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Very Important Paper

Visible-Light-Induced Cleavage of C� S Bonds in Thioacetals
and Thioketals with Iodine as a Photocatalyst
Matthias Krumb,[a] Lisa Marie Kammer,[a] Robert Forster,[a] Caroline Grundke,[a] and
Till Opatz*[a]

A protocol for a visible-light-induced cleavage of thioacetals
and thioketals using molecular iodine as a photocatalyst in
combination with oxygen as the terminal oxidant is reported.
The reaction proceeds with low catalyst loadings and high
chemical yields while the most commonly used N- and O-
protecting groups remain untouched in this transformation.
Further investigation showed that the reaction also permits the
synthesis of unsymmetrical disulfides by cleavage of unsym-
metrical thioacetals.

Thioacetals and thioketals have found numerous important
applications in organic chemistry and are mostly encountered
in form of 1,3-dithianes and 1,3-dithiolanes as protecting
groups.[1] These protecting groups are popular in particular due
to their facile introduction and high stability in many chemical
transformations.[2] They have been used in total synthesis[3] and
also found widespread application as substrates in the Corey-
Seebach umpolung reaction.[4] Thioacetals and -ketals can be
readily obtained by treatment of carbonyls with thiols in the
presence of Lewis or Brønstedt acids.[5] The cleavage of
thioacetals and -ketals has also generated attention and made
considerable progress over the recent years.[6]

A series of light-induced transformations based on photo-
redox catalysis have e.g. been developed.[7] In particular, the
development of new photocatalysts for such reactions has
been pursued.[8] Most of the commonly employed photo-
catalysts are transition metal complexes or organic dyes, while
simple, cost-effective and photoactive main group elements,
like molecular iodine, surprisingly are underexplored in this
context.[9] Molecular iodine can absorb visible light to reach its
electronically excited state[10] and can effectively sensitize the
formation of singlet oxygen.[11]

One of the first reports featuring molecular iodine as a
photocatalyst in combination with molecular oxygen under
irradiation of visible light was the activation of alkynes for
electrophilic cyclizations by Wang and co-workers (Scheme 1,
a).[12] In their report, molecular iodine both acted as a photo-
catalyst for singlet oxygen generation and as a π-Lewis acid.
Recently, Masson and coworkers showed that benzylic thio-
ethers can be oxidized to the radical cations through a
combination of Ru(bpy)3(PF6)2 and molecular oxygen.[13] Nota-
bly, this report revealed that singlet oxygen cleaves C� S bonds
through oxidation.

In this case, energy transfer originates from ruthenium to
oxygen and not from iodine. Our lab recently investigated the
cleavage of thioglycosides with iodine photocatalysis in
combination with oxygen as the terminal oxidant.[14] Thioglyco-
sides were activated by catalytic amounts of iodine to release
glycosyl cation intermediates which reacted with alcohols to
produce various O-glycosides (Scheme 1, c).

We hypothesized that the combination of iodine with
oxygen under irradiation might provide a more general
approach for the activation of C� S bonds. Thus, our initial
glycosylation work prompted us to investigate whether
dithioacetals also were suitable substrates for this system.
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Scheme 1. Overview of literature reports employing iodine and oxygen
photocatalytic systems (top) and schematic representation of the protocol
reported herein (bottom).
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Herein, the development of a related inexpensive protocol
for the mild photocatalytic cleavage of thioacetals and -ketals is
reported. Molecular iodine serves as an inexpensive, environ-
mentally benign and widely available photocatalyst in combi-
nation with oxygen as the terminal oxidant. The reaction is
driven by irradiation with visible light using a common house-
hold energy saving LED bulb. In an initial experiment, the
cleavage of 1,3-dithiane derivative 1a was investigated
(Scheme 2). The reaction was carried out in acetonitrile with
10 mol% of iodine in the presence of H2O and O2 under
irradiation with a LED bulb (12 W, warm white color temper-
ature). Cleavage proceeded smoothly and yielded ketone 2a in
91% yield. In order to reduce the catalyst loading, optimization
studies were carried out (for details, see the SI). The catalyst
loading was reduced to 1 mol% and the solvent was switched
to chloroform, providing a superior solubility of substrate 1a in
comparison to the initially used acetonitrile. Besides the
optimization of the reaction conditions, mechanistic experi-
ments were performed (see the SI for details). For example, it
was shown that oxidation of dithianes is likely to involve a
combination of iodine and singlet oxygen. An 18O labelling
experiment revealed that the oxygen atom in the product
originates from the added water. Thus, water and oxygen
atoms were highlighted in blue in the reaction schemes.

With the optimized conditions in hand, the substrate scope
was investigated (Scheme 3). First experiments showed that the
reaction proceeded smoothly in quantitative yield when p-
tolualdehyde- (2b) or p-anisladehyde thioacetal derivatives
(substrate 2c) were used. The 1,3-dithiane derivative of 3,4-
dihydroxybenzaldehyde (2d) was deprotected in 62% yield.
When the phenolic hydroxyl groups were protected as ethers
as in the case of 4-benzyl-3-methoxybenzaldehyde (2e), a
quantitative yield was again achieved. A decrease in yield to
46% was found when acetoxy groups as in substrate 2f, were
present. Gratifyingly, olefinic double bonds remain untouched
as demonstrated by the release of cinnamaldehyde (2g) in
quantitative yield. The developed iodine-catalyzed deprotec-
tion strategy was also successfully applied to the cleavage of
thioketals (Scheme 3, lower part). 2-Acetonaphthone (2a) was
released from the 1,3-dithiane derivative in 98% yield, while its
1,3-dithiolane derivative yielded the same ketone in 70% yield.
The deprotection of p-hydroxyacetophenone (2h) was achieved
in 91% yield. Next, the ability of the method to deprotect
aliphatic ketone derivatives was investigated. The deprotection
of the 1,3-dithiane derivatives of dibenzylacetone (2 i) and 1-
acetyladamantane (2 j) was successful. A free boronic acid

moiety as demonstrated by substrate 2k was tolerated without
any noticeable deborylation. The doubly bromo-substituted
fluorenone 2 l was released in 43% yield. Electron withdrawing
groups reduce the reaction rate as demonstrated by the release
of 2-cyanobenzaldehyde (2m), where only 10% of the desired
product could be isolated, while the major component of the
reaction mixture was unreacted starting material. 4-Nitro-
benzaldehyde (2n) could not be released from its 1,3-dithiane
derivative. Octanal (2o) also showed no conversion to the
desired product, which gives evidence that aliphatic aldehydes
cannot be deprotected with this protocol. This drawback can
be exploited to achieve regioselective deprotection of substrate
1p (Scheme 3, bottom). Diaryl ether 1p containing a single
bromine atom to differentiate both rings electronically can be
deprotected regioselectively with the electron-rich 1,3-dithiane
moiety of 1p reacting more rapidly. If the reaction is stopped
after 10 h, the desired product 2p was isolated in 79% yield,
while the undesired doubly deprotected product 2p’ was
obtained in only 11% yield. The regiosiomeric monodepro-
tected compound could not be found in the reaction mixture.

As 1,3-dithianes and 1,3-dithiolanes are frequently used as
protecting groups in total synthesis,[15] the functional group
tolerance of the method was evaluated (Scheme 4). The most

Scheme 2. Cleavage of 2-methyl-2-(naphthalen-2-yl)-1,3-dithiane (1a) to
form 2-acetonaphtone (2a) using molecular iodine and oxygen under visible
light irradiation. Yield determined by 1H NMR spectroscopic analysis with
1,4-bis(trimethylsilyl)benzene as an internal standard. The reaction was
performed according to the general procedure on a 0.38 mmol scale.

Scheme 3. Cleavage of 1,3-dithianes. All reactions were performed according
to the general procedure on a 0.5 mmol scale. All yields are those of isolated
products. All deprotection reactions occur from the 1,3-dithiane derivative
unless stated otherwise (n=2). [a] Yield from deprotection of the 1,3-
dithiolane derivative (n=1). [b] Reaction on a 0.35 mmol scale.
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common N-protecting groups were well tolerated: The Cbz-
protected derivative 2q and Fmoc-protected derivative 2r
were selectively deprotected in quantitative and 80% yield,
respectively. Surprisingly, even the acid sensitive Boc-protec-
tion was tolerated well, and ketone 2s was isolated in
quantitative yield. O-protecting groups such as acetyl (substrate
2t) and TBDPS (substrate 2u) proved to be tolerated as well
and yielded the ketones in 99% and 84%, respectively. The
trityl protecting group in substrate 1v however turned out to
be labile and the doubly deprotected alcohol 2v was obtained
in quantitative yield.

Unsymmetrical disulfides have been employed as a struc-
tural element in the synthesis of a variety of biologically active
molecules.[16] Thus, a series of methods for a direct dehydrogen-
ative coupling of thiols to unsymmetrical disulfides have been
reported.[17] A major drawback of direct dehydrogenative
coupling of thiols is the competing formation of the homocou-
pling products. However, studies investigating the formation of
unsymmetrical thioacetals showed that a combination of
electron-rich and electron-deficient thiols furnishes unsym-
metrical thioacetals in the presence of a strong acid in high
yields, while homothioacetalization is suppressed.[18] We as-
sumed that this preformation of an unsymmetric thioacetal
could be beneficial for the formation of unsymmetrical
disulfides upon cleavage of the C� S bond from these
thioacetals.

Thus, a one-pot procedure for the synthesis of unsym-
metrical disulfides directly from thiols was developed
(Scheme 5). Two electronically different thiols react with
isobutyraldehyde to the unsymmetrical thioacetal in the
presence of TFA. Then, molecular iodine and oxygen were

added, and the reaction mixture was irradiated with visible
light. This cleaved the thioacetal and released an unsym-
metrical disulfide as the major product while homocoupling
could be largely suppressed. When a direct coupling of thiols
without prior thioacetalization was performed under the same
reaction conditions, the unsymmetrical disulfide was formed as
the minor and the symmetrical disulfide as the major product.
A cross-over experiment, in which a mixture of two different
unsymmetrical thioacetals was reacted, revealed an intermolec-
ular mechanism through appearance of the unsymmetrical
crossover products while homocoupling product formation was
completely suppressed (see SI for details). The developed
reaction proceeds well when benzyl mercaptan is used as the
electron-rich thiol component, which is shown by the combina-
tion with the electron-deficient 2-mercaptopyrimidine to the
unsymmetrical disulfide 5a in quantitative yield. Equally high
yields were obtained when 2-mercapto-1-methylimidazole
(disulfide 5b) or 2-mercaptobenzoxazole (disulfide 5c) were
used. In addition, 2-mercapto-pyridin-N-oxide as a potentially
reactive component was tolerated (disulfide 5d) and the
corresponding disulfide was obtained in quantitative yield.
When 4-mercaptopyridine and cyclohexanethiol were used, the
corresponding mixed disulfide 5e was isolated in 62% yield.

The combination of catalytic amounts of molecular iodine
and oxygen under irradiation with visible light was shown to
be an effective system for the cleavage of C� S bonds. An
operationally simple protocol for the mild and catalytic
cleavage of thioacetals and -ketals in high yields was
developed. A series of 1,3-dithianes was effectively deprotected
to release the corresponding carbonyl compounds. The proto-
col was further demonstrated to be compatible with common
N- and O-protecting groups. In addition, the described reaction
showed to be suitable for generation of unsymmetrical
disulfides from thiols using unsymmetrical thioacetals as the
intermediates.

Scheme 4. Investigation of protecting group tolerance. All ketones were
released from the corresponding 1,3-dithiane derivatives. All reactions were
performed according to the general procedure on a 0.5 mmol scale. All
yields are those of isolated products.

Scheme 5. Formation of unsymmetrical disulfides from thiols using unsym-
metrical thioacetals as intermediates. All reactions were performed according
to the general procedure on a 0.5 mmol scale. All yields are those of isolated
products.
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