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ABSTRACT: We report the synthesis, chemical properties, and
disulfide bond-reducing performance of a dithiol called NAC-
MEAA, conceived as a hybrid of two biologically relevant thiols:
cysteine and cysteamine. NACMEAA is conveniently prepared
from inexpensive L-cystine in an efficient manner. As a nonvolatile,
highly soluble, and neutral compound at physiological pH with the
first thiol pKa value of 8.0, NACMEAA is reactive and user-friendly.
We also demonstrate that NACMEAA reduces disulfide bonds in
GSSG and lysozyme.

■ INTRODUCTION
Since the first report on the preparation and use of a seminal
synthetic reductive dithiol, racemic (2S,3S)-1,4-bis(sulfanyl)-
butane-2,3-diol (dithiothreitol or DTT, Table 1), by Cleland in
1964,1 the development of dithiols has become a field of great
interest for a broad number of applications, with many groups
involved worldwide.2 The continuing interest in the develop-
ment of superior and practical dithiol systems stems from their
ability to maintain thiols completely in the reduced form and
to reduce disulfide bonds that often confer their biomolecular
function as well as their reactivity in cysteine-based
bioconjugation chemistry.3 Dithiols have an advantage over
monothiols (such as glutathione, cysteine, or cysteamine) in
that the native trans-thiolation products can be rapidly cleaved
by the formation of intramolecular disulfide bonds. Cleland
designed a water-soluble (two hydroxyl and two thiol
functional groups on only four carbon atoms) solid (mp:
41−44 °C) compound that adopts a stable six-membered
cyclic structure in its oxidized form; it has become the gold
standard disulfide-reducing agent for use in all fields of
biomolecular science. However, DTT suffers from several
challenges: (1) at neutral pH, its thiol groups are protonated
and, thus, it has a low reactivity as a reducing agent;4 (2) it is
unstable in a slightly basic solution and has a very short half-life
of 1.4 h at pH 8.5;5 (3) it has the ability to chelate metals and
generate H2O2 on exposure to air;6 and most importantly, (4)
it is toxic.7 To overcome these limitations, in 1991, Whitesides
et al. developed two bias/constrained achiral α,ϖ dithiols,
N,N′-dimethyl-2-sulfanyl-N′-(2-sulfanylacetyl)acetohydrazide
(N,N′-dimethyl-N,N′-bis(mercapto-acetyl)hydrazine or DMH,
Table 1) and (2S,5R)-N,N,N′,N′-tetramethyl-2,5-bis(sulfanyl)-
hexanediamide (2,5-dimercapto-N′,N′,N′,N′-tetramethyladipa-

mide or DTA, Table 1), which are prone to form cyclic
disulfides when oxidized to produce six- to eight-membered
rings, with the presence of electron-withdrawing groups to
lower the thiol pKa.

8 Based on a similar logic and characterized
by the ability to effectively reduce disulfides efficiently at
neutral pH with a reducing potential in the range of that of
DTT, Raines et al. reported the most significant enhancement
with the preparation of two nitrogen-containing water-soluble
dithiols called (2S)-2-aminobutane-1,4-dithiol (dithiobutyl-
amine or DTBA, Table 1), from aspartic acid, and [3-
(sulfanylmethyl)pyrazin-2-yl]methanethiol (2,3-bis-
(mercaptomethyl)pyrazine or BMMP, Table 1), from 2,3-
dimethylpyrazine.9 The first pKa value of the sulfhydryl groups
in all of these dithiols is between 8.2 and 7.6 (more than one
unit lower than that of DTT), thereby making them better
reductants at a lower pH while maintaining similar
thermodynamic reduction potentials but with different kinetic
properties and (unfavorable) Coulombic interactions as DTT.
In addition, a dibenzyl derivative of DTBA that is soluble in
organic solvents and more compatible with solid-phase
synthesis was also reported recently by de la Torre et al.10

Notably, in all cases, to install the requisite sulfur
functionalities with a double Mitsunobu reaction,11 the
malodorous compound thioacetic acid was employed, i.e.,
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the source of sulfur of the final thiols was external and non-
naturally occurring.

Our goal was to identify an operationally convenient
(nonmalodorous, nontoxic, neutral, and thermally stable),
organic solvent- and water-miscible dithiol with a low pKa and
suitable disulfide redox potential, where the two sulfhydryl
groups are derived from two of the most biologically relevant
sulfur-containing compounds: L-cysteine and cysteamine. In
addition, we reasoned that the presence of the central
secondary amide bonded to the thiol-containing precursors
could provide (a) an inductive effect for thiol acidity, (b) a
hydrogen bond network for solubility and stability in water, (c)
improvement in the biocompatibility, and (d) fluxionality to
the switch between trans- and cis-amide conformers, which
brings the sulfur atoms closer in space and promotes the
formation of intramolecular disulfide bonds.12 We envisioned
that (2R)-2-(acetylamino)-3-mercapto-N-(2-mercaptoethyl)
propanamide (N-acetylcysteine mercaptoethylamine amide or
NACMEAA (1)) could satisfy these criteria and be synthesized
from abundant and largely accessible L-cystine, which indeed is
produced via fermentation.13 Thus, as part of our ongoing
interest in the modulation of redox signaling in cells,14 in this
paper, we report the synthesis, physicochemical properties, and
disulfide bond-reducing performance on both small molecules
and biomolecules of this novel biocompatible reagent.

■ RESULTS AND DISCUSSION
We accessed NACMEAA (1) via a new four-step route,
depicted in Scheme 1, which avoids the use of flash
chromatography purifications throughout the whole sequence
and satisfies our aim of developing clean transformations and
obtaining pure intermediates from simple recrystallizations

and/or liquid separations.15 The route commenced with the
double N-acetylation of L-cystine (2), an abundant and
biobased raw material. Due to the low solubility of L-cystine
(2) in common organic solvents and its high solubility in water
at basic pH, we decided to treat L-cystine (2) with various
acylating agents in basic aqueous solution at room temper-
ature. Acetic anhydride, which is available in large quantities at
reasonable prices, has proven to be an appropriate acetyl donor
substrate, leading to product 3 in high yield after acidification
with Dowex 50W-X8(H) and removal of water.16 The
chemoselective formation of double amide bonds with S-acetyl
cysteamine trifluoroacetate salt (4) turned out to be difficult,
probably due to the thermodynamically favored S-to-N acyl
transfer processes of the latter under basic conditions (see
Table S1). Among the most reliable and widely used coupling
reagent-mediated condensation methods to synthesize protei-
nogenic α-amino acid peptides, only the combination of
HATU and a proper order of addition of the reagents (see
below) efficiently provided a good yield and easy purification
of 5.17 When the same reaction conditions were applied to N-
acetyl-cysteine or unprotected free cysteamine, the reaction
was unsuccessful, highlighting the importance of having the
thiol group protected/masked.18 The reductive cleavage of the
disulfide bond with the commercially available and crystalline
solid tris(2-carboxyethyl)phosphine hydrochloride (TCEP-
HCl)19 in aqueous media yielded 2 equiv of thiol 6 in 61%
yield after crystallization, which was subjected to mild thioester
ammonolysis to give the desired NACMEAA (1) in 99% purity
and an overall yield of 28%. The optical purity of these
compounds was established by comparing the specific rotation
values reported in the literature. (For example, NACMEAA
showed [α]D

20 = −55 (c = 0.24, CHCl3); lit.15 [α]D
20 = −50 (c =

1.2, CHCl3)].) Reactions were typically carried out using 10 g
of L-cystine but could be readily scaled up (see the Supporting
Information). Unfortunately, performing the disulfide reduc-
tion with cheaper reducing agents such as zinc in acetic acid
and magnesium in methanol was unsuccessful. Using sodium
borohydride in THF or MeOH, very low conversion was
observed after 48 h. When we treated 5 with 1.3 equiv of
tributylphosphine, cheaper than TCEP-HCl albeit highly toxic
with unpleasant smell, in MeOH/H2O (5:1), the formation of
the product was detected together with the transposition
products (see ref 15). In addition, this reagent is more air-
sensitive than TCEP, and the tributylphosphine oxide
byproduct is hard to remove. TCEP has proven to be the
most effective and practical reducing agent in this case,
although it is quite expensive.20 Conversely, all the reactions
were accomplished at room temperature, and three out of four
steps were conducted in aqueous media. Aqueous systems for
the amide coupling of 3 with 4 have also been briefly

Table 1. Physicochemical Properties of Dithiol-Reducing
Agents

aValue is from ref 2a. bValue is from ref 2b. cValues are from ref 8a.
dValues are from ref 8b. eValues are from ref 9a. fValues are from ref
9b. gValues are from this work.

Scheme 1. Four-Step Synthesis of NACMEAA
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investigated using water, water−surfactant mixtures, and two-
phase systems; however, none seemed to give acceptable
results. Moreover, this synthetic strategy shows an increased
efficiency compared to previous methods,15 which opens the
door to further exploration of this scaffold. It is important to
note that this approach may be more suitable for analog
generation compared to previous methods.

NACMEAA (1) has desirable chemical properties. It is a
practically odorless solid with a high solubility in water as well
as in a broad range of organic solvents. It also has a low pKa.
Using pH-titration experiments that were broad enough to
cover the transition from protonated to unprotonated forms
and were monitored by ultraviolet spectroscopy (absorbance at
238 nm),21 we determined the thiol pKa values of NACMEAA
to be 8.0 ± 0.1 and 9.5 ± 0.1 (Figure S1). Even though the pKa
value is not the main determinant for enhancing the reactivity
of a thiol group and/or influencing the mechanisms of thiol−
disulfide substitution, these values are lower than those of
DTT and other similar dithiols reported previously (see Table
1).22

According to the 1H,1H-COSY spectrum, the most down-
field-shifted resonance of NACMEAA belongs to the thiol
proton of the cysteine part, suggesting that it is the most acidic
proton (see Figure S5). Also, it is more acidic than cysteine
itself (pKa = 10.78), likely resulting from the inductive effects
of the amido group and/or related to the engagement of the
cysteinyl SH in an intramolecular H-bonding with the amide
carbonyl; thus, NACMEAA has a more reactive thiolate
population at physiological pH.13

By equilibrating reduced NACMEAA with oxidized 2-
mercaptoethanol (βMEox)23 and using HPLC to quantify
reduced and oxidized species at pH 7, we found the reduction
potential of oxidized NACMEAA (1ox) to be E°′ = (−0.219 ±
0.004) V (Figure S2). This value is within the range of
disulfide redox potentials found in proteins but is close to the
oxidizing end of the scale. We speculate that the relative
instability of this disulfide bond is innate and is due to the
strained nature of the eight-membered ring resulting from
disulfide-bond formation. The ring strain is probably due to
the distorted trans conformation that the ring adopts, as widely
reported for similar vicinal disulfide ring-containing molecules
(Figure 1).24 Moreover, considering that protein disulfide

isomerase (PDI), the essential cellular enzyme that catalyzes
the unscrambling of non-native disulfide bonds in other
proteins, has an E°′ of −0.18 V, it could be an advantage in
future PDI mimetic research.25 However, the value of E°′ for
NACMEAA indicates that its ring closure is less favorable
overall than that of DTT, so it is more resistant to oxidation on
exposure to air.

NACMEAA is an efficacious reducing agent for disulfide
bonds. Time-course monitoring of oxidized L-glutathione
reduction by 0.25 mM DTT vs NACMEAA showed
comparable efficiencies of the two compounds (Figure 2),
while higher GSH amounts were measured after 1 h of
incubation with 0.025−0.125 mM NACMEAA (1), with
respect to the same doses of DTT (Figure 2). The product of
GSSG reduction, i.e., GSH, was determined by an HPLC
method based on separation coupled with ultraviolet detection
and precolumn derivatization with 5,5′-dithiobis-(2-nitro-
benzoic acid).

Based on the promising studies above, we then attempted to
qualitatively identify protein disulfides that exhibit sensitivity
to our dithiol-based reducing agents. Lysozyme, a mucolytic
enzyme with antibiotic properties, is one of the most widely
studied proteins and is often used as a model system to study
the effect of additives on protein folding and aggregation.26 It
is a typical globular protein that is comprised of an assortment
of large and small α-helices and a few short β-sheets containing
four disulfide bonds, two in the α-domain (Cys6−Cys127 and
Cys30−Cys115), one in the β-domain (Cys64−Cys80), and
another connecting the two domains (Cys76−Cys94).27 This
protein was chosen to demonstrate the usefulness of
NACMEAA as a valuable reducing agent for disulfide bonds
in proteins. Furthermore, the microenvironment of each
disulfide is very different in terms of its amino acid sequence
and physicochemical properties. Lysozyme was subjected to a
reduction−alkylation redox protocol (Figure 3).

Cysteines that undergo alkylation by iodoacetamide (IAM)
or N-ethylmaleimide (NEM) after reduction with NACMEAA
represent targets of these dithiol-based reducing agents
(“redox-sensitive Cys”). Gratifyingly, the amount of NEM- or
IAM-modified cysteines (Cys6, Cys30, Cys64, and Cys115)
was increased in a concentration-dependent manner in all
reduced lysozyme samples compared to the nonreduced (NR)
samples, suggesting the ability of NACMEAA to reduce the
disulfide bridge formed by these residues. The peptides
containing alkylated cysteines at C76, C80, C94, and C127
were slightly or not detected, indicating that Cys76−Cys94,
the interdomain disulfide, forms a stable bond or is buried in
the protein core (Figure S3). Similar and rewarding results
were also obtained with a larger globular plasma protein,
bovine serum albumin,28 which contains eight disulfide bonds
(and one free thiol group), during the evaluation and
identification of redox-sensitive disulfides using 0.5 or 1 mM
NACMEAA and IAM as the chemical probe for alkylation
(Figure S4).

■ CONCLUSIONS
In conclusion, we have developed a disulfide-reducing agent
that exhibits favorable chemical and physical features. The two
thiols from cysteine and cysteamine residues as well as the
convoluted hydrogen-bonding networks provided by the two
secondary amides allow NACMEAA to have good (bio)-
chemical attributes with a similar performance as DTT but
with an extended pH range at which disulfide bonds can be
efficiently reduced. These properties make NACMEAA an
interesting reagent for the reduction of disulfide bonds, and we
expect that it will complement existing methods in the field of
chemical biology.

Figure 1. Conformations of 1ox.

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.2c01050
J. Org. Chem. 2022, 87, 10073−10079

10075

https://pubs.acs.org/doi/suppl/10.1021/acs.joc.2c01050/suppl_file/jo2c01050_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.2c01050/suppl_file/jo2c01050_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.2c01050/suppl_file/jo2c01050_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.2c01050/suppl_file/jo2c01050_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.2c01050/suppl_file/jo2c01050_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.joc.2c01050?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.2c01050?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.2c01050?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.2c01050?fig=fig1&ref=pdf
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.2c01050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ EXPERIMENTAL SECTION
General Methods. All reactions were run in air. Analytical thin-

layer chromatography (TLC) was carried out on silica gel plates
(silica gel 60 F254) that were visualized by exposure to ultraviolet light.
The 1H NMR and 13C NMR spectra were recorded on a 400
spectrometer using CDCl3, CD3OD, and D2O as solvents. Chemical
shifts (δ scale) are reported in parts per million (ppm) relative to the
central peak of the solvent. Coupling constants (J values) are given in
hertz (Hz). Structural assignments were made with additional
information from the gCOSY experiment. Melting points were
determined on a capillary melting point apparatus and were
uncorrected. Optical rotation analysis was performed with a
polarimeter using a sodium lamp (λ = 589 nm, D-line); [α]D

20 values

are reported in 10−1 deg cm2 g−1; concentration (c) is in g for 100 mL.
HRMS analysis was performed using Orbitrap Exploris mass
spectrometers.
Starting Materials. L-Cystine (2), β-mercaptoethanol (βME),

and 2-hydroxyethyldisulfide (βMEox) are commercially available. S-
Acetyl cysteamine trifluoroacetate salt (4) was synthetized as reported
in the literature.29

N,N′-Diacetyl-L-cystine (3). To a suspension of L-cystine (2) (10 g,
41.7 mmol) in H2O (42 mL) were added 5 M NaOH (30 mL, 150
mmol) and acetic anhydride (12 mL, 127.2 mmol). The reaction
mixture was stirred at room temperature for 90 min. The resulting
crude was poured into a beaker containing Dowex 50W-X8(H) (100
mL of water-wet resin) and H2O (30 mL). The suspension was
filtered, and the resin was washed with H2O (3 × 200 mL). The
filtrate was concentrated at reduced pressure to obtain 3 (12.8 g,
95%) as a yellowish oil, which was used for the following reaction
without further purification. 1H NMR (400 MHz, CD3OD): δ 4.73
(dd, J = 9.0, 4.5 Hz, 2H), 3.29 (dd, J = 14.0, 4.5 Hz, 2H), 3.00 (dd, J
= 14.0, 9.0 Hz, 2H), 2.02 (s, 6H). 13C{H} NMR (100 MHz,
CD3OD): 172.2, 172.0, 51.6, 39.5, 21.0. [α]D

20 = −99.5 (c = 1.01,
D2O); lit.30 [α]D

20 = −102.95 (c = 1.06, D2O). The chemical−physical
data are in accordance with the compound reported in the literature.30

S,S′-((((2R,2′R)-3,3′-Disulfanediylbis(2-acetamidopropanoyl))bis-
(azanediyl))bis(ethane-2,1-diyl)) Diethanethioate (5). To a solution
of N,N′-diacetyl-L-cystine (3) (6 g, 18.5 mmol), S-acetyl cysteamine
trifluoroacetate salt (4) (8.6 g, 55.6 mmol), and HATU (21.1 g, 55.6
mmol) in DMF (93 mL) was added DIPEA (22.4 mL, 129.6 mmol).
After stirring at room temperature for 16 h, the mixture was diluted
with CHCl3 (500 mL) and washed with 5% aqueous LiCl (2 × 250
mL). The aqueous phase was extracted with CHCl3 (1 × 150 mL).
The combined organic phases were washed with 1 N HCl (2 × 200
mL), H2O (1 × 200 mL), 5% aqueous NaHCO3 (2 × 200 mL), and
brine (1 × 200 mL). The organic layer was dried over anhydrous
Na2SO4, and the solvent was evaporated under reduced pressure to
obtain 5 (6.13 g, 63%) as a white solid, which was used for the
following reaction without further purification. A portion was purified
by flash chromatography (CHCl3/MeOH, 98:2). 1H NMR (400
MHz, CD3OD): δ 4.66 (dd, J = 8.5, 5.5 Hz, 2H), 3.38 (m, 4H), 3.17
(dd, J = 14.0, 5.5 Hz, 2H), 3.03 (t, J = 6.5 Hz, 4H), 2.92 (dd, J = 14.0,
8.5 Hz, 2H), 2.33 (s, 6H), 2.01 (s, 6H). 13C{H} NMR (100 MHz,
CD3OD): δ 194.4, 170.6, 169.8, 81.3, 38.7, 37.5, 27.7, 26.4, 19.8; mp
= (decomp.) >250 °C; [α]D

20 = −53.1 (c = 0.16, MeOH); HRMS
(ESI-TOF) m/z: [M + H]+ calcd for C18H31N4O6S4, 527.1121;
found, 527.1126.
(R)-S-(2-(2-Acetamido-3-mercaptopropanamido)ethyl) Ethane-

thioate (6). To a suspension of 5 (5.88 g, 11.2 mmol) and TCEP-
HCl (3.36 g, 11.7 mmol) in MeOH (75 mL) was added buffer acetate
at pH 4 (20.2 mL). After stirring at room temperature for 16 h, the
mixture was diluted with H2O (30 mL) and extracted with CHCl3 (3
× 150 mL). The combined organic phases were washed with brine
and dried over anhydrous Na2SO4, and the solvent was evaporated

Figure 2. Oxidized L-glutathione (GSSG) reduction by DTT and NACMEAA. (A) Time course (5, 10, 30, and 60 min) of reduced glutathione
(GSH) formation by incubation of 25 μM GSSG at pH 7.4 and 37 °C with 0.25 mM DTT or NACMEAA. (B) GSH formation after incubation of
25 μM GSSG in PBS at pH 7.4 and 37 °C for 1 h with different concentrations of DTT or NACMEAA. The results represent the mean ± SD of at
least two independent experiments.

Figure 3. MS-identified peptides with cysteine modifications from
lysozyme. Semiquantitative analysis of cysteine-containing peptides
obtained in nontreated control lysozyme (NR) samples or samples of
lysozyme treated with 0.5 or 1 mM NACMEAA and alkylated by (A)
NEM or (B) IAM.
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under reduced pressure. The residue obtained was crystallized with
ethyl acetate/petroleum ether to give 6 (3.6 g, 61%) as a white solid,
which was used for the following reaction without further purification.
A portion was purified by flash chromatography (gradient from
DCM/MeOH (98:2) to DCM/MeOH (96:4)). mp = 126−128 °C;
1H NMR (400 MHz, CDCl3) δ 7.17 (t, J = 5.5 Hz, 1H), 6.80 (d, J =
8.0 Hz, 1H), 4.65 (ddd, J = 8.0, 6.5, 4.5 Hz, 1H), 3.55−3.34 (m, 2H),
3.03 (t, J = 6.5 Hz, 2H), 2.99 (ddd, J = 14.0, 8.0, 4.5 Hz, 1H), 2.76
(ddd, J = 14.0, 10.0, 6.5 Hz, 1H), 2.35 (s, 3H), 2.06 (s, 3H), 1.60 (dd,
J = 10.0, 8.0 Hz, 1H). 13C{H} NMR (100 MHz, CDCl3): δ 196.3,
170.4, 170.0, 54.2, 39.6, 30.7, 28.5, 26.8, 23.2; [α]D

20 = −37 (c = 0.87,
CHCl3); lit.15 [α]D

20 = −40 (c = 0.87, CHCl3); HRMS (ESI-TOF) m/
z: [M + H]+ calcd for C9H17N2O3S2, 265.0675; found, 265.0681. The
chemical−physical data are in accordance with the literature.15

(R)-2-Acetamido-3-mercapto-N-(2-mercaptoethyl)propanamide
(1). To a solution of 6 (600 mg, 2.3 mmol) in H2O (11 mL) was
added NH4OH (11 mL). After stirring at room temperature for 30
min, the mixture was acidified with 37% HCl (around 11 mL). The
aqueous phase was extracted with CHCl3 (5 × 80 mL). The
combined organic phases were washed with brine and dried over
anhydrous Na2SO4, and the solvent was evaporated under reduced
pressure. The solid was triturated with hexane to give 1 (393 mg,
77%) as a white solid. mp = 130−132 °C; 1H NMR (400 MHz,
D2O): δ 4.58 (t, J = 6.0 Hz, 1H), 3.60−3.49 (m, 2H), 3.04 (d, J = 6.5
Hz, 2H), 2.80 (t, J = 6.5 Hz, 2H), 2.20 (s, 3H); 1H NMR (400 MHz,
CDCl3): δ 6.71 (br s, 1H), 6.47 (br d, J = 7.5 Hz, 1H), 4.58 (ddd, J =
7.5, 7.5, 4.2 Hz, 1H), 3.56−3.41 (m, 2H), 3.09 (ddd, J = 14.0, 7.5, 4.0
Hz, 1H), 2.68 (ddd, J = 14.0, 10.2, 7.5 Hz, 1H), 2.73−2.67 (m, 1H),
2.09 (s, 3H), 1.73 (dd, J = 10.2, 7.5 Hz, 1H), 1.43 (t, J = 8.5 Hz, 1H).
13C{H} NMR (100 MHz, CDCl3): δ 170.6, 170.1, 54.5, 42.5, 26.7,
24.3, 23.2; [α]D

20 = −55 (c = 0.24, CHCl3); lit.15 [α]D
20 = −50 (c = 1.2,

CHCl3); HRMS (ESI-TOF) m/z: [M + H]+ calcd for C7H15N2O2S2,
223.0569; found, 223.0559. The chemical−physical data are in
accordance with the literature.15

(R)-N-(6-Oxo-1,2,5-dithiazocan-7-yl)acetamide (1ox). NAC-
MEAA (1) (75 mg, 0.33 mmol) was dissolved in EtOAc (330 mL),
the mixture was cooled at 0 °C, and then a solution of KHCO3 (45
mL, 10% w/v in water) was added. A solution of I2 (154 mg, 0.61
mmol) in EtOAc (10.5 mL) was added dropwise (the solution turned
brown), and the mixture was stirred at the same temperature for 1 h.
The reaction was quenched by the dropwise addition of aqueous
sodium thiosulfate until the solution became colorless. The organic
layer was separated, dried with Na2SO4, filtered, and concentrated to
afford a white powder that was purified by flash chromatography
eluting from pure CH2Cl2 to 5% MeOH in CH2Cl2, affording 1ox (55
mg, 75%) in four indistinguishable conformations.24e mp = (decomp.)
>250 °C; 1H NMR (400 MHz, DMSO-d6): δ conformer mixture 8.25
(br s, 0.5H), 8.16 (br s, 1H), 8.05 (br s, 0.5H), 7.68 (br s, 1H), 4.6−
4.48 (m, 0.5H), 3.95−3.81 (m, 1H), 3.54−3.45 (m, 1H), 3.15−2.92
(m, 1H), 2.77−2.69 (m, 1H), 2.51−2.50 (m, 0.5H); 13C NMR (100
MHz, DMSO-d6) δ conformer mixture 174.2, 173.3, 170.6, 169.8,
169.5, 169.3, 52.5, 52.3, 48.7, 48.5, 29.4, 29.1, 23.0, 23.0, 22.8, 22.8;
HRMS (ESI-TOF) m/z: [M + H]+ calcd for C7H13N2O2S2, 221.0413;
found, 221.0414.
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