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We report the one-step synthesis of diversely substituted func-
tional 1,2-dithiolanes by reacting readily accessible 1,3-bis-tert-
butyl thioethers with bromine. The reaction proceeds to com-
pletion within minutes under mild conditions, presumably via a
sulfonium-mediated ring closure. Using X-ray crystallography and
UV-vis spectroscopy, we demonstrate how substituent size and
ring substitution pattern can affect the geometry and photo-
physical properties of 1,2-dithiolanes.

1,2-Dithiolanes are five-membered heterocyclic molecules con-
taining a disulfide bond. The intricate reactivity of this class of
disulfides, arising from the geometric constraints imposed
upon the sulfur-sulfur (S-S) bond, has been exploited for cell-
uptake applications,"® reversible protein-polymer conju-
gation,” biosensors,® dynamic networks,”* and functional
polymer synthesis.">*®

Distinct from linear disulfides, which usually exhibit CSSC
dihedral angles around 90°, the five-membered cyclic geome-
try of 1,2-dithiolanes forces the disulfide scaffold into confor-
mations with CSSC dihedral angles often lower than 35°
(Fig. 1A and S1A%)."”'® At such low dihedral angles, the neigh-
boring fully occupied non-bonding sulfur orbitals overlap,'®>°
causing a destabilizing four-electron interaction, also known
as closed-shell repulsion (Fig. S1Af).>' This stereoelectronic
effect weakens the S-S bond, rendering 1,2-dithiolanes prone
to rapid thiol-disulfide exchange®*** and ring-opening
polymerization.”'®** Such polydisulfides generated from 1,2-
dithiolanes are typically dynamic and can be reversibly
depolymerized,'*>>*® a phenomenon that has been exploited
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for the direct polydisulfide-mediated cytosolic delivery of
various cargo,”” such as proteins,” quantum dots,*® or silica
particles.>

In addition to the CSSC dihedral angle, a determining
factor for the reactivity of 1,2-dithiolanes is the ring substi-
tution pattern.'>***! For example, Matile’s group reported pro-
found differences in the polymerization behavior*® and the
cell-uptake efficiency® of lipoic acid and asparagusic acid
(Fig. 1A). Whitesides and coworkers showed that higher-substi-
tuted 1,2-dithiolanes are more resistant towards reduction and
ring-opening (Fig. S1Bt).>> Considering these results, we
believe there is great potential in controlling 1,2-dithiolane
reactivity via tailored substituent selection. However, most
application-focused reports revolve around commercially avail-
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Fig. 1 Electronic properties and synthesis of 1,2-dithiolanes. (A) The
low CSSC dihedral angle (¢) imparts 1,2-dithiolanes, such as lipoic or
asparagusic acid, with unique reactivity. (B) Previous syntheses of 1,2-
dithiolanes involved a two-step reaction sequence. (C) Our strategy pro-
vides hydroxy-functional 1,2-dithiolanes in a single step from readily
available 1,3-bis-tert-butyl thioether substrates.
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able lipoic acid (Fig. 1A) and its amide or ester derivatives.
This lack of substrate variety is arguably due to the limited syn-
thetic accessibility of substituted 1,2-dithiolane derivatives
with functional handles for downstream modification. 1,2-
Dithiolanes are commonly synthesized in a two-step sequence,
which includes generation of the 1,3-dithiol via hydrolysis or
reduction of suitable precursors, followed by oxidation to the
corresponding 1,2-dithiolane (Fig. 1B). However, formation of
the 1,3-dithiol often requires harsh reaction conditions that
limit functional group tolerance and often lead to undesired
polydisulfide formation. To overcome these synthetic limit-
ations and expand the substrate toolbox for applications of
1,2-dithiolanes, we developed a modular one-step synthesis of
diversely substituted 1,2-dithiolanes from readily accessible
1,3-bis-tert-butyl thioethers (Fig. 1C). Furthermore, the 1,3-bis-
tert-butyl thioethers were designed to feature a hydroxy group
that can be used as a handle for downstream functionaliza-
tions of the 1,2-dithiolane product.

tert-Butyl protection of thiols is typically known for robust-
ness and stability.’*** However, Mayor** and later Feringa®’
leveraged the tert-butyl group for the direct transformation of
S-tert-butyl thioethers into thioacetates using acetyl chloride
and a catalytic amount of Br, or TiCl,, respectively. Specifically
intriguing to us was Mayor’s observation of disulfide side pro-
ducts during the reaction.*® Based on these reports, we tested
if S-tert-butyl cleavage in combination with intramolecular di-
sulfide formation promoted by electrophilic halogen reagents
could provide access to 1,2-dithiolanes from 1,3-bis-tert-butyl
thioethers in a single step. Optimization of the reaction con-
ditions with thioether 1a as a substrate showed that Br,, in
combination with hydrated silica gel, was most effective for
the targeted transformation, yielding 4-hydroxy-4-phenyl-1,2-
dithiolane PhDL in 77% isolated yield (Table 1). The addition
of silica gel to the reaction mixture improved the yield (entries
1 and 2), presumably by scavenging reactive byproducts,*
which could be visually confirmed by the discoloration of the
silica gel over the course of the reaction. While the slow

Table 1 Optimization of reaction conditions?

HQ Ph HQ Ph

Br; (1.3 equiv)
silica gel 8%
—_—
>rs s\|< DCM,r.t, 10min S>>
1a PhDL

Entry Deviation from standard conditions Yield ? (%)
1 None 77

2 No silica gel 52

3¢ 0°C 24

4 NBS instead of Br, 28

5 C,Cl,Br, instead of Br, n.r.

6 I, instead of Br, n.r.

“All reactions were run to full conversion of 1a unless no reaction
(n. r.) was observed. Standard conditions: 1a (1.0 mmol), silica gel ([g
silica gel]/[mmol 1a] = 2), DCM (20 mL), room temperature (r. t.).

Isolated yield after column chromatography. ©2.2 equiv. Br, ¢3
equiv. NBS.
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addition of 1.3 equivalents of Br, typically led to full conver-
sion of 1a, lower reaction temperatures required increased
amounts of Br, for the reaction to complete (entry 3). Other
electrophilic halogen reagents, such as N-bromosuccinimide
(NBS) or 1,2-dibromotetrachloroethane (C,Cl,Br,), were less
effective or showed no reaction (entries 4-6).

Analysis of the crude reaction mixture by '"H NMR spec-
troscopy and GC-MS showed the formation of 1,2-dibromo-2-
methylpropane and tert-butyl bromide as the major byproducts
(Fig. S2-57). Based on these results, we propose that ring
closure proceeds via the initial formation of sulfonium
bromide A,*” followed by elimination of isobutylene (Fig. 2).
The activated sulfenyl bromide B could then undergo intra-
molecular cyclization to compound C, which yields the target
1,2-dithiolane after another elimination of isobutylene.
Isobutylene (T}, = —6.9 °C) either evaporates from the reaction
mixture or reacts with Br, and HBr to form 1,2-dibromo-2-
methylpropane and tert-butyl bromide, respectively (Fig. 2).
The higher solubility of isobutylene in the mixture at lower
temperatures would also explain the increased consumption of
Br, at 0 °C (Table 1, entry 3).

Having established this synthetic strategy, we aimed to
generate multiple 1,3-bis-tert-butyl thioether compounds
(Fig. S6t) for the subsequent transformation into 1,2-dithio-
lanes (Fig. 1C). Specifically, we synthesized 1,3-bis-tert-butyl
thioethers 1a-11 from various 1,3-dichloropropan-2-ol deriva-
tives, a,a’-halogenated ketones, and 2-(chloromethyl)oxiranes
with tert-butylthiol and K,CO; as a base in DMF at room temp-
erature (Fig. S6T). This broad range of suitable starting
materials suggests that a variety of 1,3-bis-tert-butyl thioether
substrates can be readily generated by this protocol. Notably,
the reaction could be conducted on multigram scales (1a and
1f) and all products were obtained in good yield and purity,
often without the need of chromatographic purification.

Following the 1,3-bis-tert-butyl thioether preparation, we
used the optimized Bry-induced ring-closure conditions
(Table 1) to convert 1,3-bis-tert-butyl thioethers 1a-1f and 1l
into 4-hydroxy-1,2-dithiolanes with moderate to good yields
(Fig. 3). This approach provided access to seven new 1,2-dithio-
lane derivatives with unprecedented ring substitution and

Fig. 2 Proposed reaction mechanism for the deprotection-disulfide
formation sequence affording 4-hydroxy-4-phenyl-1,2-dithiolane
(PhDL). After elimination, isobutylene either evaporates or is converted
into brominated byproducts.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Preparation of hydroxy-functional 1,2-dithiolanes with isolated
yields. The lower yield of HDL is likely due to auto-polymerization
during purification. The X-ray crystal structures of DiMeDL and C12DL
show a shortened S-S bond length (d) and a compressed CSSC dihedral
angle (¢).

functionality (Fig. 3). Geminal to the hydroxy group, the substi-
tuents were varied from hydrogen (HDL) to propyl (nPrDL), iso-
propyl (iPrDL), and dodecyl (C12DL); phenyl (PhDL), thiophe-
nyl (TphDL), and bromothiophenyl (BrTphDL) groups could
be installed as aromatic analogues. Additionally, we created an
intriguing alternative 1,2-dithiolane scaffold with gem-
dimethyl substitution vicinal to the disulfide bond (DiMeDL).
Importantly, this reaction proved efficient on multigram scales
(iPrDL and PhDL), which will be beneficial in 1,2-dithiolane
applications.

With the compounds in hand, we sought to evaluate the
effect of substituent size and substitution pattern on 1,2-
dithiolane ring conformation, since the geometry and dihedral
angle of the disulfide moiety profoundly affects the properties
of 1,2-dithiolanes (Fig. S1At). The crystal structures of C12DL
and DiMeDL (Fig. 3) revealed similarly elongated S-S bond
lengths around 2.06 A (linear disulfide bond lengths are typi-
cally around 2.03 A)'” but differing CSSC dihedral angles of
35.2° and 23.4°, respectively. Interestingly, this CSSC dihedral
angle reduction coincided with a sharp decrease of the CCSS
dihedral angle from 21° to 1° (Table S17). Comparison with all
available crystal structures of unbridged and monocyclic 1,2-
dithiolanes showed a similar, almost linear relationship
between the CSSC and the CCSS dihedral angles (Tables S1
and S2, Fig. S71). We believe that such eclipsed CCSS confor-
mations in 1,2-dithiolanes with low CSSC dihedral angles

This journal is © The Royal Society of Chemistry 2020
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could potentially contribute to the reactivity associated with
such compounds, warranting future investigations.

Next, we turned to UV-vis spectroscopy to analyze the
maximum absorbance wavelength (Any.) of the first electronic
transition (S, — S;), which provides information about the S-S
bond geometry in 1,2-dithiolanes. Specifically, the energy of
So — S in disulfides is dependent on the overlap of the fully occu-
pied non-bonding sulfur orbitals, which in turn is determined by
the CSSC dihedral angle (Fig. S1A1)."*?° For example, a stronger
orbital overlap at lower CSSC dihedral angles raises the HOMO
energy while the LUMO remains largely unaffected,®® thus redu-
cing the photon energy required for the excitation of S, — S;.

For the 1,2-dithiolane products tested in this report, we
recorded a slight increase of A, upon geminal substitution
on C4 (Fig. 4, S8, and Table S3t). HDL exhibited a Apax of
327 nm, whereas derivatives with alkyl and aromatic substitu-
ents on C4 showed .. values around 335 and 339 nm,
respectively. The absorbance bands of derivatives with aro-
matic substituents were generally broader than those of deriva-
tives with alkyl substituents, suggesting differences in the anti-
bonding character of S§;.*® Substitution on C3 in DiMeDL
resulted in a large A« red shift to 354 nm, which corroborates
with the lower CSSC dihedral angle revealed in the crystal
structure. These results suggest that ring substitution affects
the geometry and the photophysical properties of 1,2-dithio-
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Fig. 4 Substituent effects on the photophysical properties of 1,2-
dithiolanes. (A) Overlay of representative UV-vis absorbance spectra
taken at 10 mM in DMSO. (B) Bar diagram showing the variation of the
maximum absorbance wavelength (1ax) With respect to 4-hydroxy-1,2-
dithiolane substituent.
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lanes. Furthermore, based on the linear increase of A,,,x with
C4 substituent A-values (Fig. S91), we propose that the substi-
tuent effects in this position are mostly of steric nature.

Typically, low CSSC dihedral angles in 1,2-dithiolane com-
pounds are associated with ring strain and S-S bond instabil-
ity. For example, auto-polymerization has been commonly
observed for 1,2-dithiolanes,'>'®%*3%%% an issue we also
encountered during purification of the compounds. We noted
dramatic stability differences between HDL and higher substi-
tuted iPrDL, and C12DL. For example, HDL could be used only
in solution due to rapid polymerization upon concentration,
whereas iPrDL and C12DL were bench-stable over weeks.
While the crystalline nature of C12DL could have a stabilizing
effect, HDL and #PrDL are liquids and still showed substantial
differences in stability.

To further investigate this observation, we estimated the ring
strain for HDL and #PrDL via quantum chemical calculations of
the enthalpy of reaction (A,,H) for the isodesmic reaction
between 1,4-butanedithiol (BuSH) and HDL or iPrDL (Table 2).
The value of A,,H reflects the additional ring strain of the 1,2-
dithiolane compound with respect to the relatively unstrained
1,2-dithiane (BuSS). The calculations revealed a A ,H of —27.9 kJ
mol ™" for HDL, which is slightly higher than the ring strain for
1,2-dithiolane determined by Sunner'' via iodine oxidation.
Upon geminal substitution on C3 with an isopropyl group, A,H
was reduced to —2.9 kJ mol™', corroborating with the higher
stability of iPrDL observed experimentally, emphasizing the stabi-
lizing effect from substitution in cyclic structures.'******3

Finally, to test if the hydroxy group incorporated in the 1,2-
dithiolane structure was suitable for downstream modifi-
cations, we reacted PhDL with isobutyryl chloride, affording
1,2-ditholane ester 2 in good yield (Fig. 5). Using the same
strategy, we synthesized 1,2-dithiolane acrylate 3 from iPrDL
and acryloyl chloride. The subsequent base-catalyzed thia-
Michael addition between benzyl mercaptan and 3 provided
Michael adduct 4 in high yield. We believe that such trans-
formations could be particularly useful in applications that
require covalent conjugation of 1,2-dithiolanes to substrates
such as proteins or polymers.

Table 2 Ring strain calculations via the isodesmic reaction of 1,4-buta-
nedithiol (BuSH) and 1,2-dithiane (BuSS) with a 1,2-dithiolane derivative
in the ring-closed (DL) and 1,3-dithiol (C3SH) form

HOR — HOR .
Hs\/\/\sH + &R" T ¢ * NR"
S-S SH SH
BuSH DL BuSS C3SH
R’ R” Compound ApnH “ (k] mol™) Amax © (nm)
H H HDL —-27.9 327
iPr H iPrDL -2.9 336

“Calculated via An,H = [AH (BuSS) + A¢H (C3SH)] — [AH (BuSH) +
A¢H (DL)] All enthalpies of formation (A¢H) were calculated for the gas
phase at 298 K using a B3LYP/6-311G** basis set. ” Determined from
UV-vis spectroscopy (Table S4t). Higher Am.x values indicate lower
CSSC dihedral angles.
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Fig. 5 Downstream functionalization of 1,2-dithiolanes, exploiting the
hydroxy functionality. Triethylamine (TEA) was used as a base with 4-di-
methylaminopyridine (DMAP) as a catalyst in the esterification of PhDL.
1,8-Diazabicylcoundec-7-ene (DBU) was employed in the base-cata-
lyzed thia-Michael addition of 1,2-dithiolane acrylate 3 with benzyl
mercaptan.

In conclusion, we disclosed a scalable and straightforward
synthetic protocol for diversely substituted new 1,2-dithiolane
compounds featuring a hydroxy functionality as a valuable
handle for downstream conjugation. X-ray crystallography, UV-
vis spectroscopy, and quantum chemical calculations revealed
profound substitution effects on the stereoelectronic properties
and the stability of the 1,2-dithiolane derivatives, suggesting that
1,2-dithiolane reactivity can be tuned by careful substituent
selection. We believe this report represents an attractive avenue
for the future design of 1,2-dithiolanes in advanced applications,
such as cargo delivery and stimuli-responsive polymer materials.
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