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a b s t r a c t

Thiol-ene and thiol-yne photomediated conjugations have received substantial attention in research and
in practice. Herein is presented the photodisulfidation of alkenes based on the radical-mediated 1:1
reaction of a disulfide and a vinyl ether, which provides an additional route for the formation of the types
of sulfides seen in thiol-ene and thiol-yne polymers. Although similar linkages are formed, this approach
starting with disulfides is expected to have benefits over the thiol-ene and thiol-yne reactions including
extended shelf life of disulfides compared to thiols, reduced shrinkage stress, and increased refractive
index of the resulting materials. It was determined that vinyl ethers were the only alkenes capable of
undergoing photodisulfidation under ambient conditions and in reasonable timescales. The reaction
between vinyl ethers and disulfides performed well in a variety of solvents providing modest to excellent
yields (100% for bis(1-methylacetate) disulfide (DSMA)/triethyleneglycol divinylether (TEGDVE)) for
numerous disulfide substrates evaluated. It was determined that the mechanism of the photo-
disulfidation reaction involves an auto-propagating cycle of thiyl radicals which add into either end of a
vinyl ether to form thio-ether and thio-acetal linkages in the final product. Finally, although the reaction
rate is slower than that of the thiol-ene reaction, the photodisulfidation reaction proceeds relatively
rapidly under the explored conditions.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

The disulfidation of alkenes is a useful method for incorporating
high ratios of sulfur to carbon in organic products. Sulfur based
chemistries have been extensively explored in hydrogels and other
polymer network formulations, rubber vulcanization, and ligation
strategies [1,2]. Specifically, reactions involving thiol-X chemistries,
including thiol-ene, thiol-yne, thiol-halide, and thiol-Michael re-
actions, have found use in materials applications for their chemo-
selectivity, click-like behavior, high atom efficiency, ability to react
under mild conditions, and in their ability to form optical materials
with high refractive indices (Scheme 1A, 1B) [3]. Thiol-X chemis-
tries, however, often suffer from low shelf life stability due to
spontaneous initiation, and have malodorous smells. In contrast,
u (C.N. Bowman).
ors.
disulfides can be synthesized readily from essentially any thiol, are
stable at ambient conditions and have more tolerable smells than
thiols, while still being able to form similar linkages to thiol-X
chemistries via a radical-mediated pathway (Scheme 1C, 1D).
Additionally, the disulfide-ene reaction incorporates two sulfur
atoms per carbon-carbon double bond from a single disulfide and
may therefore be not only more efficient but also may result in
materials with an even higher refractive index and reduced
polymerization-induced shrinkage stress [4,5]. Moreover, the
nearly quantitative yields, 100% atom economy, low energy input,
negligible byproducts, and fast reaction rates observed in model
studies portend utility in the broader organic synthesis field. This
work is expected to expand the toolkit of radical-mediated pho-
toreactions and find significant use as well in the development of
novel materials, particularly in the optics field.

There are several methods previously reported that successfully
catalyze the disulfidation of alkenes, including with catalysts such
as I2, and ruthenium or gallium complexes [6e10]. While these

mailto:christopher.bowman@colorado.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tet.2022.132683&domain=pdf
www.sciencedirect.com/science/journal/00404020
www.elsevier.com/locate/tet
https://doi.org/10.1016/j.tet.2022.132683
https://doi.org/10.1016/j.tet.2022.132683


Scheme 1. A) The radical-initiated thiol-ene reaction. B) The radical-initiated thiol-yne reaction. C) This work aims to develop and understand the radical-initiated disulfide-ene
reaction. D) Radical-initiated autopropagation cycle of the photodisulfidation of alkenes wherein alternating thiyl propagation across carbon-carbon double bonds and chain
transfer to disulfides results in the formation of thioether and thioacetal (for vinyl ethers) linkages.

Fig. 1. Alkene conversion of TEGDVE with DSMA in various solvents as monitored by
ATR-IR. Samples were formulated with an initial stoichiometric ratio of 1:1 disul-
fide:ene at a concentration of 2 M disulfide, and 1 M TEGDVE (2 M alkene), with 3 wt%
TPO and were continuously irradiated beginning at 0.5 min with 10 mW/cm2 of
405 nm light.
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catalytic methods are sufficient for small molecule applications, the
need for solvent and diffusion of the catalyst makes these reactions
less suitable for bulk material formulation via polymerization,
where spatial and temporal control over the reaction is desired [11].
Work has also been done using free-radical methods to convert
elemental sulfur (S8) and other polysulfides into a variety of
interesting materials using inverse vulcanization processes
[12e14]. Limited work has also been done using UV irradiation to
initiate thiyl radical mediated disulfidation of alkenes, notably be-
tween cyclic disulfides such as 1,2-dithiolane and 1,2-dithiane, but
adequate substrate scopes and kinetics have yet to be explored for
linear disulfides [15e20]. The combination of ease of synthesis for
disulfides and spatio-temporal control over the reaction present a
significant improvement over previously reported synthetic means
for disulfidation. Herein, the photodisulfidation of alkenes using
linear disulfides under ambient conditions, along with their reac-
tion kinetics, are reported to identify suitable reaction conditions
and disulfide and alkenemonomers for use in photopolymerization
reactions.

2. Results and discussion

The model reaction for the photo-disulfidation reaction was
carried out between the disulfide DSMA and the divinyl ether
TEGDVE with diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide
(TPO) as the photoinitiator. The reaction was performed at a stoi-
chiometrically balanced ratio between disulfide and alkene (i.e. one
disuflide per alkene) and irradiated with 405 nm light for 5 min
(Scheme 3).

NMR data of the reaction (Fig. S3) show complete disappearance
of the vinyl protons and appearance of a peak at ~4.8 ppm corre-
sponding to the thioacetal linkage formed from reaction with the
internal carbon of the original vinyl ether.

A solvent screen was performed to determine if there would be
effects on the rate and final conversion of the reaction in various
solvents (Fig. 1).

The reaction proceeded the fastest in CDCl3 (m ¼ �1.99 mol L�1

min�1) and Acetone-D6 (m ¼ �2.54 mol L�1 min�1), and at
approximately the same rate in DMSO, MeOD and acetonitrile
(slopes of conversion vs. time of 1.7 mol L�1 min�1, 1.7 mol L�1

min�1, and 1.5 mol L�1 min�1, respectively). The differences in re-
action rate did not correlate with either the relative polarities [23]
or the class of solvent (i.e. protic versus aprotic) (Fig. S2). For these
reasons it is likely that solvent effects have a negligible role in the
2

observed rates of photo-disulfidation.
It was hypothesized that electron-withdrawing substituents

near the disulfide bond would increase the rate and final conver-
sion of the photodisulfidation reaction. To address this hypothesis a
variety of disulfides were synthesized, including some made from
thiols similar to those frequently used in radical thiol-ene couplings
(Scheme 2). Reactions between these disulfides and TEGDVE were
analyzed via FT-IR to explore the differences in their reaction rates
and overall conversion (Fig. 2). Some of the synthesized disulfides
were solids at room temperature or immiscible with TEGDVE,
precluding neat reactions. To analyze the reactivity of these starting
materials and to maintain consistent starting concentrations across
reactions, all samples were dissolved in DMSO-D6 at a concentra-
tion of 1 M for both disulfide and alkene.

Electron-withdrawing substituents near the disulfide bond
generally increase the rate of reaction and final conversion of the
alkene. This trend is best seen in the differences in reaction rate
(determined by the slope of conversion in the linear regime,
following exposure, but prior to the plateau of conversion) between
DSMA (m ¼ �1.47 mol L�1 min�1), DSES (m ¼ �0.83 mol L�1

min�1), DSN (m ¼ �0.43 mol L�1 min�1), and DSMP
(m ¼ �0.30 mol L�1 min�1). DSMA, which has a carbonyl on the
beta carbon of the disulfide bond and is thus the least distance
away from the disulfide, had the fastest reaction. DSES, DSN, and
DSMP each have their electron withdrawing substituents the same



Scheme 2. Materials used: (1) bis(1-methylacetate) disulfide (DSMA), (2) bis(1-methylpropionate) disulfide (DSMP), (3) dibutyl disulfide (DSBu), (4) dibenzyl disulfide (DSBn), (5)
diphenyl disulfide (DSPh), (6) bis(1-ethyl ethylsulfone) disuflide (DSES), (7) bis(1-ethyl-2-cyano) disulfide (DSN), (8) bis(1-ethyl tertbutylcarbonate) disulfide (DStBC), (9) bis(2-
methylpropionate) disulfide (DSsec), (10) triallyl amine, (11) triethylene glycol divinyl ether (TEGDVE), (12) 1,6-hexanedivinylsulfide, and (13) allyl alcohol.

Scheme 3. Model reaction between DSMA and TEGDVE with 3 wt% TPO, irradiated at 405 nm, 10 mW/cm2.
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distance from the disulfide bond (gamma carbon). Therefore, their
rates of reaction align with the relative strength of their electron
withdrawing substituents: sulfone > nitrile > carbonyl. The rest of
the disulfides investigated also follow this trend, with the slowest
derivative being DSPh (m¼ 0.0mol L�1 min�1). A notable exception
to this trend is the secondary disulfide (DSsec, m ¼ �0.15 mol L�1

min�1) in which the carbonyl is still in the beta position, but the
rate is greatly decreased due to the methyl group adjacent to the
disulfide, suggesting a steric effect on the photodisulfidaton reac-
tion. A summary of the disulfides and their corresponding reaction
3

rates are included in the supplemental information (Fig. S3). In
addition, attempts were made to correlate the observed reaction
rates with calculated bond dissociation energies of the disulfides
but no apparent trend could be discerned.

Due to its rapid rate of reaction and quantitative conversion,
DSMA was chosen as the model disulfide for subsequent experi-
ments designed to explore the influence of various alkenes on the
photodisulfidation reaction. Neat samples of DSMA and alkenes
(10e13) with stoichiometric ratios of disulfide to alkene and 3 wt%
TPO were continuously irradiated at 405 nm. Under ambient



Fig. 2. Conversion of TEGDVE with various disulfides (1e9) in 1 M DMSO-D6. Samples
were formulated with a 1:1 ratio of disulfide to alkene, 3 wt% TPO and were contin-
uously irradiated from 30s at 405 nm, 10 mW/cm2. Final conversions were validated
with 1H NMR.

Fig. 4. Log-log plot of initial reaction rate versus initial concentration of disulfide (blue
line, at 2.0 M alkene) and alkene (orange line, at 2.0 M disulfide). Samples were
formulated with 0.086 M TPO, using ethyleneglycol diacetate (EGDA) as a diluent, and
were continuously irradiated from 30s at 405 nm, 10 mW/cm2. Conversion was
measured using FT-IR The respective reaction orders are given by the slope of the lines
of best fit.
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conditions the only alkene that had appreciable conversionwas the
vinyl ether, while the vinyl sulfide (12) and allyl-enes (10, 13)
showed no appreciable conversions.

Finally, the kinetics and mechanism of the photodisulfidation
reaction were explored. Neat samples of four representative
disulfides and TEGDVEwere combined stoichiometrically with 3wt
% TPO, and irradiated with 405 nm light for 10 min (Fig. 3). DSMA
had both the fastest rate (m ¼ �3.00 mol L�1 min�1) and overall
conversion of the disulfides tested, as was expected from the sub-
strate scope experiments presented in Fig. 2. Additionally,
compared to the same reaction performed at 1 M, the rate
approximately doubles, further demonstrating the potential use of
this reaction in bulk material formulation and polymerization.
When irradiation was paused during the reaction, conversion of
TEGDVE stopped almost immediately and very little additional
conversion was seen until irradiation resumed likely due to the
rapid radical-radical termination reaction (Fig. S1). DSMA was thus
chosen as the model disulfide for our investigation into the kinetics
and mechanism of the photodisulfidation reaction.

Samples of TEGDVE and DSMA were formulated at various
concentrations of both alkene and disulfide, and their conversions
and rates were measured with FT-IR (Fig. 4). The presumed rate law
follows the proposed, analogous thiol-ene mechanism and thus
leads to an expression for reaction rate functionally identical to that
established for thiol-ene. Therefore, a generalized rate expression
for the disulfide-ene reaction is presumed to be r ¼ k½S� S�a½E�1�a,
Fig. 3. Conversion of neat samples of TEGDVE with various disulfides (1e9). Samples
were formulated with a 1:1 ratio of disulfide to alkene, 3 wt% TPO and were contin-
uously irradiated from 30s at 405 nm, 10 mW/cm2. Final conversions were validated
with 1H NMR.
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where [SeS] and [E] are the concentrations of disulfide and alkene,
respectively. Regression analysis shown in Fig. 4 shows a strong rate
dependence with respect to the disulfide concentration
(a ¼ 0.61±0.08) and a near zero order reaction with respect to the
alkene (b¼�0.12±0.07) indicating that the rate-limiting step in the
disulfide-ene reaction is the chain transfer step where the carbon-
centered radical reacts with a disulfide to form the dithioether and
a new thiyl radical. While these values do not align precisely as
expected for a first order reaction, we attribute these discrepancies
to inherent uncertainties of these measurements and sensitivities
of the subsequent calculations, though we cannot rule out contri-
butions from side reactions. The overall trend, however, is consis-
tent with our prior results and suggests a much stronger effect on
the rate of reaction from changes in the disulfide concentration
compared to changes in the alkene concentration.

For thiol-ene reactions that are chain transfer limited, the
radical that is formed from the addition step is somewhat stable,
and therefore slower to abstract a thiol hydrogen [21]. The pro-
posed mechanism of the disulfide-ene reaction (Scheme 1D)
closely follows that of the thiol-ene reaction with an overall
product resembling that of the thiol-yne reaction (SI Fig. 4), and it is
expected that the formation of a new thiyl radical from the disulfide
is now responsible for the slower reaction rate at this step (Scheme
1D) [22]. This retardation relative to thiol-ene couplings may be
attributed to steric effects from the disulfide bond compared to the
sulfur-hydrogen bond, which considerably hinders chain transfer to
disulfides.

Additional evidence that the disulfide-ene reaction is chain
transfer limited is seen in the trend for rate and final conversion of
the disulfides used in this study (Fig. 2). Electron withdrawing
groups near the disulfide bond destabilize the already electron-
deficient thiyl radical that is formed in the chain transfer step
(Scheme 1D). The less stable this resulting radical is, the faster it
reacts in the propagation step. A balance therefore exists for the
stability of this radical in both its ability to initially form, and its
subsequent reaction. If the thiyl radical is too unstable, the chain
transfer to the next disulfide will not proceed sufficiently fast, but if
it is too stable, then the propagation to the alkene after that step
will be hindered instead.

Similar radical stability arguments may help explain the
observed difference in reactivity of disulfides between vinyl ethers
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and allyl amine and allyl alcohol. The radical formed from vinyl
ethers is more stable than the radical formed from allyl amine or
allyl alcohol due to stabilization from the adjacent oxygen lone
pairs. Since the chain transfer step for the disulfide-ene reaction is
slower in comparison to that of the thiol-ene, this more persistent
radical from the vinyl ether is necessary to observe product for-
mation under these conditions. The shorter-lived allyl radical, in
comparison, may undergo other radical pathways before chain
transfer occurs. Since no obvious side products were observed with
NMR, it is expected that reversion back to the original thiyl radical
and alkene dominates this process.

3. Conclusions

The photodisulfidation of alkenes was explored in both sub-
strate scope and kinetics. Using low amounts (2e3%) of photo-
initiator and low light intensities (10 mW/cm2), rapid conversion of
vinyl ethers and electron deficient disulfides was demonstrated up
to near quantitative conversions of alkene, and with no appreciable
solvent effect. While many disulfides were useable in this reaction,
only vinyl ethers showed appreciable conversions under the con-
ditions tested, prompting further studies into expanding the alkene
scope of this reaction. NMR and mass spectrometry data confirm
the appearance of thioacetal and thioether peaks, and overall mass
corresponding to the proposed product for this reaction. The pho-
todisulfidation reaction rate was found to depend primarily on
disulfide concentration, indicating that the reaction is chain-
transfer limited. The photodisulfidation of alkenes provides an
efficient route to accessing compounds with high sulfur content.
Further development of this reaction, and exploration into its use
for photopolymerizations will allow development of novel mate-
rials that are expected to have a variety of desirable applications.

4. Experimental section

Methyl thioglycolate, benzyl mercaptan, acrylonitrile, triethy-
lenegylcol divinyl ether were purchased from TCI chemicals, and
methyl-3-mercaptopropionate, 1-butanethiol, thiophenol, ethyl
vinyl sulfone, cysteamine, ethyl-2-mercaptopropionate, triallyl-
amine, 1,6-hexanedithiol were purchased from Sigma-Aldrich.
Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO), a near-
UV active photoinitiator was obtained from Sigma-Aldrich.

1H-NMR and 13C-NMR spectra were recorded on a Bruker
400 MHz NMR spectrometer. Proton chemical shifts are expressed
in parts per million (d). The d scale was referenced to the residual
proton content of various deuterated solvents, indicated in the
respective measurement.

Attenuated total reflection infrared spectroscopy (ATR-IR): Re-
action kinetics were analyzed using a ATR-IR spectrometer (Nicolet
iS50 FTIR spectrometer with Smart iTR ATR accessory, diamond
plate). Irradiationwas accomplished using an ActicureHg (Xe) lamp
(EXFO) with a 405 nm bandgap filter. The light intensity used was
10 mW/cm2. The real time functional group conversion of the
alkene was measured by the IR peak area decreasing at 1580 cm�1-
1650cm�1 and was calculated as the ratio of real-time peak area to
the peak area of the unirradiated spectra.

5. Synthesis of disulfides

The disulfides used in this study were synthesized from their
respective thiols with the following general procedure: To a solu-
tion of thiol (1 equiv) in EtOH (0.3 M) was added NaI (0.01equiv)
and 30% H2O2 (1 equiv). The mixture was allowed to stir at room
temperature for 18 h, after which the reaction was quenched by
addition of sodium thiosulfate (aq.) (~15 mL) until no further color
5

change was observed. The mixture was concentrated to remove
EtOH, and then the aqueous mixture was extracted with EtOAc
(150 mL, 3X). The organic layer was then washed with H2O, and
brine (1X), dried with Na2SO4, and the solvent was removed under
reduced pressure to give the disulfide products (1e9). Disulfides
that required further purification were purified using column
chromatography with EtOAc/Hexanes solvent systems ranging
from 10 to 60% EtOAc (See Supporting Information).
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