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Methyl Scanning for Mechanochemical Chalcogen-Bonding
Cascade Switches
Xiang Zhang, Naomi Sakai, and Stefan Matile*[a]

Dedicated to Jean-Marie Lehn on the occasion of his 80th birthday

Chalcogen-bonding cascade switching was introduced recently
to produce the chemistry tools needed to image physical forces
in biological systems. In the original flipper probe, one methyl
group appeared to possibly interfere with the cascade switch.
In this report, this questionable methyl group is replaced by a
hydrogen. The deletion of this methyl group in planarizable
push-pull probes was not trivial because it required the
synthesis of dithienothiophenes with four different substituents
on the four available carbons. The mechanosensitivity of the
resulting demethylated flipper probe was nearly identical to
that of the original. Thus methyl groups in the switching region
are irrelevant for function, whereas those in the twisting region
are essential. This result supports the chalcogen-bonding
cascade switching concept and, most importantly, removes
significant synthetic demands from future probe development.

The fluorescence imaging of physical forces is one of the
current challenges in biology that cannot be addressed without
input from chemistry.[1] To tackle this problem, planarizable
push-pull (PP) chromophores were introduced[2] as a mechano-
sensitive fluorescent membrane probe.[3] The first operational
“flipper”[4] probe consists of twisted dithienothiophene (DTT)[5]

dimers (Figure 1).[6] Repulsion ( ) between methyls ( ) and σ
holes ( )[7] on the sulfurs next to the connecting bond is
applied to twist the two flippers out of coplanarity (Figure 1a,
9).[4,6,8] The primary “sulfide” donors in the DTT bridge and
“sulfone” acceptors in the dithienothiophene S,S-dioxide
(DTTO2) bridge establish the primary push-pull system (Fig-
ure 1a, 5, 6). Mechanical co-planarization establishes conjuga-
tion between donor and acceptor DTT and shifts the excitation
maximum to the red.[4,6,8]
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Figure 1. a) Design and b) mode of action of the chalcogen-bonding cascade
switch. c) Relevant structures for methyl scanning: Original cascade switch 1
in twisted (t) and planar (p) conformation, flipper 3 without the methyl (1) in
the donor switching region and control 2 with methyls in neither switching
(1) nor twisting (2) donor regions.
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Additional exocyclic donors (D) and acceptors (A) are
needed in planarized probes for high mechanosensitivity, i. e.,
large redshifts from strong PP systems. However, they are not
tolerated in twisted probes because they promote oxidation
and reduction of at least partially decoupled DTTs.[9] To over-
come this “flipper dilemma,” the bioinspired[10] chalcogen-
bonding (CB)[7] cascade switching concept was introduced.[11]

The exocyclic PP D and A (Figure 1a, 7, 8) are equipped with CB
acceptors Y and X, respectively (Figure 1b, i, iii). In the twisted
ground state, repulsion (↕) of Y (i) by the electron-rich DTT (ii)
turns off D (7), while a “back-donating” (") CB (···) between X (iii)
and the deep σ holes ( )[5,7,11–13] on the electron-poor DTTO2
(iv) turns off A (8). Upon planarization by physical force (9, ),
the deepened DTT σ holes (ii, ! ) produce a CB (···) to Y (i)
and turn on (10, , ") D (7), and the filled DTTO2 σ holes
(iv, ! ) repel (↕) X (iii) and turn on (10, ) A (8).

Proof-of-concept for CB cascade switching was secured with
flipper 1, containing a triazole as turn-on donor (7) and an
aldehyde as turn-on acceptor (8, Figure 1).[11] The results were
chemically stable fluorescent force probes with redshifted
absorption in planarized form and, probably more important,
much chemical space opened up to explore. To venture into
this space, we were concerned about the methyl group next to
the triazole ring in flipper 1 (magenta, 1). This methyl could
conceivably hinder the formation of the CB (···, ") between the
nitrogen Y (i) in triazole PP donor (7) and DTT (ii, ) in the
planar p-1 conformation, i. e., weaken or even inactivate the
turn-on donor. Similar concerns apply to the methyl on the
other end (4), possibly interfering with turn-on acceptors.
Although flipper 1 showed excellent mechanosensitivity,[11] we
wondered if the removal of this methyl (1) is necessary to
unleash the full capacity of turn-on donors. However, removal
of both methyls (1, 2) on DTT donor (5) as in flipper probe 2
was shown previously to be detrimental to the mechanosensi-
tivity because of insufficient twisting.[14] The challenge then was
to delete the methyl (1) in the switch region (10) and preserve
the methyl (2) in the twist region (9). This design called for DTTs
with four different substituents on the four available carbons, a
synthetic challenge that has not been met so far with flipper
probes. In the following, we report the synthesis of flipper 3
with one methyl group of original 1 cleanly deleted, and show
that the mechanosensitivities of the two are nearly the same,
i. e., validate the CB cascade switching concept as it stands.

Single methyl deletion in flipper 3 was initiated with
tetrabromothiophene 4 (Scheme 1). DTTO2 5 was readily
accessible in eight steps from 4 following previously reported
procedures.[4,8,11] A stepwise procedure was developed for the
introduction of the two different β substituents in DTT 6. The
first bromine-lithium exchange of thiophene 4 was followed by
the addition of acetaldehyde 7, and the second by the addition
of 1-formylpiperidine 8. The secondary alcohol in the resulting
thiophene 9 was oxidized with Dess-Martin periodinane, and
product 10 was engaged in cascade cyclizations[15] with
thioacetate 11. Ester hydrolysis of DTT 12 followed by
decarboxylation of diacid 13 afforded the previously reported[16]

DTT 14. Chemoselective bromination of 14 with NBS was
achieved following the procedure in the literature.[16] Iodination

of the second α carbon in bromo-DTT 15 afforded the first
intermediate 6 with four different substituents on the four
available DTT carbons. Sonogashira coupling with TIPS-pro-
tected alkyne 16 prepared for direct coupling of the resulting
alkynylated bromo-DTT 17 with bromo-DTTO2 5 in the
presence of CuI and then Pd(PPh3)4. From the resulting product
mixture, it was possible to isolate pure dimer 18. Deprotection
of the alkyne and Cu-mediated cycloaddition of alkyne 19 to
azide 20 gave the desired target molecule 3. The yield of 14%
for the final two steps does not well reflect conversion because
much material was sacrificed during purification of the final,
poorly soluble amphiphile 3. Yields of the multistep synthesis of
3 were overall not vigorously optimized because the functional
evaluation suggested that, fortunately, single methyl deletion
will not be necessary for the future development of cascade
switching (vide infra).

The challenge to build demethylated flipper 3 is best
appreciated by comparison with the previously reported, much
less problematic and reasonably optimized synthesis of original
1 (Scheme 2).[11] Here, the dimethylated DTT 21 is readily
accessible from 4 by acetylation with 7 followed by cascade
cyclization with 11. Importantly, dimer 22 is accessible with
good yields from DTT 21 and DTTO2 23 by Stille coupling, and

Scheme 1. Synthesis of 3: [a] 1. 4, nBuLi, THF, � 78 °C, 7, 30 min; 2. nBuLi,
THF, � 78 °C, 8, � 78 °C to rt, 12 h, 49%; [b] Dess-Martin periodinane, CH2Cl2,
rt, 1 h; [c] K2CO3, DMF, rt, 12 h; [d] KOH, EtOH, H2O, reflux, 4 h; [e] Ag2CO3,
AcOH, DMSO, 120 °C, 48 h, 31% (4 steps); [f] NBS, DMF, 95%;[16] [g] I2,
PhI(OAc)2, CD2Cl2, rt, 12 h; [h] CuI, PdCl2(PPh3)2, TEA, N2, 55 °C, 12 h; [i] CuI,
DMF, 80 °C, Pd(PPh3)4, 120 °C, 24 h, 8% (3 steps); [j] TBAF, THF, 0 °C, 5 min; [k]
CuSO4 ·5H2O, sodium ascorbate, TBTA, DMF/H2O 6 :1, rt, 12 h, 14% (2 steps);
[l] 8 steps, as in [4,8d].
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the terminal acetylene can be introduced on the dimer level
with the TMS-protected alkyne 24 rather than the TIPS-
protected alkyne 16, which in turn allows milder deprotection
of dimer 25. Most of these conditions optimized for flipper 1
were not applicable to 3 because the deleted methyl not only
asymmetrized but also affected the reactivity of DTT 6.

Fluorescence spectra of the demethylated flipper 3 were
recorded in large unilamellar vesicles (LUVs) composed of
liquid-disordered (Ld) DOPC (magenta), the liquid-ordered (Lo)
SM/CL 7 :3 (green) and solid-ordered (So) DPPC membranes
(blue) at 25 °C, and Ld DPPC membranes at 55 °C (Figure 2a,
red).[11] In all membranes, increasing flipper concentration
resulted in a roughly linear increase in fluorescence intensity
until saturation was reached. Such behavior occurred at c>
5 nM 3 in Lo SM/CL membranes and at c >32 nM in other
membranes (Figure S6). The mechanosensitivity of flipper 3 was
thus evaluated below these critical concentrations.

From Ld DOPC to So DPPC, the lowest energy maximum in
the excitation spectrum shifted by ΔλSo–Ld= +50 nm from λLd=

470 nm to λSo=520 nm. At the same time, the fluorescence
intensity increased by ISo/ILd=13, while the emission maxima
λem�630 nm did not change at all (Figures S2, S4). These
changes were in agreement with operational flipper probes,
characterized by i) in-equilibrium planarization and polarization
in the ground state accounting for the redshift in excitation,[4,8,11]

ii) uniform emission from planarized and polarized lowest
excited state for constant emission maxima,[9] and iii) competi-
tion of viscosity-dependent off-equilibrium planarization and
polarization in the excited state[11,14] with non-radiative TICT
states[3] accounting presumably for the lower fluorescence
intensity of twisted probes.[11,17]

Demethylated flipper 3 perfectly reproduced the mechano-
sensitivity of the original cascade switch 1. For instance, the
characteristic strongly shouldered peak appeared in more
ordered membranes. Best developed in Lo membranes, these
shoulders could be attributed to the vibrational fine structure
upon in-equilibrium planarization in the ground state.[11,14]

Spectral deconvolution for 3 placed the formal 0–0 transition at
λLo00=543 nm, followed by the most intense 0–1 transition at

λLo01=503 nm and a broad band at λLoE=462 nm which might
contain the 0–2 transition but presumably also contributions
from a misplaced subpopulation (Figure 2b, green, solid; black,
dashed). The estimated ΔνLo12=1470 cm� 1 appeared reasonable
for vibrational transitions. The redshift of the excitation band of
3 from Ld to Lo membranes can be described as a maximal shift
ΔλLo00–Ld= +73 nm or an average redshift ΔλLo–Ld� +50 nm.
This most revealing excitation spectrum of the demethylated
probe 3 reproduced that of original cascade switch 1 in Lo
membranes to perfection (Figure 2b, magenta).

With 3 in So membranes, the broad peak at average λSo=

520 nm was as in Lo membranes, but the vibrational fine
structure was less pronounced. However, deconvolution readily
gave λLo00=547 nm, a dominant λLo01=506 nm and a broad
λLoE=444 nm (Figure 3a). As in Lo membranes, the deconvo-
luted spectra of 3 and 1 in So membranes were very similar
(Figure 3b).

Chalcogen-bonding cascade switching was introduced
recently to overcome the flipper dilemma and open chemical
space for fluorescent membrane tension probe development.[11]

Although validated experimentally and theoretically, there was
the one methyl group that could have hindered rotation and
chalcogen-bond formation to turn on the triazole donor. The

Scheme 2. Synthesis of 1:[11] [a] 1. nBuLi, 7, 2. Na2Cr2O7, 3. NaOEt, 11, 80%; 4.
LiOH, 5. Ag2CO3, 69%; [b] 1. nBuLi, Bu3SnCl, 2. 23, Pd(PPh3)4, 54%; [c] 1. NIS,
2. 24, PdCl2(PPh3)2, CuI, Et3N, 66%; [d] 1. K2CO3, 2. 20, CuSO4 ·5H2O, sodium
ascorbate, TBTA, 20%; [e] ethylene glycol, 92%.

Figure 2. a) Normalized fluorescence excitation spectra (λem=620 nm, origi-
nal and smoothed) of 3 (32 or 4 nM) in Ld DOPC (magenta), Lo SM/CL 7 :3
(green) and So DPPC (blue) at 25 °C and Ld DPPC LUVs (red) at 50 °C (75 μM
lipid in 10 mM Tris, 100 mM NaCl, pH 7.4). b) Deconvolution (dashed) of
fluorescence excitation spectra (λem=620 nm) of 3 (4 nM) in Lo SM/CL 7 :3
LUVs (original data and sum of the deconvoluted peaks, green) compared to
that of 1 (original data, magenta; sum of the deconvoluted peaks, blue).
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results disclosed in this report suggest that this concern is
without foundation: Deletion of the single methyl in the switch
region does not affect mechanosensitivity. In other words,
whereas methyls in twist region, operating with chalcogen
bonding, are essential,[14] methyls in switch region are irrelevant.
This result was delightful because it validates the chalcogen-
bonding cascade switching concept and thus opens much
space for future probe development without the synthetic
complications of single methyl deletion described in this study.
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