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ABSTRACT: Asymmetric construction of dithiodiketopiperazines on otherwise achiral scaffolds remains a pivotal synthetic
challenge encountered in many biologically significant natural products. Herein, we report the first total syntheses of (−)-glionitrin
A/B and revise the absolute configurations. Emerging from the study is a novel oxidative sulfenylation of triketopiperazines that
enables asymmetric formation of dithiodiketopiperazines on sensitive substrates. The concise route paves the way for further studies
on the potent antimicrobial and antitumor activities of glionitrin A and the intriguing ability of glionitrin B to inhibit invasive ability
of cancer cells.

The broad family of dithiodiketopiperazine (DTDKP)
natural products draws interest from their inspiring

molecular architectures and biologically significant antimalarial,
antiviral, antibacterial, and cytotoxic properties.1−5 Numerous
recent reports detail elegant advances in the synthesis of
DTDKPs.6−17 Previous syntheses, however, all rely on substrate
control for installing the stereochemistry of the DTDKP units.
Asymmetric construction of this motif on otherwise achiral
scaffolds has remained a critical challenge. It is typified by
(−)-glionitrin A (1)18 and (−)-glionitrin B (2)19 where all
stereochemistry resides in a unique 7-nitroindoline fused
DTDKP motif (Figure 1A). Despite an intriguing origin and
potent biological properties, no synthesis of glionitrin A or B has
been reported. Both compounds were isolated by Kwon from a
coculture of the bacterial strain SphingomonasKMK-001 and the
fungal strain Aspergillus fumigatus KMC-901, obtained from
“extremely contaminated acid mine drainage” in an abandoned
coal mine.18,19 Glionitrin A exhibits nanomolar activity against
methicillin-resistant Staphylococcus aureus and antitumor activity
in xenograft DU145 prostate cancer cells.18,20 Glionitrin B, by
contrast, is nontoxic but inhibits the invasive ability of DU145
cancer cells suggesting utility in suppressing cancer metathesis
and recurrence.19 The nature of the molecular interactions that
underlie these remarkable effects remains an outstanding
question and a practical supply of the glionitrins is much
needed to support further studies. Here, we describe a mild and
efficient asymmetric oxidative sulfenylation of triketopiperazines
(TKPs), leading to the first total syntheses of (−)-glionitrin A/
B, and revise the proposed absolute configurations.
Two principal considerations guided our synthetic approach.

First, indoline derivatives like 5 are prone to aromatize to the
corresponding indoles6,21 under the basic16 or oxidative14,15

conditions previously employed to elaborate diketopiperazines
(DKPs) to the corresponding epidithiodiketopiperazines
(ETPs) (Figure 1B). For the glionitrins, this problem is
accentuated by the nitro-group at the indoline 7-position and
proved prohibitive during our exploratory studies. Acidic
conditions22,23 for sulfenylation of 6 were also evaluated but
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Figure 1. Overview and synthetic approach to glionitrin A/B.
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proved equally unproductive. Second, the C−S bonds must be
introduced asymmetrically and the stereochemistry of the
resulting thioaminals preserved throughout subsequent manip-
ulations. A single chiral pool approach to (+)-hyalodendrin (24)
provided precedence,24 but no general denovo asymmetric
approach has been reported. This methodological gap is striking
in light of the many biologically active natural products where
this issue is encountered.1

We thus concluded that an asymmetric solution to the
glionitrin-problem was contingent on developing a mild and
most likely stepwise approach to the DTDKP core. To this end,
we considered the low basicity of triketopiperazine (TKP)
enolates25 as an entry to forge the first C−S bond by reaction
with a suitable sulfur electrophile (Figure 1C).26 This would give
a chiral intermediate 8 from which glionitrin A and B could be
pursued. An asymmetric oxidative sulfenylation of a TKP has, to
our knowledge, not been reported, but a nonstereoselective
sulfenylation of N,N-dimethyltriketopiperazine was recently
shown by Snaddon,27 and oxidation of TKPs was pioneered in
ETP synthesis by Overman.7,8 Furthermore, the quinine
catalyzed asymmetric sulfenylation of acyl-activated DKPs28

and catalytic enantioselective 1,4-addition of TKP enolates29,30

provided encouraging precedence.
In line with our hypothesis, we were delighted to obtain

thioaminal 10a in 75% yield (65:35 er) when reacting 9with 13a
using quinine (11) as catalyst (Table 1). Unfortunately,

extensive screening of chiral catalysts and conditions proved
fruitless in pursuit of synthetically useful levels of enantiose-
lectivity (Supporting Information, Table S14). The likely
culprits are a lack of suitable basic sites in the substrate that
can organize the presumed enolate-base ion pair, and limited
steric differentiation proximal to the enolate. To address these
issues we developed 13b, a novel chiral variation of electrophile

13a, accessible in one step from the corresponding thiol.31

Unlike 13a, 13b required strongly nucleophilic catalysts to
efficiently participate in the reaction, a property that proved
essential for selectivity. Systematic screening of conditions
revealed that the matched pair of (R)-13b and (R)-12b32 (10
mol %) produced the (10aR)-10b isomer in 90:10 dr and 82%
yield (see also Supporting Information, Table S4). The relative
configuration of (10aR)-10bwas assigned by single crystal X-ray
diffraction (scXRD). The reaction was completed in∼15 min at
room temperature, did not require exclusion of air or moisture,
and could be conducted on a gram scale. Separation of theminor
diastereomer was also straightforwardly accomplished by
chromatography.
The rate difference between 11 and 12a/b as catalysts aligns

with in situ formation of an activated electrophilic intermediate
(Figure 2). In agreement, the formation of 15 was detected by

HRMS. Birman invoked a similar intermediate in acylation
reactions with 12b.32 To gain insight into the factors governing
selectivity, we modeled the transition states (TSs) leading to
each diastereomeric product by density functional theory
(DFT). In good agreement with experimental data, the lowest
found TSs favored (10aR)-10b over (10aS)-10b by ΔG298

‡ =
∼1.9 kcal/mol. The model also clarified the role of the benzylic
methyl group in 13b for selectivity: this group rigidifies 15
conformationally and leads to well-defined TSs wherein the
steering phenyl group of the catalyst reaches toward the
incoming nucleophile. In doing so, it is capable of relaying
interactions to distal parts of a substrate. In TS 17, leading to the
major diastereomer, the enolate is stabilized by an electrostatic
interaction with a proton on the PMP ring. This interaction is
absent in the TS leading to the minor diastereomer (Supporting
Information, Figure S9). Moreover, there is distinguishing
attractive electrostatic interaction in TS 17 between a proton on
the catalyst phenyl ring and the substrate nitro-group. The TS
models also reveal that the reaction is facilitated by buildup of a
stabilizing edge-to-face interaction between the electron
deficient pyridyl unit of the catalyst and the PMP group.
The efficient formation of 10b prompted us also to explore the

scope of this reaction briefly. Six TKPs were selected based on
their structural relation to one or more natural products (Table
2).
Significantly, all evaluated substrates gave the desired

sulfenylated products with synthetically useful levels of
efficiency. Compared to 9, longer reaction times and
stoichiometric amounts of the base were needed to reach high
conversions with most substrates. Methoxy substitution at the

Table 1. Optimization of the Asymmetric Sulfenylation of
TKP 9a

Entry Electrophile
Catalyst
(mol %) Time

(C10aR):
(C10aS)b

Product,
Yield (%)b

1 13a 11 (10) 15 h 65:35c 10a, 75
2 14 11 (10) 16 h 50:50c 10a, 61
3 13a (R)-12b (10) 15 min 57:43c 10a, 85
4 (R)-13b 12a (10) 15 min 60:40 10b, 83
5 (R)-13b (R)-12b (10) 15 min 90:10 10b, 82
6 (R)-13b (S)-12b (10) 15 min 38:62 10b, 87
7 (R)-13b (R)-12b (20) 10 min 90:10 10b, 79
8d (R)-13b (R)-12b (10) 1 h 90:10 10b, 66

aRac-9 (0.1 mmol), electrophile (0.11 mmol), and catalyst. CH2Cl2
(2 mL). bDetermined by 1H NMR spectroscopy (internal standard
for yields). cDetermined by enantioselective HPLC. dTemperature =
0 °C. PMP = p-methoxyphenyl.

Figure 2. Plausible mechanism for the sulfenylation of TKP 9.
aModeled using the m06-2x functional and the 6-31G** basis set. Thin
dotted lines highlight key electrostatic interactions.
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indoline 6-position gave reduced selectivity, presumably due to a
steric interaction with the steering phenyl group of 12b.
With a practical method to install the C10a stereocenter at

hand, we turned to completing the syntheses of glionitrin A/B
(Scheme 1). The first two steps from 29 to 30 were telescoped

on a decagram scale and 30 collected by filtration in 88% yield.
Indoline 30 could be cyclized to 9 with catalytic 1,8-
diazabicyclo[5.4.0]undec-7-ene in 77% yield (see Supporting
Information). The use of substoichiometric base was essential to
suppress oxidative aromatization of the indoline unit.

Table 2. Scope of the Asymmetric Sulfenylation of TKPsa

aIsolated yields. Atoms mapping onto natural products are highlighted in blue. bRelative configuration determined by scXRD. c0.1 equiv of 12b
used. dRelative configuration assigned by analogy. e(S)-12b and (S)-13b used.

Scheme 1. Total Synthesis of (−)-Glionitrin A/Ba

aReagents and conditions: (1) methylamine (excess, aq., 40% (w/w)), 1 h, 91%; (2) ethyl-2-chloro-2-oxoacetate (4.0 equiv), PhMe, 80 °C, 1.5 h,
95%; (3) (R)-13b (1.1 equiv), (R)-12b (0.3 equiv), CH2Cl2, 15 min, 91%; (4) MeMgBr (1.2 equiv), THF, −78 °C, 1 h, 46%; (5) p-TsOH·H2O
(1.0 equiv), CH2Cl2, 2 h, 88%; (6) OsO4 (0.1 equiv, 2.5% (w/w) in tert-BuOH), NMO (2.0 equiv), acetone/H2O, 16 h, 85%; (7) BF3·Et2O (20
equiv), 4-methoxy-α-toluenethiol (10 equiv), THF, 19 h, 77%; (8) BBr3 (2.5 equiv), CH2Cl2, −20 °C, 15 min; 35 (1.0 equiv), CH2Cl2, 5 min,
82%; (9) MeI (20 equiv), rac-36 (2.0 equiv), iPrEt2N (3.0 equiv), CH2Cl2, 15 min, quant. bThermal ellipsoids shown at 30% probability. PMB = p-
methoxybenzyl.
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Significantly, the catalytic conditions also pointed to the
possibility of performing the subsequent thiolation as part of a
cascade, wherein 12b would also trigger the annulation of 30 to
the corresponding TKP. In practice, this proved effective: with a
slightly increased catalyst loading (30 mol %), 30 was converted
to 10b on a gram scale with retained stereoselectivity in 91%
yielda substantial improvement over the stepwise approach.
Completion of the glionitrin framework then required the

introduction of a hydroxymethyl unit at C3. After unsuccessfully
screening conditions for direct olefination and oxymethylation
of 10b, we employed a three-step approach7,27 to reach 33.
Thus, a chemoselective methylation with MeMgBr in THF at
−78 °C gave 31 in 46% yield and 90:10 dr. Acidic elimination of
the alcohol then produced 32, which was dihydroxylated to 33 in
75% yield over two steps. The three steps leading from 10b to 33
could also be telescoped with a minor loss in overall efficiency
(28% yield over three steps). Diagnostic NOEs revealed that the
major diastereomer of alcohol 31 had a cis relationship of the
exocyclic heteroatoms at C3/C10a, whereas the major
diastereomer of diol 33 was trans. Under acidic conditions (p-
TsOH·H2O), trans-33 slowly equilibrated to the thermody-
namically favored cis-isomer.
The second C−S bond was installed in 77% yield by treating

33 with an excess of 4-methoxy-α-toluenethiol and BF3·Et2O.
Pleasingly, this addition occurred with a 90:10 kinetic preference
for the desired cis-isomer 34. At this junction, completion of
glionitrin A left only deprotection of the thioethers and an
oxidative closure of the disulfide bridge. Deprotection was
accomplished with BBr3 at −20 °C, but a subsequent oxidation
with commonly used iodine led to decomposition. In contrast,
we found that a disulfide mediated closure33 using reagent 35,
previously not used in the context of DTDKP synthesis,
effectively produced the desired annulation in 82% isolated yield
and thus completed the synthesis of glionitrin A. The reported
procedure for converting glionitrin A to B (MeI, pyridine, then
NaBH4)

19 was attempted but proved capricious in our hands. A
mixture of dithiol 36, MeI, and iPrEt2N, however, gave a clean
rupture of the S−S bridge along with a surprisingly efficient
double S-methylation that concluded the synthesis of glionitrin
B in quantitative yield. The ring-opening of 1 with 36 was
modeled by DFT as an isodesmic reaction and found to be
favored by ΔΔG298 = 2.8 kcal/mol.
Enantioselective HPLC analysis of synthetic glionitrin B

confirmed a >99:1 er and thus that the final steps of the synthesis
proceeded without racemization. The analytical data for
synthetic (S,S)-glionitrin A/B were in agreement with those
reported except for the optical rotations. These were reversed
from (−) to (+) and of a lower magnitude. We therefore
prepared the corresponding (−)-isomers of both compounds.
The absolute configuration of synthetic (−)-glionitrin A was
corroborated as R,R by scXRD analysis (Flack = 0.01(6)).
Moreover, the CD-spectra of the (−)-(R,R) isomers displayed
Cotton effects matching those reported for natural material.
Accordingly, the absolute configuration of natural glionitrin A/B
should be revised to R,R.
In conclusion, practical syntheses of (−)-glionitrin A/B were

achieved in eight/nine steps and 15% overall yield from
abundant 29. The route can be executed in 7 days with only
four/five purification steps in the sequence. On a salient note,
chemical synthesis thus requires less than half the time needed to
obtain glionitrin B by fermentation.19 The introduction of a mild
oxidative sulfenylation of TKPs was critical for asymmetric
construction of DTDKPs on the sensitive 7-nitro indoline-fused

scaffold 9. As evident from DFT models, the rate and
stereoselectivity of this reaction reflect a finely tuned interplay
between the substrate, catalyst, and electrophile. Still, the
methodology was successfully extended to substructures of
several related natural products including (+)-chetomin (26)
and (+)-dithiosilvatin (28) that are yet to be reached by
chemical synthesis. While synthetically viable, the selectivities
with certain substrates leave room for improvement and we
anticipate refinements in both catalyst and electrophile design.
Such studies are underway and will be reported in due course.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.1c10364.

Experimental procedures, characterization data for all new
compounds, HPLC data, assignment of relative config-
uration for cis-31, trans-33, and cis-34, crystallographic
information for 1, 10b, 13b, 18, and 25, details of DFT
investigations, and copies of 1H and 13C NMR spectra
(PDF)
DFT geometries (XYZ)

Accession Codes
CCDC2110183−2110187 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/data_request/cif, or by email-
ing data_request@ccdc.cam.ac.uk, or by contacting The Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cam-
bridge CB2 1EZ, UK; fax: +44 1223 336033.

■ AUTHOR INFORMATION
Corresponding Author

Daniel Strand − Centre for Analysis and Synthesis, Department
of Chemistry, Lund University, SE-221 00 Lund, Sweden;
orcid.org/0000-0002-6113-4657; Email: daniel.strand@

chem.lu.se

Authors
Nicolas R. Koning − Centre for Analysis and Synthesis,
Department of Chemistry, Lund University, SE-221 00 Lund,
Sweden

Anders P. Sundin − Centre for Analysis and Synthesis,
Department of Chemistry, Lund University, SE-221 00 Lund,
Sweden; orcid.org/0000-0001-6615-2419

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.1c10364

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Financial support was provided by the Swedish Research
Council (VR) and the Royal Physiographical Society in Lund.
We thank P. Helquist and P. Somfai for discussions, S. Essén for
MS, M. Sandahl for HLPC, and G. Carlström for NMR
spectroscopy assistance, and T. Nylander, E. Sparr, and C. Ward
for support with CD measurements.

■ REFERENCES
(1) Welch, T. R.; Williams, R. M. Epidithiodioxopiperazines.
occurrence, synthesis and biogenesis. Nat. Prod. Rep. 2014, 31 (10),
1376−1404.

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.1c10364
J. Am. Chem. Soc. 2021, 143, 21218−21222

21221

https://pubs.acs.org/doi/10.1021/jacs.1c10364?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c10364/suppl_file/ja1c10364_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c10364/suppl_file/ja1c10364_si_002.xyz
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2110183&id=doi:10.1021/jacs.1c10364
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2110187&id=doi:10.1021/jacs.1c10364
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+Strand"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6113-4657
https://orcid.org/0000-0002-6113-4657
mailto:daniel.strand@chem.lu.se
mailto:daniel.strand@chem.lu.se
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicolas+R.+Koning"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anders+P.+Sundin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6615-2419
https://pubs.acs.org/doi/10.1021/jacs.1c10364?ref=pdf
https://doi.org/10.1039/C3NP70097F
https://doi.org/10.1039/C3NP70097F
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c10364?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(2) Borthwick, A. D. 2,5-Diketopiperazines: Synthesis, Reactions,
Medicinal Chemistry, and Bioactive Natural Products. Chem. Rev.
2012, 112 (7), 3641−3716.
(3) Iwasa, E.; Hamashima, Y.; Sodeoka, M. Epipolythiodiketopiper-
azine Alkaloids: Total Syntheses and Biological Activities. Isr. J. Chem.
2011, 51 (3−4), 420−433.
(4) Jiang, C.-S.; Guo, Y. Epipolythiodioxopiperazines from fungi:
chemistry and bioactivities. Mini-Rev. Med. Chem. 2011, 11, 728−45.
(5) Sil, B. C.; Hilton, S. T. 2 - Epi-3,6-dithio-2,5-diketopiperazines
(ETPs): an overview of synthetic approaches to the ETP core. In
Progress in Heterocyclic Chemistry; Gribble, G. W., Joule, J. A., Eds.;
Elsevier: 2021; Vol. 32, pp 27−105.
(6) Nicolaou, K. C.; Lu, M.; Totokotsopoulos, S.; Heretsch, P.;
Giguer̀e, D.; Sun, Y.-P.; Sarlah, D.; Nguyen, T. H.; Wolf, I. C.; Smee, D.
F.; Day, C. W.; Bopp, S.; Winzeler, E. A. Synthesis and Biological
Evaluation of Epidithio-, Epitetrathio-, and bis-(Methylthio)-
diketopiperazines: Synthetic Methodology, Enantioselective Total
Synthesis of Epicoccin G, 8,8’-epi-ent-Rostratin B, Gliotoxin, Gliotoxin
G, Emethallicin E, andHaematocin and Discovery of New Antiviral and
Antimalarial Agents. J. Am. Chem. Soc. 2012, 134 (41), 17320−17332.
(7) DeLorbe, J. E.; Horne, D.; Jove, R.; Mennen, S. M.; Nam, S.;
Zhang, F.-L.; Overman, L. E. General Approach for Preparing
Epidithiodioxopiperazines from Trioxopiperazine Precursors: Enantio-
selective Total Syntheses of (+)- and (−)-Gliocladine C, (+)-Leptosin
D, (+)-T988C, (+)-Bionectin A, and (+)-Gliocladin A. J. Am. Chem.
Soc. 2013, 135 (10), 4117−4128.
(8) DeLorbe, J. E.; Jabri, S. Y.; Mennen, S. M.; Overman, L. E.; Zhang,
F.-L. Enantioselective Total Synthesis of (+)-Gliocladine C: Con-
vergent Construction of Cyclotryptamine-Fused Polyoxopiperazines
and a General Approach for Preparing Epidithiodioxopiperazines from
Trioxopiperazine Precursors. J. Am. Chem. Soc. 2011, 133 (17), 6549−
6552.
(9) Jabri, S. Y.; Overman, L. E. Enantioselective Total Synthesis of
Plectosphaeroic Acid B. J. Am. Chem. Soc. 2013, 135 (11), 4231−4234.
(10) Codelli, J. A.; Puchlopek, A. L. A.; Reisman, S. E. Enantioselective
Total Synthesis of (−)-Acetylaranotin, a Dihydrooxepine Epidithiodi-
ketopiperazine. J. Am. Chem. Soc. 2012, 134 (4), 1930−1933.
(11) Thesmar, P.; Baudoin, O. Efficient andDivergent Total Synthesis
of (−)-Epicoccin G and (−)-Rostratin A Enabled by Double C(sp3)-H
Activation. J. Am. Chem. Soc. 2019, 141 (40), 15779−15783.
(12) Iwasa, E.; Hamashima, Y.; Fujishiro, S.; Higuchi, E.; Ito, A.;
Yoshida, M.; Sodeoka, M. Total Synthesis of (+)-Chaetocin and its
Analogues: Their Histone Methyltransferase G9a Inhibitory Activity. J.
Am. Chem. Soc. 2010, 132 (12), 4078−4079.
(13) Kim, J.; Movassaghi, M. General Approach to Epipolythiodike-
topiperazine Alkaloids: Total Synthesis of (+)-Chaetocins A and C and
(+)-12,12’-Dideoxychetracin A. J. Am. Chem. Soc. 2010, 132 (41),
14376−14378.
(14) Kim, J.; Ashenhurst, J. A.; Movassaghi, M. Total Synthesis of
(+)-11,11′-Dideoxyverticillin A. Science 2009, 324 (5924), 238.
(15) Boyer, N.; Movassaghi, M. Concise total synthesis of
(+)-gliocladins B and C. Chemical Science 2012, 3 (6), 1798−1803.
(16) Nicolaou, K. C.; Giguer̀e, D.; Totokotsopoulos, S.; Sun, Y.-P. A
Practical Sulfenylation of 2,5-Diketopiperazines. Angew. Chem., Int. Ed.
2012, 51 (3), 728−732.
(17) Kurogi, T.; Okaya, S.; Fujiwara, H.; Okano, K.; Tokuyama, H.
Total Synthesis of (+)-MPC1001B.Angew. Chem., Int. Ed. 2016, 55 (1),
283−287.
(18) Park, H. B.; Kwon, H. C.; Lee, C.-H.; Yang, H. O. Glionitrin A, an
Antibiotic-Antitumor Metabolite Derived from Competitive Inter-
action between Abandoned Mine Microbes. J. Nat. Prod. 2009, 72 (2),
248−252.
(19) Park, H. B.; Kim, Y.-J.; Park, J.-S.; Yang, H. O.; Lee, K. R.; Kwon,
H. C. Glionitrin B, a Cancer Invasion Inhibitory Diketopiperazine
Produced by Microbial Coculture. J. Nat. Prod. 2011, 74 (10), 2309−
2312.
(20) Kim, Y.-J.; Park, H. B.; Yoo, J.-H.; Kwon, H. C.; Kim, J.; Yang, H.
O. Glionitrin A, a New Diketopiperazine Disulfide, Activates ATM-
ATR-Chk1/2 via 53BP1 Phosphorylation in DU145 Cells and Shows

Antitumor Effect in Xenograft Model. Biol. Pharm. Bull. 2014, 37 (3),
378−386.
(21) Wang, H.; Regan, C. J.; Codelli, J. A.; Romanato, P.; Puchlopek-
Dermenci, A. L. A.; Reisman, S. E. Enantioselective Synthesis of
(−)-Acetylapoaranotin. Org. Lett. 2017, 19 (7), 1698−1701.
(22) Szulc, B. R.; Sil, B. C.; Ruiz, A.; Hilton, S. T. A Common
Precursor Approach to Structurally Diverse Natural Products: The
Synthesis of the Core Structure of (ı)-Clausenamide and the Total
Synthesis of (ı)-Hyalodendrin. Eur. J. Org. Chem. 2015, 2015 (34),
7438−7442.
(23) Herscheid, J. D. M.; Scholten, H. P. H.; Tijhuis, M. W.;
Ottenheijm, H. C. J. Synthesis of dehydroamino acids and
didehydrodioxopiperazines and their conversion into α-mercapto-α-
amino acid derivatives. Recueil des Travaux Chimiques des Pays-Bas
1981, 100 (2), 73−78.
(24) Takeuchi, R.; Shimokawa, J.; Fukuyama, T. Development of a
route to chiral epidithiodioxopiperazine moieties and application to the
asymmetric synthesis of (+)-hyalodendrin. Chemical Science 2014, 5
(5), 2003−2006.
(25) Maguire, O. R.; Taylor, B.; Higgins, E. M.; Rees, M.; Cobb, S. L.;
Simpkins, N. S.; Hayes, C. J.; O’Donoghue, A. C. Unusually high α-
proton acidity of prolyl residues in cyclic peptides. Chemical Science
2020, 11 (29), 7722−7729.
(26) Xu, X.-M.; Chen, D.-M.; Wang, Z.-L. Recent advances in
sulfenylation of C(sp3)H bond under transition metal-free conditions.
Chin. Chem. Lett. 2020, 31 (1), 49−57.
(27) Snaddon, T. N.; Scaggs, T. D.; Pearson, C. M.; Fyfe, J. W. B. A
Modular Construction of Epidithiodiketopiperazines. Org. Lett. 2019,
21 (12), 4873−4877.
(28) Polaske, N. W.; Dubey, R.; Nichol, G. S.; Olenyuk, B.
Enantioselective organocatalytic α-sulfenylation of substituted diketo-
piperazines. Tetrahedron: Asymmetry 2009, 20 (23), 2742−2750.
(29) Cabanillas, A.; Davies, C. D.; Male, L.; Simpkins, N. S. Highly
enantioselective access to diketopiperazines via cinchona alkaloid
catalyzed Michael additions. Chemical Science 2015, 6 (2), 1350−1354.
(30) Rees, M.; Simpkins, N. S.; Male, L. An Asymmetric Organo-
catalysis Approach to the Prenylated Alkaloid Family. Org. Lett. 2017,
19 (6), 1338−1341.
(31) Peschiulli, A.; Procuranti, B.; O’Connor, C. J.; Connon, S. J.
Synergistic organocatalysis in the kinetic resolution of secondary thiols
with concomitant desymmetrization of an anhydride.Nat. Chem. 2010,
2 (5), 380−384.
(32) Birman, V. B.; Uffman, E. W.; Jiang, H.; Li, X.; Kilbane, C. J. 2,3-
Dihydroimidazo[1,2-a]pyridines: A NewClass of Enantioselective Acyl
Transfer Catalysts and Their Use in Kinetic Resolution of Alcohols. J.
Am. Chem. Soc. 2004, 126 (39), 12226−12227.
(33) Trown, P. W. Antiviral activity of N,N’-dimethyl-epidithiapiper-
azinedione, a synthetic compound related to the gliotoxins, LL-S88α
and β, chetomin and the sporidesmins. Biochem. Biophys. Res. Commun.
1968, 33 (3), 402−407.

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.1c10364
J. Am. Chem. Soc. 2021, 143, 21218−21222

21222

https://doi.org/10.1021/cr200398y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr200398y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ijch.201100012
https://doi.org/10.1002/ijch.201100012
https://doi.org/10.2174/138955711796355276
https://doi.org/10.2174/138955711796355276
https://doi.org/10.1021/ja308429f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja308429f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja308429f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja308429f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja308429f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja308429f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja400315y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja400315y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja400315y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja400315y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja201789v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja201789v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja201789v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja201789v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja401423j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja401423j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja209354e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja209354e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja209354e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b09359?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b09359?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b09359?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja101280p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja101280p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja106869s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja106869s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja106869s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1170777
https://doi.org/10.1126/science.1170777
https://doi.org/10.1039/c2sc20270k
https://doi.org/10.1039/c2sc20270k
https://doi.org/10.1002/anie.201107623
https://doi.org/10.1002/anie.201107623
https://doi.org/10.1002/anie.201507830
https://doi.org/10.1021/np800606e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/np800606e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/np800606e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/np200563x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/np200563x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1248/bpb.b13-00719
https://doi.org/10.1248/bpb.b13-00719
https://doi.org/10.1248/bpb.b13-00719
https://doi.org/10.1021/acs.orglett.7b00418?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b00418?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejoc.201501256
https://doi.org/10.1002/ejoc.201501256
https://doi.org/10.1002/ejoc.201501256
https://doi.org/10.1002/ejoc.201501256
https://doi.org/10.1002/recl.19811000208
https://doi.org/10.1002/recl.19811000208
https://doi.org/10.1002/recl.19811000208
https://doi.org/10.1039/C3SC53222D
https://doi.org/10.1039/C3SC53222D
https://doi.org/10.1039/C3SC53222D
https://doi.org/10.1039/D0SC02508A
https://doi.org/10.1039/D0SC02508A
https://doi.org/10.1016/j.cclet.2019.05.048
https://doi.org/10.1016/j.cclet.2019.05.048
https://doi.org/10.1021/acs.orglett.9b01770?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b01770?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tetasy.2009.10.037
https://doi.org/10.1016/j.tetasy.2009.10.037
https://doi.org/10.1039/C4SC03218G
https://doi.org/10.1039/C4SC03218G
https://doi.org/10.1039/C4SC03218G
https://doi.org/10.1021/acs.orglett.7b00193?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b00193?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nchem.584
https://doi.org/10.1038/nchem.584
https://doi.org/10.1021/ja0491477?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0491477?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0491477?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0006-291X(68)90585-8
https://doi.org/10.1016/0006-291X(68)90585-8
https://doi.org/10.1016/0006-291X(68)90585-8
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c10364?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

