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lkyne–dithiolium cycloaddition:
a joint experimental and DFT mechanistic study†

Cheng Wang, Christopher Flinn and Yuming Zhao *

We previously by serendipity discovered a unique intramolecular alkyne–dithiolium cycloaddition, through

which phenyldithiafulvenes carrying ortho-alkynyl substituents were directly transformed into complex

polycyclic aromatic structures [Wang and Zhao, Org. Biomol. Chem. 2015, 13, 9575–9579]. In this work,

we carried out a joint experimental and theoretical study on the mechanisms of this type of reaction and

our results showed that protic acid and oxidant (iodine) are important agents promoting the

cycloaddition and subsequent elimination steps. Moreover, the degree of p-conjugation around the

alkynyl group was identified to play a key role in driving the cycloaddition. Monoyne without further p-

conjugation would react with the dithiolium ring through a concerted 1,3-dipolar cycloaddition transition

state, whereas 1,3-butadiyne prefers to undergo a stepwise Prins-type cyclization pathway with

a significantly lowered activation energy barrier as a result of the resonance stabilizing effect on the

transition state provided by the additional alkynyl unit.
1 Introduction

1,4-Dithiafulvenes (DTFs) because of their excellent electron-
donating properties1–4 have been increasingly employed over
the past years as active components in organic optoelectronic
materials and devices such as chemical sensors,5–11 molecular
switches,12–15 non-linear optic-phores,16 photovoltaic cells,17–23

eld-effect transistors (FETs),24–26 and so forth. Besides acting as
p-electron donors, DTFs also provide synthetic access to
another intriguing class of tetrathiafulvalene (TTF) analogues,
namely tetrathiafulvalene vinylogues (TTFVs), through
a straightforward oxidative dimerization reaction.8,27–29 As
illustrated in Scheme 1, a phenyl-substituted DTF 1 can readily
undergo single-electron transfer to yield a radical cation inter-
mediate, in which the non-aromatic dithiole group is converted
into an aromatic dithiolium ion. The radical moiety then
dimerizes to form a TTFV dication [2]2+. Such oxidative dimer-
ization reactivity has been widely used as a synthetic tool in the
preparation of various redox-active functional molecular/
macromolecular systems, including p-conjugated oligomers,30

polymers,5,31–34 and shape-persistent macrocycles.35

While the aryl-substituted DTFs reported so far generally
follow the reactivity of oxidative dimerization as shown in
Scheme 1, there have been anomalies observed in a number of
cases.35–37 In a recent study we discovered an unexpected reac-
tion when treating a bis(DTF)-substituted diphenylbutadiyne 3
rsity, St. John's, NL, Canada A1B 3X7.

702; Tel: +1 709 864 8747
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esults of DFT calculations. See DOI:

hemistry 2017
with iodine (Scheme 1).38 Rather than the expected DTF
dimerization products, the reaction surprisingly produced
a major product (4) that features a unique tricyclic inden-
othiophene motif. The newly formed rings (B and C) in 4 are
supposedly constructed through an intramolecular cycloaddi-
tion process,39,40 while the sp3 benzylic carbon of the B ring
hints at a protonation step taking place on the vinylic carbon
adjacent to the dithiole group of 3 at the initial stage of the
reaction.41–43 Mechanistically, two plausible reaction pathways
can be proposed to account for the reaction outcome. As
depicted in Scheme 2, protonation of compound 3 results in the
formation of a dithiolium intermediate IM-1. The acid here is
believed to come from the redox reactions between 3 and
iodine,29 which leads to other unidentied byproducts. Once
Scheme 1 Typical oxidative dimerization of phenyl-DTF 1 and an
unusual iodine-promoted cycloaddition of bis(DTF)-diphenylbuta-
diyne 3.
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Scheme 2 Two plausible reaction mechanisms for the intramolecular
alkynye–dithiolium cycloaddition of compound 3.
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formed the dithioliummoiety of IM-1 can quickly react with the
ortho-alkynyl group due to its close proximity. From IM-1 the
reaction can possibly proceed through two approaches based on
commonly known organic reaction mechanisms. The rst
reaction pathway is a concerted 1,3-dipolar cycloaddition39,40

that directly leads to a cage-shaped intermediate IM-3 with the
backbones of B and C rings assembled simultaneously. The
second one is a stepwise pathway, in which the alkynyl group
attacks the carbocation of dithiolium ring via an alkyne Prins-
type cyclization44–49 at rst. The electrophilic cyclization occurs
with a 5-exo-dig regioselectivity, forming the B ring only. The
resulting intermediate IM-2 then undergoes another step of
intramolecular nucleophilic addition to furnish intermediate
IM-3, which aer a ring opening step yields a cationic inter-
mediate IM-4. At the nal stage of the reaction, a dethiomethy-
lation process occurs yielding the indenothiophene product P-1.

With the plausible reaction mechanisms proposed, funda-
mentally important questions naturally follow. (i) The acid
seems to be an essential agent in the reaction, if either of the
hypothesized mechanisms holds true. So, will the introduction
of a protic acid to the reaction make an improvement on reac-
tion rate and yield? (ii) Does the intramolecular alkyne–dithio-
lium cycloaddition prefer the concerted or stepwise pathway?
(iii) How does the dethiomethylation happen at the nal stage
of the reaction? (iv) Is iodine a necessary agent to the reaction as
well? This paper is hence aimed at addressing these mecha-
nistic issues through a joint experimental and computational
study.
Scheme 3 TFA-promoted intramolecular cyclization of compound 3.
2 Results and discussion
2.1 The role of protic acid on cycloaddition

We rst investigated the role of protic acid in the intramolecular
cycloaddition of compound 3. A strong organic acid, triuoro-
acetic acid (TFA), was chosen in our experiments based on its
known ability to effectively protonate DTF moieties in nonpolar
organic media.50–52 Experimentally, dropwise addition of TFA to
36624 | RSC Adv., 2017, 7, 36623–36631
the solution of 3 in CH2Cl2 quickly led to a color change from
yellowish to dark red. The reaction occurred at a very fast rate.
At �20 �C, compound 3 was completely consumed within 5 min
as monitored by thin-layer chromatographic (TLC) analysis.
Aqueous workup followed by silica column separation afforded
product 5 as a red-color solid. Compound 5 has limited chem-
ical stability and was observed to slowly decompose within
a duration of a few days. Nevertheless, the structure of 5 could
still be convincingly elucidated based on its spectroscopic data;
in particular, the two distinctive singlets at 6.26 and 7.17 ppm in
the 1H NMR spectrum of 5 (see ESI†) can be clearly assigned to
the indenyl and vinyl protons respectively. The two proton
signals show nearly equal integral values, conrming that only
a half of compound 3 has cyclized under the TFA treatment. The
formation of an indenyl moiety in 5 can be rationalized by a b-
hydrogen elimination on the reactive intermediate IM-4
mentioned in Scheme 2. Obviously, a strong protic acid can
substantially accelerate the intramolecular alkyne–dithiolium
cycloaddition, but it does not seem to be very effective at
promoting the subsequent SMe elimination. Without removal
of a SMe group, the remaining alkynyl unit of 5 is prohibited
from going through another step of intramolecular cycloaddi-
tion due to the steric hindrance surrounding it.
2.2 The reactivity of monoyne and diyne to cycloaddition

To check whether the TFA-promoted intramolecular cycloaddi-
tion would generally occur on ortho-alkynyl substituted aryl-
DTFs, two simple model compounds 6 and 7 were prepared
and then subjected to TFA treatment in CH2Cl2 (Scheme 4).
Upon addition of excess TFA, the solution of compound 6
turned into a red color quickly at �20 �C. Aer 5 min, the
mixture was worked up with aqueous NaHCO3 and checked by
TLC analysis. To our surprise, only starting material 6 was
present and there were no other meaningful products detected.
Running the reaction at room temperature with a prolonged
reaction time (12 hours) still gave the same result. Clearly,
compound 6 is devoid of the acid-promoted intramolecular
cyclization reactivity.

Comparing the structures of compounds 3 and 6, one can
easily tell that their alkynyl units are different in terms of p-
This journal is © The Royal Society of Chemistry 2017
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Scheme 4 TFA-promoted intramolecular cyclizations of model
compounds 6 and 7.
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conjugation degree. At this juncture, it is reasoned that the
extended p-conjugation of the 1,3-butadiynylene segment in 3
has an important effect on the reactivity, most likely the key
transition state(s) involved in the cyclization is stabilized by the
extended p-conjugation at the alkynyl group to result in lower
activation energy barrier(s). This hypothesis is substantiated by
the experimental observation that ortho-diyne substituted
phenyl-DTF 7 was quickly consumed upon treatment with
excess TFA in CH2Cl2 at �20 �C, yielding two compounds 8 and
9 as the major products in an approximately 2 : 1 molar ratio
(Scheme 4). Both of the cyclized products, although with limited
chemical stability, were able to be isolated by silica column
chromatography to yield relatively pure samples for NMR, IR,
and MS analyses. Mechanistically, compound 9 can be reason-
ably ascribed to the product resulting from dethiomethylation
of 8, and this SMe elimination step appears to more readily
occur than in the case of 3.
2.3 The role of iodine in elimination of SMe

In the reaction of 3 to 4 shown in Scheme 1, iodine is believed to
play a vital role in accelerating the dethiomethylation step as
compared with the outcome of the TFA-promoted reaction of 3
in Scheme 3. The removal of SMe can be proposed to occur
through a simple elimination mechanism (Route 1, Scheme 5)
in which iodide anion acts as a nucleophile to directly attack the
Scheme 5 Two plausible mechanisms proposed for the elimination of
SMe group.

This journal is © The Royal Society of Chemistry 2017
SMe group. To probe whether this is a valid mechanism,
a control reaction was conducted in which excess TFA and KI
were co-added to the CH2Cl2 solution of 3. The reaction was run
at �20 �C for as long as 4 hours, but the outcome showed no
signicant differences from the reaction with only TFA added.
This observation hence rules out Route 1 (Scheme 5) as the
actual dethiomethylation mechanism.

In an alternative control experiment, compound 3 was rst
treated with excess TFA (6 equiv.) in CH2Cl2 at�20 �C for 5 min.
Iodine (1 equiv.) was then added and the reaction mixture was
kept at�20 �C for another 10min. Aer a reductive workup with
aqueous Na2S2O3, compound 4 was obtained in 54% isolated
yield. Compared with the reaction shown in Scheme 1, the use
of TFA in combination with iodine did make a signicant
improvement on both reaction rate and yield, hence offering
a useful synthetic method for constructing complex tricyclic
indenothiophene skeletons.53–56 Experimental results so far
have conrmed that direct dethiomethylation cannot occur
easily under non-oxidative conditions. The presence of an
oxidant, such as iodine, has a crucial effect on this step. As
iodine has been known to induce the oxidation of thioether into
sulfoxide,57,58 another elimination mechanism (Route 2,
Scheme 5) is then proposed. Aer the acid-promoted alkyne–
dithiolium cycloaddition, an oxidation reaction on the SMe
group of IM-5 ensues to afford intermediate IM-6. Conversion of
the SMe into sulfoxide leads to enhanced electrophilicity, which
in turn facilitates nucleophilic attack at the sulfoxide group
(e.g., by iodide anion) to produce the indenothiophene product
P-1. The mechanism depicted in Route 2 agrees reasonably with
the experimental observations as well as known chemistry re-
ported in the literature, but there is still a lack of concrete proof
for this mechanism being the actual operative one. More
systematic studies are warranted to gain deeper insight in this
respect. Nevertheless, it is clear at this stage of research that
oxidation of the cyclized intermediate(s) by iodine accelerates
the dethiomethylation step. For the reaction of model
compound 7 shown in Scheme 4, dethiomethylated product 9
was formed without the presence of any deliberately added
oxidant. Since the reaction was run under open air, the elimi-
nation of SMe in this case does not contradict themechanism of
Route 2. Molecular oxygen diffused in the reaction solution is
believed to act as an oxidant59 facilitating the SMe elimination
therein.
2.4 DFT studies of the intramolecular alkyne–dithiolium
cycloaddition

So far, our investigations have shed light on several important
aspects related to the intramolecular alkyne–dithiolium cyclo-
addition, but the experimental data do not unveil much of the
mechanistic details involved in the key cyclization process that
transforms the alkynyl–dithiolium intermediate into a fused
tricyclic indenodihydrothiophene cation. As proposed in
Scheme 2, the reaction from IM-3 to IM-4 can possibly follow
two different cycloaddition mechanisms, namely stepwise and
concerted. Which one would be energetically more favored is
a question of great fundamental importance. To answer it,
RSC Adv., 2017, 7, 36623–36631 | 36625
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Scheme 6 Calculated energy profiles for steps involved in the intramolecular cycloaddition of 10. Bonds being broken and bonds being formed
in the transition states are represented by dashed lines in red and blue color respectively.
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density functional theory (DFT) calculations have been under-
taken in order to map out the detailed reaction potential energy
surfaces. Twomodel compounds 10 and 11were adopted herein
to simulate the actual compounds 6 and 7 tested in our exper-
imental work. Our computational survey was only focused on
the stationary points (intermediates and transition states)
involved in the processes from protonated phenyl-DTFs 10 and
11 to their corresponding indenohydrothiophene cation
products.

Scheme 6 shows the DFT calculated reaction pathways and
energy proles for the intramolecular cycloaddition of monoyne-
substituted dithiolium 10. The reaction rst overcomes a transi-
tion state 10-TS1 with an activation energy barrier of 28.1 kcal
mol�1, leading to a cage-like cationic intermediate 10-IM1. The
Fig. 1 Structures of selected stationary points involved in the intra-
molecular cycloaddition of 10.

36626 | RSC Adv., 2017, 7, 36623–36631
structure of 10-TS1 (Fig. 1) exhibits a concerted asynchronous
cycloaddition feature, wherein the distance between C1–C2 is
signicantly shorter than those of C3–C4 and C3–C5 (see Table 1
for detailed geometric data). The distances of C3–C4 and C3–C5
are identical, rendering the transition state 10-TS1 a mirror
symmetry. The development of the C1–C2 bond is associated with
notable distortion of the ditholium ring, allowing the p-bond of
C4–C5 to have orbital interactions with the empty p-orbital at the
C3 carbon. Natural Bond Orbital (NBO) analysis60,61 shows that the
donor–acceptor orbital interactions between p(C4–C5) and p(C3)
provide stabilization energy of 12.62 kcal mol�1 to the transition
state (Fig. 3). According to intrinsic reaction coordinate (IRC)
analysis,62,63 transition state 10-TS1 is directly connected to a rela-
tively stable intermediate 10-IM1 in which the carbon atoms C3,
C4, and C5 are bonded to one another to form a three-membered
ring. Intermediate 10-IM1 is then subject to sequential bond
breaking at the C3–C4 and C1–S7 bonds give product 10-P. Two
reaction pathways (A and B, Scheme 6) were found by the DFT
calculations. In pathway A the rst step is the C3–C4 bond
Table 1 Selected bond distances (Å) for the key stationary points
involved in the intramolecular cycloaddition of 10

10-TS1 10-IM1 10-TS2 10-TS4

C1–C2 1.83 1.51 1.54 1.37
C2–C3 1.26 1.44 1.38 1.46
C3–C4 2.79 1.56 2.00 1.55
C3–C5 2.79 1.56 1.53 1.53
C4–C5 1.37 1.49 1.48 1.49
C4–C7 1.73 1.83 1.73 1.81
C5–C6 1.73 1.83 1.84 1.85
C1–S6 1.79 1.85 1.83 1.86
C1–S7 1.79 1.85 1.90 2.46

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Plots of NBO interactions in transition states 10-TS1 and 11-TS1
(isovalue ¼ 0.06).

Fig. 2 Structures of selected stationary points involved in the intra-
molecular cycloaddition of 11.
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cleavage going through transition state 10-TS2, while pathway B
begins with the breaking of C1–S7 bond. Pathway A is believed to
be the favored one, since it has an energy barrier (6.03 kcal mol�1)
considerably lower than that of pathway B (52.75 kcal mol�1).

The mechanistic details for the intramolecular cycloaddition
of diyne-substituted dithiolium 11 are depicted in Scheme 7.
Unlike the reaction mechanism of monoyne 10, compound 11
undergoes the cycloaddition in a stepwise manner. In the rst
step, the C2–C3 alkynyl group attacks the C1 carbocation of the
dithiolium ring, leading to a cationic intermediate 11-IM1. This is
a mechanism typical of the Prins-type cyclization reactions.44–49
Scheme 7 Calculated energy profiles for steps involved in the intramolec
in the transition states are represented by dashed lines in red and blue c

This journal is © The Royal Society of Chemistry 2017
The transition state of this process (11-TS1) clearly reveals a new s

bond formed between C1–C2 (see Fig. 2 and Table 2), but the
distances at C3–C4 and C3–C5 (3.60 Å and 3.65 Å) are, in contrast
to the case of 10, beyond the van der Waals contact and hence
indicate little covalent interactions. NBO analysis shows that in
transition state 11-TS1 there is vinyl cation character64–66 devel-
oping on C3, which is stabilized by the neighboring alkynyl group
(C7–C8) through resonance effect. The donor–acceptor orbital
interactions in 11-TS1 (depicted in Fig. 3) are calculated to deliver
55.50 kcal mol�1 stabilization energy. The stabilization by such
a resonance effect allows the transition state to avert distorting its
dithiolium ring for the p(C4–C5) / p(C3) interactions as in the
case of monoyne 10-TS. Indeed, the stabilizing effect by the extra
alkynyl group signicantly lowers the activation energy barrier (Ea)
for the cyclization of diyne 11 by 8.8 kcal mol�1 in comparison
with that of monoyne 10.

Aer transition state 11-TS1, the reaction moves to a cationic
intermediate 11-IM1, the structure of which possesses a mirror
symmetry plane bisecting the dithiolium ring (Fig. 2). The C3–
ular cycloaddition of 11. Bonds being broken and bonds being formed
olor respectively.

RSC Adv., 2017, 7, 36623–36631 | 36627
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Table 2 Selected bond distances (Å) for the key stationary points
involved in the intramolecular cycloaddition of 11

11-TS1 11-IM1 11-TS2 11-IM2

C1–C2 1.84 1.63 1.58 1.51
C2–C3 1.27 1.30 1.32 1.45
C3–C4 3.60 3.01 2.48 1.58
C3–C5 3.65 3.01 2.48 1.58
C4–C5 1.35 1.37 1.39 1.48
C4–C7 1.74 1.74 1.74 1.82
C5–C6 1.74 1.74 1.74 1.82
C1–S6 1.79 1.82 1.84 1.85
C1–S7 1.78 1.82 1.84 1.85
C3–C7 1.33 1.33 1.35 1.43
C7–C8 1.23 1.23 1.22 1.21
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C4 and C3–C5 distances become identical at this stage (3.01 Å)
and are within the van der Waals contact (Table 2). Intermediate
11-IM1 undergoes another transition state 11-TS2 in which the
dithiolium ring is bent towards the C3 carbon to allow orbital
interactions between p(C4–C5) and p(C3). Essentially, the
second transition state 11-TS2 leads to a relatively stable inter-
mediate 11-IM2 with a cage-like skeleton. It is worth noting that
the potential energy surface connecting the three stationary
points (11-TS1, 11-IM1, and 11-TS2) is very shallow, and the
energy differences among them are less than 1.0 kcal mol�1.
Such an energetic feature suggests that intermediate 10-IM1
would be formed at a very fast rate once the rst transition state
10-TS1 is overcome. Although theoretically predicted to be
a stepwise mechanism, experimentally probing it will be very
challenging. The second intermediate 11-IM2 possesses the
cage-like structure similar to that of 10-IM1, and from this point
the reaction path is bifurcated. In the rst approach (pathway A,
Scheme 7) bond breaking at C3–C4 takes place to generate
a transition state 11-TS3 (Ea ¼ 5.93 kcal mol�1), through which
product 11-P is directly furnished. The second pathway begins
with a bond breaking at C1–S7, which is energetically more
demanding (Ea ¼ 56.47 kcal mol�1) and therefore deemed
unlikely to occur in the actual reaction.

Overall, our DFT investigations on the two model
compounds 10 and 11 have disclosed two different mechanisms
for the intramolecular alkyne–dithiolium cycloaddition, namely
concerted and stepwise. In the case of monoyne-substituted
phenyl-DTF 10, a concerted cycloaddition transition state is
necessary to gain stabilization from the orbital interactions
between C]C p bond (donor) of the dithiolium and the empty
p orbital (acceptor) on its alkyne counterpart. To arrive at the
concerted transition state, the dithiolium ring is bent by
a signicant degree and hence raises the strain energy within
the molecule. The energy cost here makes the activation energy
barrier relatively high and not so easy to overcome. It also
accounts for the asynchronicity in the bond forming process.
For diyne-substituted phenyl-DTF 11 the energetically
demanding concerted transition state is averted owing to the
contribution of the additional C^C bond. Through resonance
effect the alkynyl p orbital offers stabilization to a Prins-type
36628 | RSC Adv., 2017, 7, 36623–36631
cyclization transition state that does not suffer from much
strain energy. Our theoretical analysis concurs with the experi-
mental observation that 1,3-butadiyne was much easier to
cyclize than the monoyne. With the DFT calculated mecha-
nisms in mind, it is also reasonable to envisage that alkynyl
groups directly connected to other p-units (e.g., alkenes, arenes)
should also exhibit enhanced reactivity due to similar reso-
nance effect. Investigations on the intramolecular cycloaddition
between dithiolium and other 1,3-dipolarophiles (e.g., arylace-
tylenes, allenes, cyclopropylmethylene) are currently underway.

3 Conclusions

In summary, this study has delivered insights into the mecha-
nistic details for intramolecular alkyne–dithiolium cycloaddi-
tion reactions. Our experimental results indicate that
protonation on the vinyl group adjacent to the dithiole ring is an
indispensable step which activates the dithiole into reactive
dithiolium ion. The neighboring alkynyl group can attack the
dithiolium moiety through either a concerted 1,3-dipolar
cycloaddition or a stepwise Prins-type cyclization pathway.
Herein the resonance effect through p-conjugation plays a key
role dictating the reactivity and mechanism. In our experi-
ments, p-conjugated 1,3-butadiyne was observed to be consid-
erably more reactive towards the cycloaddition than the simple
ethynyl group. If our DFT calculated mechanisms hold true, it is
predicted that alkynyl groups directly bonded to other p-units
should have reactivity similar to 1,3-butadiyne. In the current
literature, dithiole has been increasingly used as a p-electron
donor group in advanced organic p-conjugated materials.
Alkynyl groups, on the other hand, are common building
components in various p-conjugated molecules and polymers.
It is rational to design new p-conjugated systems with dithiole
and alkynyl groups co-existing within a close proximity. Our
joint experimental and theoretical study hence raises awareness
on the alkyne–dithiolium reactivity that may sabotage the
stability and functions of dithiole–alkyne containing organic
materials. In terms of synthetic chemistry, the cycloaddition of
alkyne and dithiolium followed by elimination of a SMe group
can lead to a unique indenothiophene motif, which is also
a useful p-building block for advanced organic semi-
conductors54,55 and optoelectronic materials.53 During this
transformation, the destruction of dithiole ring is compensated
by the formation of an aromatic thiophene unit. Prior to our
discovery of the intramolecular alkyne–dithiolium cycloaddi-
tion, there had been nomethodologies in the literature allowing
the B and C rings of the indenothiophene skeleton to be directly
assembled via a one-pot synthetic approach.53–56 We anticipate
that the intramolecular alkyne–dithiolium cycloaddition will
nd synthetic use in the preparation of novel polycyclic
aromatic compounds and related macromolecular systems.

4 Experimental procedures

Chemicals were purchased from commercial suppliers and
used directly without purication. All reactions were conducted
in standard, dry glassware and under air. Evaporation and
This journal is © The Royal Society of Chemistry 2017
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concentration were carried out with a rotary evaporator. Flash
column chromatography was performed with 240–400 mesh
silica gel, and thin-layer chromatography (TLC) was carried out
with silica gel F254 covered on plastic sheets and visualized by
UV light. 1H and 13C NMR spectra were measured on a Bruker
Avance III 300 MHz multinuclear spectrometer. Chemical shis
(d) are reported in ppm downeld relative to the signals of the
internal reference SiMe4 or residual solvents (CHCl3: H ¼
7.24 ppm, C¼ 77.2 ppm; CH2Cl2: H¼ 5.32 ppm, C¼ 54.0 ppm).
Coupling constants (J) are given in Hz. Infrared spectra (IR) were
recorded on a Bruker Alfa spectrometer. High resolution APPI-
TOF MS analysis was done on a GCT premier Micromass
Technologies instrument. Compounds 3,38 6,14,33 and 714,33 were
prepared by the methods reported previously.
4.1 Synthesis of compound 4

Compound 3 (0.22 g, 0.36 mmol) was dissolved in CH2Cl2 (25
mL) and the solution was cooled down to �20 �C. To this
solution was added TFA (0.25 g, 2.2 mmol 0.17 mL) dropwise.
The solution was observed to quickly change its color from
yellow to dark red. The mixture was stirred at �20 �C for 5 min,
then a solution of iodine (0.091 g, 0.36 mmol) dissolved in
CH2Cl2 (10 mL) was slowly added into the reaction mixture
through an addition funnel. Aer the addition of TFA was
complete, the reaction was stirred at�20 �C for another 10 min.
The reaction mixture was then quenched by adding saturated
aqueous NaHCO3 solution (30 mL) and saturated aqueous
Na2S2O3 solution (30 mL). The organic layer was separated,
dried over MgSO4, and evaporated under vacuum. The residue
was subjected to silica column chromatography (CH2Cl2/
hexanes, 2 : 3) to afford compound 4 (0.12 g, 0.20 mmol, 54%)
as a red solid. The 1H and 13C NMR data were consistent with
those reported previously.38
4.2 Synthesis of compound 5

Compound 3 (21 mg, 0.034 mmol) was dissolved in CH2Cl2 (5
mL) and the solution was cooled down to �20 �C. To this
solution was added TFA (12 mg, 0.10 mmol, 8.1 mL) dropwise via
a microsyringe. The solution was observed to quickly change its
color from yellow to dark red. The mixture was stirred at�20 �C
for 5 min and then quenched by adding saturated aqueous
NaHCO3 solution (30 mL). The organic layer was separated,
dried over MgSO4, and evaporated under vacuum. The residue
was subjected to silica column chromatography (CH2Cl2/
hexanes, 2 : 3) to afford compound 5 (17 mg, 0.028 mmol, 81%)
as a red solid. 1H NMR (300 MHz, CDCl3) d 7.96 (d, J ¼ 6.7 Hz,
1H), 7.59 (d, J ¼ 7.0 Hz, 1H), 7.42–7.39 (m, 2H), 7.22–7.09 (m,
4H), 6.26 (s, 1H), 2.67 (s, 3H), 2.48 (s, 3H), 2.42 (s, 3H), 2.15 (s,
3H) ppm; 13C NMR (75 MHz, CDCl3) d 214.8, 157.1, 154.9, 149.2,
147.2, 138.2, 128.6, 127.2, 125.4, 125.0, 120.3, 120.1, 113.0,
111.4, 108.2, 100.5, 77.7, 47.6, 30.2, 21.1, 10.9 ppm (seven
carbon signals not observed due to coincidental overlap); FTIR
(neat) 3052, 2986, 2915, 2184, 1561, 1396, 1263 cm�1; HRMS
(APPI-TOF, positive mode) m/z calcd for C28H23S8 614.9565,
found 614.9501 [M + H]+.
This journal is © The Royal Society of Chemistry 2017
4.3 Synthesis of compounds 8 and 9

Compound 7 (30mg, 0.078mmol) was dissolved in CH2Cl2 (5 mL)
and the solution was cooled down to�20 �C. To this solution was
added TFA (27 mg, 0.23 mmol, 18 mL) dropwise via a micro-
syringe. The solution was observed to turn into a deep red color
immediately. The reactionmixture was stirred at�20 �C for 5min
and then quenched by adding saturated aqueous NaHCO3 solu-
tion (30 mL). The organic layer was separated, dried over MgSO4,
and evaporated under vacuum to give the crude products a dark
red solid which was then subjected to silica column chromato-
graphic (CH2Cl2/hexanes, 1 : 2) separation. Two major products
were isolated as red solids. Compound 8 (14 mg, 0.037 mmol,
47%, Rf ¼ 0.28) 1H NMR (300 MHz, CDCl3) d 7.96 (d, J ¼ 8.0 Hz,
1H), 7.60 (d, J¼ 8.1 Hz, 1H), 7.34 (m, 2H), 4.83 (s, 1H), 2.80 (s, 3H),
1.61 (s, 3H), 0.37 (s, 9H) ppm; 13C NMR (75 MHz, CDCl3) d 214.7,
154.6, 147.2, 138.2, 128.6, 127.2, 125.4, 120.1, 112, 9, 108.2, 100.5,
47.6, 30.2, 10.9, 0.4 ppm (two carbon signals not observed due to
coincidental overlap); FTIR (neat) 3052, 2954, 2918, 2851, 2147,
1390, 1259, 1180 cm�1; HRMS (APPI-TOF, positive mode) m/z
calcd for C19H21S4Si 405.0295, found 405.0282 [M + H]+.
Compound 9 (5.8 mg, 0.018 mmol, 23%, Rf ¼ 0.19) 1H NMR (300
MHz, CDCl3) d 8.04 (d, J ¼ 7.5 Hz, 1H), 7.48 (d, J ¼ 7.4 Hz, 1H),
7.37 (t, J¼ 7.0 Hz, 1H), 7.29–7.24 (m, 1H), 3.83 (s, 2H), 2.80 (s, 3H),
0.37 (s, 9H); 13C NMR (75MHz, CDCl3) d 214.8, 152.3, 145.9, 138.9,
127.4, 126.3, 125.1, 120.2, 113.2, 108.1, 100.7, 100.4, 35.6, 30.1,
0.4 ppm; FTIR (neat) 3047, 2955, 2852, 2144, 1465, 1384, 1310,
1261, 1180, 1161 cm�1; HRMS (APPI-TOF, positive mode) m/z
calcd for C18H19S3Si 359.0418, found 359.0382 [M + H]+.
5 Computational details

The molecular structures of the reactants, transitions states, and
intermediates were optimized by the DFT calculations at the
B3LYP level.67,68 The 6-31+G(d) basis set69 was used for all the
atoms. Frequency calculations were performed at the same level
of theory to identify all the stationary points as energy minima
(zero imaginary frequency) or transition states (one imaginary
frequency). An IRC analysis was performed to conrm that all the
stationary points were smoothly connected to one another. All the
DFT calculations were performed using the Gaussian 09 D.01
package, andNatural Bond Orbital (NBO) analysis was done using
the NBO6 module included in the Gaussian 09 D.01 package.70

The optimized molecular structures were plotted using CYLview71

and the natural bond orbitals were visualized by GaussView 5.72
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