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ABSTRACT: Electrosynthesis has made a revival in the field of
organic chemistry and, in particular, radical-mediated reactions.

Herein, we report a simple directed, electrochemical C

-H

fluorination method. Employing a dabconium mediator, commer-
cially available Selectfluor, and RVC electrodes, we provide a range
of steroid-based substrates with competent regioselective directing
groups, including enones, ketones, and hydroxy groups, as well as never reported before lactams, imides, lactones, and esters.

resurgence of organic electrosynthesis has recently been
Aobserved after a long period of comparative stasis.*
Recently, the drive for green, inexpensive methodology in
conjunction with the emergence of novel radical/electron
transfer-based reactions has permitted the field to blossom.?
Nevertheless, relatively few methods have been developed to
functionalize unactivated C(sp3)-H bonds.> Notable advances
in the development of electrochemical conditions” that serve as
guiding precedents for C—H oxidation processes® have been
made by Baran® and others.” Herein, we report electro-
chemical, directed fluorination® of unactivated sp®> C-H bonds
with ketones, enones, and show proof of concept that imides,
lactams, lactones, hydroxy groups, and esters are exploitable as
directing groups as well (Scheme 1).

Scheme 1. General Electrochemical Fluorination System
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Our mechanistic investigation of carbonyl-directed fluorina-
tion led us to the discovery that a Selectfluor radical dication
(SRD)® can act as a coordinated hydrogen atom abstraction
agent (Scheme 2).° Consequently, we envisioned that
electrolysis could directly access this reactive intermediate
(SRD) by employing the amine salt compound 1, 1-
(chloromethyl)-4-aza-1-azoniabicyclo[2.2.2]octane tetrafluoro-
borate, as a promotor.** Ultimately, we found that using this
amine, Selectfluor, and MeCN with RVC|RVC 1.8 V for 3 h
successfully fluorinates at the predicted site.'® This voltage was
determined in previous work using cyclic voltammetry. Figure
1 demonstrates the observed peak oxidation values for
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Scheme 2. Preliminary Mechanistic Probe
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Figure 1. Cyclic voltammograms of starting materials of compounds
1, 2H, and 3H in dry and deoxygenated MeCN with 0.1 M TBAPF

and a potential sweep rate of 100 mV/s (vs Fc/Fc*).
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compounds 1, 2H, and 3H. As the scheme suggests, the ideal
voltage to oxidize the amine while minimally affecting enones
2H and 3H directly is approximately 1.8 V. Another key
observation is that increasing the voltage further saw little
change in the yield. Additionally, direct oxidation of the enone
in the absence of 1 (voltage at 2.3 V) results in roughly 10%
yield of desired product, consistent with the importance of a
significant initiating concentration of SRD. Finally, to
demonstrate the importance of the amine, an experiment was
run at 1.8 V with Selectfluor and compound 2H, which
produced a yield of roughly 3%. This is significantly lower than
the 48% observed when 1 is included, proving its key role in
the electrochemical process.

Optimization (Table 1) of the electrochemical reaction
resulted in our ultimate set of conditions: The reaction was

Table 1. Optimization Table for Compound 2F

Optimization Table

QHC\
NE o
BF,
Eej ¢ —Me
N
Selectfluor
.@ MeCN, Time
Cell Type
AeC VimA AcG
Cell Type | Amine (1} EQ's|Selectfluor EQ’s| nBuyPF; Con.| V/mA | Time (min)| Yield
Divided 4.0 4.0 0.1M 1.8V 90 38%
Divided 4.0 4.0 0.1M 1.8V 180 50%
Divided 4.0 4.0 0.1M 2.2V 45 33%
Divided 4.0 4.0 0.1M 2.2V 90 50%
Divided 4.0 4.0 0.1M 2.2V 180 53%
Undivided 0.5 3.0 0 3mA 180 46%
Undivided 4.0 4.0 0 3mA 180 46%
Undivided 0.25 3.0 0 3mA 180 48%

electrolyzed at a constant current of 3 mA, total charge set at
3.0 F/mol, and an alternating polarity every 2 min for the full 3
h (S2). Our finalized reaction conditions addressed multiple
matters of concern for eficiency and scalability: (1) we found
no need for electrolytes; (2) only substoichiometric quantities
of mediator amine were necessary; and (3) a shorter reaction
time compared to previous photochemical conditions was
warranted, all of which resulted in minimal change to the yield.

Initially, our aim in substrate selection was to confirm that
the carbonyl directing system was compatible with electro-
chemical initiation.’® Thus, we employed several compounds
that were previously synthesized photochemically. We report
'H NMR data for these compounds to prove matching spectral
data as well as a purity confirmation for the electrochemical
conditions. Additionally, it should be noted that no other
major fluorine regioisomers were observed. Accordingly,
glycyrrhetinic and oleanolic acid derivatives 4H and 7H were
chosen, whose biological relevance ranges from potential anti-
inflammatory®® to anti-HIV'* and even anticancer'® properties.
Both provide a comparable yield to the photochemical system
in 1/3 the reaction time; longer reaction times did not push
conversion forward. Additionally, enones 2H, 3H, 5H, and 6H
gave product yields of 48%, 60%, 49%, and 87%, while also
demonstrating a degree of functional group tolerance on the A
and D rings of the steroids, given the presence of chloro
groups, ketones, and ethers.
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We turned toward ketones to expand the breadth of
electrolysis beyond the enone-directed work. Compound 9 was
chosen as a prototypical candidate for electrochemical
fluorination conditions. The C6 steroidal carbonyl selectively
targets the C4 position in 60% yield, comparable to the
previously reported photochemical conditions. Moreover,
ketones 8H and 10H successfully provide the predicted
fluorinated congeners in 40% and 89% yields. These steroids
give a good insight into the abilities of ketone-directed
fluorination as each compound directs fluorination to distinct
areas on the steroid, thus demonstrating a novel way to
fluorinate'® these potential bioactive sites in relatively good
yields.'”

Furthermore, we offer preliminary data for heretofore
unexplored imides'® and lactams®® operating as competent
directing groups in at least a few cases. In the past, we have had
little success exploring these carbonyl derivatives for various
reasons, including their recalcitrance in our hands to undergo a
smooth reaction under photochemical conditions. The
precursor to imide product 12H, a D-homosteroid, was
synthesized by a Beckmann rearrangement with a C16 oxime
moiety. We predicted fluorination directedto the C12 position,
as observed (41%).2° This imide-based synthetic intermediate
has been employed in structure-activity relationships studies
of D-ring azasteroid modulators of GABA receptors.’*

X-ray crystallography aided the regiochemical assignment
(Figure 2), revealing the alpha C12 fluoride 12F as the major

X-ray crystal structure

Figure 2. Crystal structure of compound 12F.

product. The importance of this result is notable given the
inherent bioactivity of imide-based natural products.’> The
ability to direct fluorination on an already bioactive molecule
can have considerable potential in the field of medicinal
chemistry.?®

Next, we chose to examine a lactam-based candidate.
Molecule 13H was synthesized by treating trans-androsterone
with azidopropanol and boron trifluoride etherate, followed by
acetylation of the resultant intermediate to afford the product.
On the other hand, this D-ring expanded lactam provides the
predicted fluorinated product 13F in only a modest 26%,
although this provides a significant improvement over
attempted photochemical conditions. Lactams, just like imides,
are commonly found in natural products that possess biological
capabilities.?*

Our next objective was to demonstrate that lactones?® and
esters are also compatible. We began our endeavor by
acetylating testosterone®® (compound 16H), an important
sex hormone and anabolic steroid, to provide the exocyclic
C17 acetateRitargeting the C12 and C16 positions (combined
31%). We were able to successfully collect the primary
regioisomer (C16) in this case, which had a yield of 23%. The
successful functionalization of a well-known drug like
testosterone could affect hormone therapy treatments.>®
Lactone 15H was found to be an excellent parallel to lactam

https://doi.org/10.1021/acs.joc.2c01886
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13H, affording product in 62%. Additionally, as we finished
exploring photochemical hydroxy-directed fluorination, we
tested alcohol 14H in our electrochemistry setup.®' The 51%
yield obtained is comparable with that of the photochemical
fluorination conditions and affords another potential route for
further exploration of electrochemical fluorination (Figure 3).
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Figure 3. Fluorinated compounds (2F-16F); major diastereomer
collected. Photochemical yields given in red where applicable.?>
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All in all, this note demonstrates the next advancement in
electrochemically directed fluorination. Unlocking novel and
scalable ways to perform these fluorinations have the potential
to push the boundaries in several fields, particularly that of
medicinal chemistry, given the number of bioactive molecules
chosen for this study. Future studies will expand the
capabilities of lactones, lactams, imides, alcohols, and esters
through directed fluorination and explore novel functional
groups.

E ASSOCIATED CONTENT

Data Availability Statement

The data underlying this study are available in the published
article and its online supplementary material.

* Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.joc.2c01886.

General experimental information and procedures,
starting material syntheses and characterization data,
fluorinated product syntheses and characterization data,
NMR spectral data, and mass spectral data (PDF)

2559

Accession Codes

CCDC 2195614 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/data_request/cif, or by emailing
data_request@ccdc.cam.ac.uk, or by contacting The Cam-
bridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

E AUTHOR INFORMATION

Corresponding Author
Thomas Lectka - Department of Chemistry, Johns Hopkins
University, Baltimore, Maryland 21218, United States;
orcid.org/0000-0003-3088-6714; Email: lectka@
jhu.edu

Authors
Eric Holt — Department of Chemistry, Johns Hopkins
University, Baltimore, Maryland 21218, United States;
orcid.org/0000-0003-2068-6962
Muyuan Wang - Department of Chemistry, Johns Hopkins
University, Baltimore, Maryland 21218, United States
Stefan Andrew Harry — Department of Chemistry, Johns
Hopkins University, Baltimore, Maryland 21218, United
States; @ orcid.org/0000-0002-5479-4008
Chengkun He - Department of Chemistry, Johns Hopkins
University, Baltimore, Maryland 21218, United States
Yuang Wang - Department of Chemistry, Johns Hopkins
University, Baltimore, Maryland 21218, United States
Nicolas Henriquez — Department of Chemistry, Johns
Hopkins University, Baltimore, Maryland 21218, United
States
Michael Richard Xiang — Department of Chemistry, Johns
Hopkins University, Baltimore, Maryland 21218, United
States
Andrea Zhu - Department of Chemistry, Johns Hopkins
University, Baltimore, Maryland 21218, United States
Fereshte Ghorbani — Department of Chemistry, Johns
Hopkins University, Baltimore, Maryland 21218, United
States
Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.joc.2c01886

Notes
The authors declare no competing financial interest.

E ACKNOWLEDGMENTS

T.L. thanks the National Science Foundation (NSF) (CHE
2102116) for financial support. Mass spectral data were
obtained at the University of Delaware’s mass spectrometry
center.

E REFERENCES

(1) Zhu, C.; Ang, N. W. J.; Meyer, T. H.; Qiu, Y.; Ackermann, L.
Organic Electrochemistry: Molecular Synthesis with Potential. ACS
Cent. Sci. 2021, 7 (3), 415-435.

(2) Fu, H.; Lam, H.; Emmanuel, M. A; Kim, J. H.; Sandoval, B. A;;
Hyster, T. K. Ground-State Electron Transfer as an Initiation
Mechanism for Biocatalytic C-C Bond Forming Reactions. J. Am.
Chem. Soc. 2021, 143 (25), 9622-9629.

(3) Hashiguchi, B. G.; Bischof, S. M.; Konnick, M. M.; Periana, R. A.
Designing Catalysts for Functionalization of Unactivated C-H Bonds
Based on the CH Activation Reaction. Acc. Chem. Res. 2012, 45 (6),
885-898.

https://doi.org/10.1021/acs.joc.2c01886
J. Org. Chem. 2023, 88, 2557-2560


pubs.acs.org/joc?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.2c01886?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.2c01886/suppl_file/jo2c01886_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2195614&id=doi:10.1021/acs.joc.2c01886
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://orcid.org/0000-0003-3088-6714
mailto:lectka@jhu.edu
mailto:lectka@jhu.edu
https://orcid.org/0000-0003-2068-6962
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Muyuan+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-5479-4008
https://pubs.acs.org/doi/10.1021/acs.joc.2c01886?ref=pdf
https://doi.org/10.1021/acscentsci.0c01532?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c04334?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c04334?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar200250r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar200250r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.2c01886?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Organic Chemistry

pubs.acs.org/joc

(4) Conte, L.; Gambaretto, G. Electrochemical fluorination: state of
the art and future tendences. J. Fluorine Chem. 2004, 125 (2), 139-
144,

(5) Takahira, Y.; Chen, M.; Kawamata, Y., Mykhailiuk, P.;
Nakamura, H.; Peters, B. K.; Reisberg, S. H.; Li, C.; Chen, L;
Hoshikawa, T.; Shibuguchi, T.; Baran, P. S. Electrochemical C(sp3)-H
Fluorination. Synlett 2019, 30 (10), 1178-1182.

(6) Kawamata, Y.; Yan, M,; Liu, Z.; Bao, D.-H.; Chen, J,; Starr, J. T.;
Baran, P. S. Scalable, Electrochemical Oxidation of Unactivated C-H
Bonds. J. Am. Chem. Soc. 2017, 139 (22), 7448-7451. (b) Takahira,
Y.; Chen, M.; Kawamata, Y.; Mykhailiuk, P.; Nakamura, H.; Peters, B.
K.; Reisberg, S. H.; Li, C.; Chen, L.; Hoshikawa, T.; Shibuguchi, T.;
Baran, P. S. Electrochemical C(sp3)-H fluorination. Synlett 2019, 30,
1178-1182.

(7) (a) Lin, X.; Zhang, S.-N.; Xu, D.; Zhang, J.-J,; Lin, Y.-X.; Zhai,
G.-Y.; Su, H.; Xue, Z.-H.; Liu, X.; Antonietti, M.; Chen, J.-S.; Li, X.-H.
Electrochemical activation of C-H by electron deficient W,C
nanocrystals for simultaneous alkoxylation and hydrogen evolution.
Nat. Commun. 2021, 12, 3882. (b) Fuchigami, T.; Inagi, S. Recent
advances in electrochemical systems for selective fluorination of
organic compounds. Acc. Chem. Res. 2020, 53, 322-334. (c) Fuchi-
gami, T.; Inagi, S. Selective electrochemical fluorination of organic
molecules and macromolecules in ionic liquids. Chem. Commun. 2011,
47, 10211-10223. (d) Yin, B.; Inagi, S.; Fuchigami, T. Selective
electrochemical fluorination of O, S-acetal derivatives bearing a-
electron-withdrawing groups. ELSA 2022, 2, €2100181. (e) Noel, M.;
Suryanarayanan, V.; Chellammal, S. A review of recent developments
in the selective electrochemical fluorination of organic compounds. J.
Fluor. Chem. 1997, 83, 31-40. (f) Laudadio, G.; Bartolomeu, A. d. A,;
Verwijlen, L. M. H. M.; Cao, Y.; de Oliveira, K. T.; Noel, T. Sulfonyl
fluoride synthesis through electrochemical oxidative coupling of thiols
and potassium fluoride. J. Am. Chem. Soc. 2019, 141, 11832-11836.
(g) Haupt, J. D.; Berger, M.; Waldvogel, S. R. Electrochemical
fluorocyclization of N-allylcarboxamides to 2-oxazolines by hyper-
valent iodine mediator. Org. Lett. 2019, 21, 242-245. (h) Xiong, P.;
Long, H.; Xu, H.-C. Electrochemical fluoroalkynylation of aryl alkenes
with fluoride ions and alkynyltrifluoroborate salts. Asian J. Org. Chem.
2019, 8, 658-660. (i) Balandeh, M.; Waldmann, C.; Shirazi, D.;
Gomez, A,; Rios, A,; Allison, N.; Khan, A.; Sadeghi, S. Electro-
chemical fluorination and radiofluorination of methyl (phenylthio)-
acetate using tetrabuthylammonium fluoride (TBAF). J. Electrochem.
Soc. 2017, 164, G99-G103.

(8) Molnar, I. G.; Gilmour, R. Catalytic Difluorination of Olefins. J.
Am. Chem. Soc. 2016, 138 (15), 5004-5007.

(9) Aguilar Troyano, F. J.; Merkens, K.; Gomez-Suarez, A.
Selectfluor Radical Dication (TEDA%**) - A Versatile Species in
Modern Synthetic Organic Chemistry. Asian J. of Org. Chem. 2020, 9
(7), 992-1007.

(10) Pitts, C. R.; Bloom, S.; Woltornist, R.; Auvenshine, D. J,;
Ryzhkov, L. R.; Siegler, M. A.; Lectka, T. Direct, Catalytic
Monofluorination of sp® C-H Bonds: A Radical-Based Mechanism
with lonic Selectivity. J. Am. Chem. Soc. 2014, 136 (27), 9780-9791.

(11) Qin, Z.; Zhao, M.; Zhang, K.; Goto, M.; Lee, K.; Li, J.
Selectfluor-Enabled C(sp3)-H Alkoxylation of 3-Methylfuranocou-
marins. J. Org. Chem. 2021, 86 (11), 7864-7871.

(12) Ghorbani, F.; Harry, S. A,; Capilato, J. N.; Pitts, C. R.; Joram, J.;
Peters, G. N.; Tovar, J. D.; Smajlagic, I.; Siegler, M. A.; Dudding, T.;
Lectka, T. Carbonyl-Directed Aliphatic Fluorination: A Special Type
of Hydrogen Atom Transfer Beats Out Norrish Il. J. Am. Chem. Soc.
2020, 142 (34), 14710-14724.

(13) Lee, W.; Yang, E.; Ku, S.; Song, K.; Bae, J. Anti-inflammatory
effects of oleanolic acid on LPS-induced inflammation in vitro and in
vivo. Inflammation 2013, 36, 94-102.

(14) Pilasunova, O. A.; Egoricheva, I. N.; Fediuk, N. V.; Pokrovskii, A.
G.; Baltina, L. A.; Murinov, L. I. The anti-HIV activity of beta-
glycyrrhizic acid. Vopr Virusol 1992, 37 (5-6), 235-238.

(15) Tang, Z.; Li, Y.; Tang, Y.; Ma, X.; Tang, Z. Anticancer activity
of oleanolic acid and its derivatives: Recent advances in evidence,

2560

target profiling and mechanisms of action. Biomed. & Pharmacother.
2022, 145, 112397.

(16) Prakash, G. K.; Etzkorn, M.; Olah, G. A, Christe, K. O.;
Schneider, S.; Vij, A. Triphenylmethyldifluoramine: a stable reagent
for the synthesis of gem-bis(difluoramines). Chem. Commun. 2002, 16,
1712-1713.

(17) Acebedo, S. L.; Ramirez, J. A.; Galagovsky, L. R. Synthesis and
biological activity of brassinosteroids fluorinated at C-2. Steroids 2009,
74 (4-5), 435-440.

(18) Fujinami, A.; Ozaki, T.; Nodera, K.; Tanaka, K. Studies on
Biological Activity of Cyclic Imide Compounds: Part Il. Antimicrobial
Activity of 1-Phenylpyrrolidine-2,5-diones and Related Compounds.
Ag. Bio. Chem. 1972, 36 (2), 318-323.

(19) Caruano, J.; Muccioli, G. G.; Robiette, R. B logically active y-
lactams: synthesis and natural sources. Org. & Biomol. Chem. 2016, 14
(43), 10134-10156.

(20) Clinton, R. O.; Christiansen, R. G.; Neumann, H. C,;
Laskowski, S. C. D-Homosteroids. |. Derivatives of D-Homoetiocho-
lan-3a-0l-11,17a-dione. J. Am. Chem. Soc. 1957, 79 (24), 6475-6480.

(21) Jiang, X.; Wang, J.; Hu, J.; Ge, Z.; Hu, Y.; Hu, H.; Covey, D. F
Synthesis of (5a)-17-azaandrostan-3-ols and (ta)-17-aza-D-homoan-
drostan-3-ols and their N-acylated derivatives. Steroids 2001, 66 (8),
655-662.

(22) Marulasiddaiah, R.; Kalkhambkar, R. G.; Kulkarni, M. V.
Synthesis and Biological Evaluation of Cyclic Imides with Coumarins
and Azacoumarins. Open J. of Med. Chem. 2012, 2 (3), 89.

(23) Hou, J. P.; Poole, J. W. B-Lactam Antibiotics: Their
Physicochemical Properties and Biological Activities in Relation to
Structure. J. Pharm. Sci. 1971, 60 (4), 503-532.

(24) Pfaendler, H. R.; Gosteli, J.; Woodward, R. B.; Rihs, G.
Structure, reactivity, and biological activity of strained bicyclic.beta.-
lactams. J. Am. Chem. Soc. 1981, 103 (15), 4526-4531.

(25) Pitts, C. R.; Bloom, S.; Woltornist, R.; Auvenshine, D. J;
Ryzhkov, L. R.; Siegler, M. A.; Lectka, T. Direct, Catalytic
Monofluorination of sp> C-H Bonds: A Radical-Based Mechanism
with lonic Selectivity. J. Am. Chem. Soc. 2014, 136 (27), 9780-9791.

(26) Ghorbani, F.; Harry, S. A,; Capilato, J. N.; Pitts, C. R.; Joram, J.;
Peters, G. N.; Tovar, J. D.; Smajlagic, |.; Siegler, M. A.; Dudding, T.;
Lectka, T. Carbonyl-Directed Aliphatic Fluorination: A Special Type
of Hydrogen Atom Transfer Beats Out Norrish II. J. Am. Chem. Soc.
2020, 142 (34), 14710-14724.

(27) Harry, S. A,; Xiang, M. R.; Holt, E.; Zhu, A.; Ghorbani, F.;
Patel, D.; Lectka, T. Hydroxy-directed fluorination of remote
unactivated C(sp3)-H bonds: a new age of diastereoselective radical
fluorination. Chem. Sci. 2022, 13, 7007-7013.

(28) Paull, D. H.; Weatherwax, A.; Lectka, T. Catalytic, asymmetric
reactions of ketenes and ketene enolates. Tetrahedron 2009, 65 (34),
6771-6803.

(29) Solo, A. J.; Bejba, N.; Hebborn, P.; May, M. Synthesis and
biological activity of some ethers of testosterone. Implications
concerning the biological activity of esters of testosterone. J. Med.
Chem. 1975, 18 (2), 165-168.

(30) Bassil, N.; Alkaade, S.; Morley, J. E. The benefits and risks of
testosterone replacement therapy: a review. Ther. Clin. Risk. Manag.
2009, 5, 427-448.

(31) Harry, S. A,; Xiang, M. R.; Holt, E.; Zhu, A.; Ghorbani, F.;
Patel, D.; Lectka, T. Hydroxy-directed fluorination of remote
unactivated C(sp3)-H bonds: a new age of diastereoselective radical
fluorination. Chem. Sci. 2022, 13, 7007-7013.

https://doi.org/10.1021/acs.joc.2c01886
J. Org. Chem. 2023, 88, 2557-2560


https://doi.org/10.1038/s41467-021-24203-8
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1016/j.jfluchem.2003.07.002
https://doi.org/10.1016/j.jfluchem.2003.07.002
https://doi.org/10.1055/s-0037-1611737
https://doi.org/10.1055/s-0037-1611737
https://doi.org/10.1021/jacs.7b03539?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b03539?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1055/s-0037-1611737
https://doi.org/10.1038/s41467-021-24203-8
https://doi.org/10.1038/s41467-021-24203-8
https://doi.org/10.1021/acs.accounts.9b00520?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.9b00520?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.9b00520?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c1cc12414e
https://doi.org/10.1039/c1cc12414e
https://doi.org/10.1002/elsa.202100181
https://doi.org/10.1002/elsa.202100181
https://doi.org/10.1002/elsa.202100181
https://doi.org/10.1016/S0022-1139(96)03564-6
https://doi.org/10.1016/S0022-1139(96)03564-6
https://doi.org/10.1021/jacs.9b06126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b06126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b06126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b03682?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b03682?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.8b03682?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ajoc.201900020
https://doi.org/10.1002/ajoc.201900020
https://doi.org/10.1149/2.0941709jes
https://doi.org/10.1149/2.0941709jes
https://doi.org/10.1149/2.0941709jes
https://doi.org/10.1021/jacs.6b01183?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ajoc.202000196
https://doi.org/10.1002/ajoc.202000196
https://doi.org/10.1021/ja505136j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja505136j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja505136j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.1c00776?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.1c00776?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c07004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c07004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10753-012-9523-9
https://doi.org/10.1007/s10753-012-9523-9
https://doi.org/10.1007/s10753-012-9523-9
https://doi.org/10.1016/j.biopha.2021.112397
https://doi.org/10.1016/j.biopha.2021.112397
https://doi.org/10.1016/j.biopha.2021.112397
https://doi.org/10.1039/B203811K
https://doi.org/10.1039/B203811K
https://doi.org/10.1016/j.steroids.2008.12.006
https://doi.org/10.1016/j.steroids.2008.12.006
https://doi.org/10.1080/00021369.1972.10860251
https://doi.org/10.1080/00021369.1972.10860251
https://doi.org/10.1080/00021369.1972.10860251
https://doi.org/10.1039/C6OB01349J
https://doi.org/10.1039/C6OB01349J
https://doi.org/10.1021/ja01581a031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01581a031?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0039-128X(01)00095-2
https://doi.org/10.1016/S0039-128X(01)00095-2
https://doi.org/10.4236/ojmc.2012.23011
https://doi.org/10.4236/ojmc.2012.23011
https://doi.org/10.1002/jps.2600600402
https://doi.org/10.1002/jps.2600600402
https://doi.org/10.1002/jps.2600600402
https://doi.org/10.1021/ja00405a039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00405a039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja505136j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja505136j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja505136j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c07004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c07004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D2SC01907H
https://doi.org/10.1039/D2SC01907H
https://doi.org/10.1039/D2SC01907H
https://doi.org/10.1016/j.tet.2009.05.079
https://doi.org/10.1016/j.tet.2009.05.079
https://doi.org/10.1021/jm00236a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm00236a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm00236a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2147/TCRM.S3025
https://doi.org/10.2147/TCRM.S3025
https://doi.org/10.1039/D2SC01907H
https://doi.org/10.1039/D2SC01907H
https://doi.org/10.1039/D2SC01907H
https://doi.org/10.1021/acs.joc.2c01886?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

