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The Hock cleavage, which is compatible with tandem processes, was applied to the synthesis of 1-aryltetralines through a one-pot

transformation from readily available benzyl(prenyl)malonate substrates. After the photooxygenation of the prenyl moiety, the re-

sulting hydroperoxide was directly engaged in a Hock cleavage by adding a Lewis acid. The presence of an aromatic nucleophile in

the reaction mixture and that of a benzyl moiety on the substrate resulted in tandem Friedel-Crafts reactions to form the 1-aryltetra-

line products. These compounds share a close analogy to the cyclolignan natural products. Experimental observations and a DFT

study support the involvement of an aldehyde intermediate during the Friedel-Crafts reactions, rather than an oxocarbenium.

Introduction

The Hock cleavage [1] consists in the acid-catalyzed rearrange-
ment of organic hydroperoxides, leading to the oxidative
cleavage of a C—C bond adjacent to the hydroperoxide group
(Scheme 1a). The best-known application of this reaction is the
cumene process, which allows the production of millions of
tons of phenol each year [2]. The reaction has also been used in
an industrial synthesis of artemisinin [3]. Allylic hydroper-

oxides are excellent substrates for such reactions, affording

electrophilic carbonyl derivatives susceptible to react with
nucleophiles in the acidic reaction mixture [4-8]. Consequently,
the Hock rearrangement is likely to be part of tandem processes
involving this carbonyl function [9-11], in the presence of a
nucleophilic species. Recently, we applied this idea to the rear-
rangement of 1-indanyl hydroperoxides into 2-substituted chro-
mane derivatives, involving the nucleophilic allylation of the re-

arranged oxocarbenium intermediate (Scheme 1b) [12,13].
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(a) mechanism of the Hock rearrangement
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(b) example of a tandem reaction involving
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the Hock rearrangement [12]
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Scheme 1: The Hock rearrangement: (a) General mechanism (substituents are omitted); (b) Example of previous tandem process; (c) Objective of

this work.

Furthermore, it is interesting to mention that allylic hydroper-
oxides are conveniently produced by the photooxygenation of
alkene substrates [14-16]. Taking all these informations
together, since alkenes can be easier intermediates than alde-
hydes to handle, we envisaged to use a prenyl (= 3-methyl-2-
buten-1-yl) group as an aldehyde surrogate readilly unmasked
under Hock cleavage conditions. The oxidative cleavage of this
alkene would not only release the aldehyde group, but also vol-
atile acetone originated from the traceless isopropylidene motif.
Overall, a three-reaction process will thus be performed in one
pot (Scheme 1c), successively involving a Schenck-ene
photooxygenation of an alkene A, an acid-catalyzed Hock
cleavage of hydroperoxide B generating an aldehyde derivative
C, and an acid-catalyzed Friedel-Crafts reaction in the pres-
ence of an aromatic nucleophile leading to D [17]. In principle,
a second Friedel-Crafts reaction is possible upon elimination of
the resulting benzylic alcohol on D, allowing another arylation
forming E [18]. This complex sequence of transformations is

herein applied to the synthesis of 1-aryltetralines, analogues of

cyclolignan natural products having important medicinal appli-
cations [19,20].

Results and Discussion

To test the feasibility of this reaction sequence, the aromatic
substrate 1 readily accessible by the prenylation of commercial
diethyl benzylmalonate [21] was first used. The photooxygena-
tion of 1 was performed in CH,Cl; in the presence of methy-
lene blue (MB) as a photosensitizer (tetraphenylporphyrin per-
formed equally well but was harder to separate from the prod-
ucts) and irradiated by white LED light under an atmosphere of
oxygen. It led to a mixture of unseparable regioisomeric allylic
hydroperoxides 2 and 2’ (=2:1) that were not isolated for insta-
bility reasons, but directly engaged in the Hock cleavage step
under acidic conditions (Scheme 2 and Table 1). In the pres-
ence of trifluoroacetic acid (TFA, 1 equiv; Table 1, entry 1) or
BF3-OEt; (1 equiv; Table 1, entry 2), the rearrangement of 2
and 2’ led to a complex mixture of products including aldehyde

3, the typical product of the Hock rearrangement. Since the
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Scheme 2: One-pot conversion of substrate 1 into dihydronaphthalene 4.

Table 1: Reaction optimization toward 4 (see also Scheme 2).
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CO,Et CO,Et

COEL CO,Et
= /

(ratio ca. 2:1)

CO,Et

Catalyst Additive (water trap) Product(s)?
1 TFA (1 equiv) - c.m.
2 BF3-OEty (1 equiv) - c.m.
3 BF3-OEty (1 equiv) NapSOy (2 equiv) or MS 4 A (100 wt %) c.m.
4 BF3-OEts (1 equiv) MgSOy4 (2 equiv) 4 (82%)P
5 BF3-OEt» (0.2 equiv) MgSOy4 (1 equiv) 3 (42%), 4 (8%)°
6 - MgSOy4 (2 equiv) n.r.
7 Yb(OTf)3 (2 equiv) - 3 (36%)°
8 ZnCl» (2 equiv) - 3(n.d.)
9 AICl3 (2 equiv) - 4 (83%)¢

aAbbreviations: c.m.: complex mixture; n.r.: no reaction; n.d.: not determined. Plsolated yield from starting material 1. °NMR yield in the presence of
1,2-dichloroethane as an internal reference, calculated from starting material 1.

Hock rearrangement results in the formation of a molecule of
water, we attempted to add a water scavenger to the reaction
solution. Additives like molecular sieves 4 A or Na,SOy4
(2 equiv) did not show any improvement (Table 1, entry 3),
while MgSOy4 (2 equiv) had a stunning effect leading to the
isolation of dihydronaphthalenic product 4 in 82% yield
(Table 1, entry 4, these conditions will later be taken as the
reference). Trying to reduce this reagent stoichiometry only
resulted in a poor yield of 4 and in the isolation of aldehyde 3 in
42% yield (Table 1, entry 5). By contrast, in the sole presence
of MgS0Oy, no reaction was observed (Table 1, entry 6).
Furthermore, Yb(OTf)3 or ZnCl, mainly resulted in aldehyde 3
(Table 1, entries 7 and 8), while AICI3 performed well with an
83% yield of 4 (Table 1, entry 9). This optimization validated
the expected tandem sequence of photooxygenation, Hock rear-
rangement and Friedel-Crafts reaction, which is supposed to
proceed through aldehyde 3 (see further discussion below on

the reaction mechanism).

To complete this exploratory work, we envisaged to add an
external aromatic nucleophile to the reaction mixture, namely
1,3,5-trimethoxybenzene (5), which was susceptible to compete
with the internal phenyl group during the Friedel-Crafts reac-
tion step. Strickingly, under the optimized conditions (see
Table 1, entry 4), the reaction in the presence of 5 (1.2 equiv)
led to product 6 in 86% yield (Scheme 3). During this reaction,
compound 4 was not formed, but the formation of aldehyde 3
could be observed during TLC monitoring. Furthermore,
engaging previous dihydronaphthalene 4 in a Friedel-Crafts
reaction with 5 in the presence of BF3-OEt, and MgSO, did not
afford product 6. These observations are in agreement with a
mechanism involving a first Friedel-Crafts reaction of alde-
hyde 3 (oxocarbenium intermediate 7' is also a good candidate
for this reaction, see next paragraph) with 1,3,5-trimethoxyben-
zene (5), leading to intermediate 8 (Scheme 3). This last com-
pound was too reactive to be isolated, presumably leading to a

quinone methide intermediate 9 upon elimination of the
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Scheme 3: One-pot conversion of substrate 1 into 1-aryltetraline structure 6, and the proposed mechanism for its formation.

hydroxy group. This highly electrophilic species could trigger a
second intramolecular Friedel-Crafts reaction leading to 6. The
cyclic connectivity of 6 was determined by bidimensional NMR
experiments, incidentally showing a broadening of the signals
of ortho-methoxy substituents as previously observed by others
[22,23], and demonstrating the high rotational barrier
constraining the aryl substituent. This structure was unambigu-
ously confirmed by X-ray crystallographic analysis (Figure 1).

During this work we have been intrigued by the possible direct
involvement of oxocarbenium species 7 and 7’ in a
Friedel-Crafts reaction with 5, to explain the formation of 6
through an interrupted Hock cleavage mechanism. Confronting
the yield of this transformation (86%) and the fact that only 7°,
originating from 2’, could be an intermediate towards 6 in this
alternative mechanism, we envisionned a possible interconver-
sion of 7 and 7’ through a [1,5]-sigmatropic rearrangement re-
sulting in a hydrogen and cation shift towards 7’ (Scheme 4).
To test this hypothesis, this rearrangement was computed at the
DFT level. A cyclic transition state (TS) was found between
oxocarbenium 7 and 7’ which exists as a stabilized form includ-

ing an intramolecular stabilizing interaction between the carbo-

Figure 1: X-ray crystallographic structure of product 6 (CCDC
2301977). The structure shows one disordered ethyl ester group
(backward).
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interrupted
Hock cleavage
5 (ArH)

Scheme 4: Free-energy profile of the hypothesized [1,5]-sigmatropic hydrogen shift between 7 and 7°, (IEFPCM(CH>Cl»)-M06/6-311++G(2d,2p)//

MO06/6-31G(d,p) level of theory).

cation and the ester carbonyl group. However, in close agree-
ment with Hess and Baldwin’s values found for the rearrange-
ment of cis-1,3-pentadiene [24], this transition state was high in
energy, with a difference of Gibbs free energy with oxocarbe-
nium 7 (39.2 kcal/mol) and 7’ (35.8 kcal/mol) incompatible
with the reaction conditions. We therefore ruled out this possi-
bility and suggest that aldehyde 3 is the main intermediate in
this transformation (Scheme 3).

MeO OMe

OMe

MeO

podophyllotoxin

Figure 2: Examples of cyclolignan natural products [25-27].

etoposide

Interestingly, the 1-aryltetraline product 6 holds a skeleton simi-
lar to that of cyclolignan natural products (Figure 2), which
have often been targeted by total synthesis [18]. Some of them
like podophyllotoxin [25] and the semisynthetic derivative
etoposide [26] have demonstrated valuable anticancer proper-
ties [19,20]. Thus, to extend the scope of this tandem reaction
sequence towards analogous skeletons, we explored the effect
of various substituents on the aromatic cycles.

MeO : :..‘\\Me
MeO 1 Me

OMe

OH OMe

galbulin
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The successive prenylation and then diversity-oriented benzyla-
tion (n = 1 for substrates 11a—n) of diethyl malonate (10)
afforded a variety of new substrates to be submitted to the one-
pot tandem transformation (Scheme 5). With only a few
exceptions, the presence of ortho (R'), meta (R2), or para
(R3) substituents on the benzyl moiety generally allowed
the intramolecular Friedel-Crafts reaction, after the first
intermolecular one in the presence of 1,3,5-trimethoxy-
benzene (5). In the ortho position, while a methyl group
(product 12a) showed little difference, the yields were more
modest when a m-donor substituent (R! = F, Cl, OMe) was
present (12b—-d). However, with the exception of the methyl

Beilstein J. Org. Chem. 2024, 20, 162—169.

group (12e), the yields were improved when a m-donating sub-
stituent in meta position (R2 = F, Cl, Br, OMe) was present
(12f-i), as expected from the increased nucleophilicity of the
carbon involved in the intramolecular Friedel-Crafts reaction.
In the para position, R3 = Br and CO,Me were tested and
showed good results, to give 12j and 12k with more than 70%
yields. The success of the reaction with an ester substituent to
give 12Kk is surprising if we compare it with other electron-with-
drawing groups like CN or NO,, which failed to give the corre-
sponding cyclization products 121-n (not shown). Instead,
olefin products 13l-n arising from an elimination were ob-

tained.

1) NaH, THF cogt 1) 02 MB (5 mol %) Okt
2 B 2
So~g  ArPNCCOEt 1 (white LED), CHCl, 1t oot
EtO,C._CO,Et _
2) NaH, AF1CH2BI', 2) then add BF3-OEt, (1 equiv),
10 THF | MgSO, (2 equiv), Ar?H (1.2 equiv, Ar2
1 or 11a-n (n = 1) see bottom), CH,Cl,, 0 °C 6, 12a-n, 14, 15 (n = 1)
16 (n = 0) 17 (n=0)
R'=R2=R3=H: 6 (86%)
" R' = Me, R = R? = H: 12a (73%)
CO2Et R' = F, R2=R3=H: 12b (39%) COzEt COzEt

R CO,Et R'=Cl, R?2=R®= H: 12¢ (43%)

S O‘ R = OMe, R? = R3 = H: 12d (55%)
R R!=H, R2 = Me, R® = H: 12e (61%)
MeO OMe  R1=H RZ=F, R3=H: 12f (81%)
O R!=H, R2 = Cl, R® = H: 12g (90%)

R'=H, R2 = Br, R® = H: 12h (78%)

Qe e
o O
MeO OMe

MeO

OMe R'=H, R? = OMe, R® = H: 12i (66%) OMe OMe
[v)
R'I =R2=H, R3=Br: 12j (77%) 14 (53/.)) 15(59&)
R'=R2=H, R3 = CO,Me: 12k (72%)
R! Et0:C co,Et
R2 CO,Et
O o R2= N, R? = H: 131 (0. '
= = =M n.d.
= ' ’ OMe
R R'=R2=H, R®=CN: 13m (41%) O

MeO O OMe  R'=R2=H, R3=NO,: 13n (34%)

OMe
17 (54%)

tested nucleophiles (Ar?H)
R'=R®=R5=OMe, R2=R*=H (5)

H R!=R3 = OMe, R2 = R4 = R% = H (18) S
R RS R'=R2=R3=0Me, R=R5=H (19) _
R =R®=R5 = Me, R2 = R* = H (20) @
R2 Rt R1=R3=Cl RS=OMe, R2=R*=H (21) N N
R3 R' = Br, R® = RS = OMe, R2 = R% = H (22) ) e
R' = Br, R® = OMe, R2 = R* = RS = H (23) 26 27

R'=R3=R5=0OH, R2=R*=H (24)
R’ =R3 = OMe, R? = OH, R* = R% = H (25)

Scheme 5: Scope of substrates and aromatic nucleophiles in the one-pot transformation. 2Not determined (mixture with unidentified products).
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Furthermore, 1,3-dimethoxybenzene (18) and 1,2,3-trimethoxy-
benzene (19) were found to be good partners for this tandem
transformation giving the expected products 14 and 15 in
53% and 59% respective yields when reacting with 1. In
particular, the aryl methoxy substituents of 15 are related
to the podophyllotoxin structure [26]. However, other nucleo-
philes like 20-27 (Scheme 5) were unsuccessful, only leading to
complex mixtures or occasionally to small amounts of 4
(<10%).

Finally, other homologous substrates were tested. While the
tandem reaction with a phenylethyl substituent (n = 2, not
shown) only led to a complex mixture of products, the transfor-
mation of phenylmalonate substrate 16 (n = 0, Ar! = Ph) in the
presence of nucleophile 5 allowed the formation of cyclized

indanyl product 17 in a decent 54% yield.

Conclusion

During this work, we demonstrated that the prenyl motif can be
used as a surrogate of the aldehyde function when it is engaged
in a tandem photooxygenation and Hock rearrangement, involv-
ing allylic hydroperoxide intermediates in an acidic medium. In
the presence of aromatic nucleophiles, the aldehyde intermedi-
ate of the Hock rearrangement can be involved in tandem
Friedel-Crafts reactions. Highly nucleophilic arenes like 1,3,5-
trimethoxybenzene react easily under mild conditions and result
in a stabilized benzylic cation in acidic conditions, allowing a
second intramolecular Friedel-Crafts reaction involving the aryl
substituent of the substrate. These reactions are favored by
m-donor substituents, while highly electron-deficient substitu-
ents (CN, NO,) precluded the cyclization. Overall, this se-
quence led to valuable 1-aryltetralines structurally related to

medicinally relevant cyclolignan natural products.

Supporting Information

Crystallographic data of compound 6 were deposited in the
Cambridge Crystallographic Data Center under the CCDC
number 2301977.

Supporting Information File 1

Experimental procedures, compound characterizations,
crystallographic data, DFT calculation, and spectra.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-15-S1.pdf]

Supporting Information File 2
Crystallographic information file of compound 6.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-20-15-S2.cif]

Beilstein J. Org. Chem. 2024, 20, 162—169.

Funding

This work was supporting by the French Agence Nationale de la
Recherche (ANR-19-CE07-0012, 2019-2023) and by Labex
CHARMS3AT. The CNRS, the Ecole Polytechnique, and
Sorbonne Université are acknowledged for hosting and funding

our work.

ORCID® iDs

Cristina Cheibas - https://orcid.org/0009-0002-8762-4088
Oscar Gayraud - https://orcid.org/0000-0002-0923-1118
Alexandra E. Bosnidou - https://orcid.org/0000-0001-9240-5598
Gilles Frison - https://orcid.org/0000-0002-5677-3569

Bastien Nay - https://orcid.org/0000-0002-1209-1830

Data Availability Statement
All data that supports the findings of this study is available in the published
article and/or the supporting information to this article.

Preprint
A non-peer-reviewed version of this article has been previously published
as a preprint: doi:10.26434/chemrxiv-2023-lcvmj

References

1. Hock, H.; Lang, S. Ber. Dtsch. Chem. Ges. B 1944, 77, 257-264.
doi:10.1002/cber.19440770321

2. Weber, M.; Weber, M.; Weber, V. Phenol. Ullmann’s Encyclopedia of
Industrial Chemistry; Wiley-VCH: Weinheim, Germany, 2020; pp 1-20.
doi:10.1002/14356007.a19_299.pub3

3. Turconi, J.; Griolet, F.; Guevel, R.; Oddon, G.; Villa, R.; Geatti, A.;
Hvala, M.; Rossen, K.; Géller, R.; Burgard, A. Org. Process Res. Dev.
2014, 18, 417-422. doi:10.1021/0p4003196

4. Corey, E. J.; Nagata, R.; Wright, S. W. Tetrahedron Lett. 1987, 28,
4917-4920. doi:10.1016/s0040-4039(00)96658-9

5. Sy, L.-K.; Brown, G. D. Tetrahedron 2002, 58, 897—908.
doi:10.1016/s0040-4020(01)01193-0

6. Zielinski, Z. A. M.; Pratt, D. A. J. Am. Chem. Soc. 2016, 138,
6932-6935. doi:10.1021/jacs.6b03344

7. Laroche, B.; Nay, B. Org. Chem. Front. 2017, 4, 2412-2416.
doi:10.1039/c7gqo00633k

8. Yaremenko, I. A.; Vil', V. A.; Demchuk, D. V.; Terent'ev, A. O.
Beilstein J. Org. Chem. 2016, 12, 1647—1748. doi:10.3762/bjoc.12.162

9. Dussault, P. H.; Lee, H.-J.; Liu, X. J. Chem. Soc., Perkin Trans. 1 2000,
3006-3013. doi:10.1039/b001391i

10.Zheng, X.; Lu, S.; Li, Z. Org. Lett. 2013, 15, 5432—-5435.
doi:10.1021/01402509u

11.Zheng, X,; Lv, L.; Lu, S.; Wang, W.; Li, Z. Org. Lett. 2014, 16,
5156-5159. doi:10.1021/015025053

12.Bosnidou, A. E.; Fayet, A.; Cheibas, C.; Gayraud, O.; Bourcier, S.;
Frison, G.; Nay, B. J. Org. Chem. 2023, 88, 9277-9282.
doi:10.1021/acs.joc.3c00845

13. Fayet, A.; Bourcier, S.; Casaretto, N.; Nay, B.; Frison, G.
ChemCatChem 2023, 15, €202300578. doi:10.1002/cctc.202300578

14.Prein, M.; Adam, W. Angew. Chem., Int. Ed. Engl. 1996, 35, 477—-494.
doi:10.1002/anie. 199604771

168


https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-20-15-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-20-15-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-20-15-S2.cif
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-20-15-S2.cif
https://orcid.org/0009-0002-8762-4088
https://orcid.org/0000-0002-0923-1118
https://orcid.org/0000-0001-9240-5598
https://orcid.org/0000-0002-5677-3569
https://orcid.org/0000-0002-1209-1830
https://doi.org/10.26434/chemrxiv-2023-lcvmj
https://doi.org/10.1002%2Fcber.19440770321
https://doi.org/10.1002%2F14356007.a19_299.pub3
https://doi.org/10.1021%2Fop4003196
https://doi.org/10.1016%2Fs0040-4039%2800%2996658-9
https://doi.org/10.1016%2Fs0040-4020%2801%2901193-0
https://doi.org/10.1021%2Fjacs.6b03344
https://doi.org/10.1039%2Fc7qo00633k
https://doi.org/10.3762%2Fbjoc.12.162
https://doi.org/10.1039%2Fb001391i
https://doi.org/10.1021%2Fol402509u
https://doi.org/10.1021%2Fol5025053
https://doi.org/10.1021%2Facs.joc.3c00845
https://doi.org/10.1002%2Fcctc.202300578
https://doi.org/10.1002%2Fanie.199604771

15.Clennan, E. L. Tetrahedron 2000, 56, 9151-9179.
doi:10.1016/s0040-4020(00)00794-8

16. Singleton, D. A.; Hang, C.; Szymanski, M. J.; Meyer, M. P;
Leach, A. G.; Kuwata, K. T.; Chen, J. S.; Greer, A.; Foote, C. S;
Houk, K. N. J. Am. Chem. Soc. 2003, 125, 1319—-1328.
doi:10.1021/ja027225p

17.Harikrishnan, A.; Sanjeevi, J.; Ramaraj Ramanathan, C.
Org. Biomol. Chem. 2015, 13, 3633-3647. doi:10.1039/c40b02597k

18.Reynolds, R. G.; Nguyen, H. Q. A.; Reddel, J. C. T.; Thomson, R. J.
Nat. Prod. Rep. 2022, 39, 670-702. doi:10.1039/d1np00057h

19. Xu, H.; Lv, M.; Tian, X. Curr. Med. Chem. 2009, 16, 327-349.
doi:10.2174/092986709787002682

20.Shah, Z.; Gohar, U. F.; Jamshed, |.; Mushtaq, A.; Mukhtar, H.;
Zia-Ul-Hag, M.; Toma, S. I.; Manea, R.; Moga, M.; Popovici, B.
Biomolecules 2021, 11, 603. doi:10.3390/biom11040603

21. Cacciuttolo, B.; Poulain-Martini, S.; Fontaine-Vive, F.; Abdo, M. A. H.;
El-Kashef, H.; Dufach, E. Eur. J. Org. Chem. 2014, 7458-7468.
doi:10.1002/ejoc.201402972

22. Carrefio, M. C.; Gonzalez-Lopez, M.; Latorre, A.; Urbano, A.
J. Org. Chem. 2006, 71, 4956—4964. doi:10.1021/j0060688]

23. Vitale, M.; Prestat, G.; Lopes, D.; Madec, D.; Kammerer, C.; Poli, G.;
Girnita, L. J. Org. Chem. 2008, 73, 5795-5805. doi:10.1021/jo800707q

24.Hess, B. A.; Baldwin, J. E. J. Org. Chem. 2002, 67, 6025—-6033.
doi:10.1021/jo025917q

25. Podwyssotzki, V. Pharm. J. Trans. 1881, 12, 217-218.

26.Keller-duslen, C.; Kuhn, M.; Von Wartburg, A.; Staehelin, H.
J. Med. Chem. 1971, 14, 936—940. doi:10.1021/jm00292a012

27.Hughes, G. K.; Ritchie, E. Aust. J. Chem. 1954, 7, 104-112.
doi:10.1071/ch9540104

License and Terms

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjoc/terms), which is

identical to the Creative Commons Attribution 4.0
International License
(https://creativecommons.org/licenses/by/4.0). The reuse of

material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the

material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjoc.20.15

Beilstein J. Org. Chem. 2024, 20, 162—169.

169


https://doi.org/10.1016%2Fs0040-4020%2800%2900794-8
https://doi.org/10.1021%2Fja027225p
https://doi.org/10.1039%2Fc4ob02597k
https://doi.org/10.1039%2Fd1np00057h
https://doi.org/10.2174%2F092986709787002682
https://doi.org/10.3390%2Fbiom11040603
https://doi.org/10.1002%2Fejoc.201402972
https://doi.org/10.1021%2Fjo060688j
https://doi.org/10.1021%2Fjo800707q
https://doi.org/10.1021%2Fjo025917q
https://doi.org/10.1021%2Fjm00292a012
https://doi.org/10.1071%2Fch9540104
https://www.beilstein-journals.org/bjoc/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjoc.20.15

	Abstract
	Introduction
	Results and Discussion
	Conclusion
	Supporting Information
	Funding
	ORCID iDs
	Data Availability Statement
	Preprint
	References

