Chen, C. Visible Light-Promoted Metal-Free C—H Activation: Diarylketone-
Catalyzed Selective Benzylic Mono- and Difluorination. J. Am. Chem. Soc. 135, 17494-17500 (2013).
Shen, Y., Gu, Y. & Martin, R. sp 3 C—H Arylation and Alkylation Enabled by the Synergy of Triplet
Excited Ketones and Nickel Catalysts. J. Am. Chem. Soc. 140, 12200-12209 (2018).

Dewanji, A., Krach, P. E. & Rueping, M. The Dual Role of Benzophenone in Visible-Light/Nickel
Photoredox-Catalyzed C—H Arylations: Hydrogen-Atom Transfer and Energy Transfer. Angew. Chem.
Int. Ed. 58, 3566-3570 (2019).

Yang, Q.-L. et al. Electrochemistry-Enabled Ir-Catalyzed Vinylic C—H Functionalization. J. Am. Chem.
Soc. 141, 18970-18976 (2019).

Wang, H.-W. et al. Rh I1I -Catalyzed C—H (Het)arylation/Vinylation of N -2,6-Difluoroaryl Acrylamides.
Org. Lett. 23, 656-662 (2021).

Atzrodt, J., Derdau, V., Kerr, W. J. & Reid, M. Deuterium- and Tritium-Labelled Compounds:
Applications in the Life Sciences. Angew. Chem. Int. Ed. 57, 1758—1784 (2018).

Sanghvi, R., Narazaki, R., Machatha, S. G. & Yalkowsky, S. H. Solubility Improvement of Drugs using
N-Methyl Pyrrolidone. AAPS PharmSciTech 9, 366376 (2008).

Russo, A. T., Amezcua, K. L., Huynh, V. A., Rousslang, Z. M. & Cordes, D. B. A simple borohydride-
based method for selective 1,4-conjugate reduction of a,f-unsaturated carbonyl compounds. Tetrahedron
Lett. 52, 6823-6826 (2011).

Ghera, E., Yechezkel, T. & Hassner, A. Synthetic methods. 36. Utilization of ethyl 2-
((phenylsulfonyl)methyl)acrylate for the synthesis of .alpha.-methylenevalerolactones. J. Org. Chem. 55,
5977-5982 (1990).

Bianco, A., Cavarischia, C. & Guiso, M. Total synthesis of anthocyanidins via Heck reaction. Nat. Prod.
Res. 20, 93-97 (2006).

Filippini, D. & Silvi, M. Visible light-driven conjunctive olefination. Nat. Chem. (2021)
doi:10.1038/s41557-021-00807-x.



