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A 405 nm light-activatable terthiophene-based tetrazole was route* was employed in which the substituted 5-(thiophen-2-

designed that reacts with a fumarate dipolarophile with the yltetrazoles were coupled with the various phenyl(thiophen-2-
second-order rate constant k, exceeding 10° M~ s™'. The yDiodonium salts in the presence of Cu(OAc), and NEt;
utility of this laser-activatable tetrazole in imaging (Schemes 1 and S1-S3).

microtubules in a spatiotemporally controlled manner in live

55
I NN i
cells was demonstrated. (;S*,*—Q\(/ NH « [N s D
N=N TN T

[

Because of their inherent capacity of spatiotemporal control, } CuoA, NEts peu

light-triggered chemical reactions have been increasingly 8. ,@\(/N\Nﬂ‘ 8.
. . « » o 2 o 7 s NN o
employed in the design of “smart” materials, molecular motors, v N=N L
and biological switches for controlling cell signaling? While L

several light-induced “click”-type reactions® have been reported
recently, invariably, these reactions are triggered by UV light

I\ I NN I\
oD A
with the wavelengths in the range of 300~365 nm, which limits 1 2

their utility in biological systems because of the phototoxicity.’ S N N T )
We reported a photoinduced tetrazole-alkene cycloaddition @/Q\(N/z.? N M:NN/Q\@
reaction (“photoclick chemistry”)® recently and demonstrated that ® 3 4

this bioorthogonal ligation reaction can be employed to label U\(N\N W

proteins in live mammalian cells.” A key step of this reaction R VR W

involves UV light-induced rupture of the tetrazole ring to 8

generate in situ a highly reactive nitrile imine dipole.® In our Scheme 1 Synthesis of oligothiophene-tetrazoles 1-5

earlier efforts to minimize photodamage to cells, we extended the
photoactivation wavelength from 302 nm to 365 nm by placing
suitable aryl substituents on the tetrazole ring;9 however,
significant cellular stress could still result from 365 nm
photoirradiation.'® Furthermore, typical fluorescent microscopes
are not equipped with 365 nm UV lasers, preventing a wider use

To gain insights into the structural effect of embedding
tetrazole into oligothiophenes, single crystals of oligothiophene-
os tetrazoles 2 and 4 were obtained and their structures were
elucidated by X-ray crystallography (Fig. 1 and ESI). Both

of photoclick chemistry in biological studies. To overcome these molecules adopt planar all-frans conformations and herringbone
limitations, herein we report the design and synthesis of packing common to the known oligothiophenes.'> The torsional
oligothiophene-based, 405 nm laser-activatable tetrazoles, the angles between tetrazole and N-thiophene and between tetrazole
characterization of their reaction kinetics with electron-deficient 7 and C-thiophene in compound 2 are 1.1° and 1.4° respectively,
dipolarophiles, and their utility in spatiotemporally controlled while the same torsional angles are less than 1° in compound 4

imaging of microtubules in live mammalian cells.

In search for laser-activatable tetrazoles, we were attracted to
oligothiophenes because: (i) linear a,a-linked oligothiophenes are
electron-rich m-conjugated systems that exhibit large molar
absorptivity and tunable absorption wavelengths depending on
chain length;'' (i) structural similarity between tetrazole and
thiophene rings allows insertion of the tetrazole ring into the
oligothiophene chain without disrupting the planar conjugation
system, and as a result minimizes light energy being consumed
through o-bond rotation;'> and (iii) the thiophene ring can be
readily functionalized for improved water-solubility and cell
permeability.”* Thus, a panel of oligothiophene-tetrazoles (1-5)
were prepared by inserting the tetrazole ring into the bi-, ter-, and
quater-thiophene structures (Scheme 1). A convergent synthetic

(evident from side views of Fig. 1a and 1b). The oligothiophene-
tetrazoles are packed in the crystals through face-to-face n-m
interactions with n-distance of 3.4-3.4 A. The electron-deficient
75 tetrazole rings pack tightly against the electron-rich distal
thiophene rings (Fig. 1b). Overall, the structure of terthiophene-
tetrazole 2 closely matches that of quarter-thiophene'” (Fig. 1c).
Since m-conjugation is retained in oligothiophene-tetrazoles,
we measured UV-Vis absorption of the five tetrazoles in a mixed
CH;CN/PBS (2:1) solvent (Fig. S1). As expected, the absorption
maxima (A,.,) showed significant bathochromic shift as the
number of thiophene unit increases (Table 1); for tetrazoles with
same number of thiophenes, the more thiophenes on the N-aryl
side of the tetrazole, the greater the A, values (compare 2 to 3; 4
ssto 5). The order of A, is largely in agreement with the
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calculated HOMO-LUMO gaps with the exception of tetrazole 3
(Table 1). To our satisfaction, tetrazoles 2, 4, and 5 showed
substantial absorption at 405 nm, a prerequisite for potential
photoreactivity under 405 nm violet photoillumination.

a)

Slant view Side view
7 o0
2 M
OO0 C overtay
quaterthiophene

Fig. 1 Crystal structures of tetrazoles 2 (a) and 4 (b) and their packing in
the crystals. (c) Overlay of the crystal structures of tetrazole 2 with that of
quaterthiophene.

Table 1 Absorption maxima, molar absorptivity and the calculated
molecular orbital energy for oligothiophene-tetrazoles *

tetrazole  Amax Emax E405 Enomo Erumo AErumo-nomo
(m) M'em™) Mlem™) (V) (V) (eV)
1 308 7,900 ND’ -6.15  -1.59 4.56
2 354 21,000 1,500 2579 -1.86 3.93
3 346 21,000 ND’ 563 -1.71 3.92
4 366 29,000 8,300 558 -191 3.67
5 390 27,000 23,000 551 =201 3.50

* UV-Vis absorbance was measured by dissolving tetrazoles 1-5 in
acetonitrile/PBS (2:1) to derive the final concentration of 15 uM. DFT
calculations were performed at the B3LYP/6-31G* level in vacuum using
SPARTAN’08 program. ” Absorption at 405 nm was not detected.

To assess 405-nm photoactivatability, we subjected tetrazoles
1-5 with mono-methyl fumarate amide (MFA) under illumination
of a diode laser (405 nm, 24 mW).“’ We chose MFA because it is
an excellent dipolarophile for photoclick chemistry and is stable
toward biological nucleophiles such as glutathione (Fig. S2).
Among the oligothiophene-tetrazoles, tetrazole 2 showed the
cleanest formation of the pyrazoline cycloadduct after 30 s
photoillumination based on the HPLC traces (Fig. S3). A closer
inspection of the pyrazoline cycloadducts by '"H NMR revealed
the formation of a pair of regioisomers in roughly 1:1 ratio with
similar absorbance and fluorescence properties (Fig. S4).
Importantly, quantum yield for 405 nm laser-induced tetrazole
ring rupture was determined to be 0.16 based on chemical
actinometer (Fig. SS5), significantly higher than the 365 nm-
photoactivatable tetrazoles we reported previously (@ = 0.006-
0.04).* While tetrazole 4 absorbs strongly at 405 nm, it gave rise
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to only trace amount of the pyrazoline cycloadducts (Fig. S6).
Furthermore, despite its strongest absorbance, tetrazole 5 was
found to be stable upon 405 nm photoillumination, likely due to
its intrinsic fluorescence (Fig. S7).
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Fig. 2 Kinetic characterization of tetrazoles 2 and 6 in 405 nm laser-
induced photoclick chemistry. (a) Reaction scheme. (b) Plots of time
course of the reactions. The reactions were set up by incubating 10 pM of
tetrazole and 50 uM of mono-methyl fumarate amide in acetonitrile/PBS
(1:1), and the mixtures were illuminated with a 405-nm diode laser for the
indicated time. The reaction mixtures were analyzed by reverse-phase
HPLC. The amount of pyrazoline adducts was quantified by comparing
the peak area to a standard curve. The photoinduced reactions were
repeated three times at each time points to obtain standard deviations.

To apply terthiophene-tetrazole 2 to cellular systems, a more
water-soluble derivative 6 (Fig. 2a) was prepared by appending a
negatively charged succinate at the distal thiophene ring (Scheme
S5). To determine the reactivity of terthiophene-tetrazoles 2 and
6, we performed the kinetic studies of the cycloaddition reactions
with MFA under 405 nm photoirradiation. We found that the
cycloaddition reactions proceeded very rapidly with the second-
order rate constants (k,) determined to be 619 + 108 M~' s™! and
1299 + 110 M~ s™' for tetrazole 2 and 6'7, respectively (Fig. 2b,
S8, S9), indicating a roughly twofold enhancement in reactivity
for tetrazole 6.

To probe whether tetrazole 6 allows laser-triggered photoclick
chemistry in vivo in a spatiotemporally controlled manner, we
tested the ability of tetrazole 6 to label microtubules'® that are
pre-treated with a fumarate-modified docetaxel in CHO cells. To
this end, we synthesized a fumarate-docetaxel conjugate, IPFA-
docetaxel, by attaching mono-isopropyl fumarate amide at
position 10 of docetaxel via a flexible linker (Fig. 3a)."® We used
IFA-docetaxel because: (i) mono-isopropyl fumarate amide
(IPFA) is more stable than mono-methyl fumarate amide in
vivo;?® (il) modification at position 10 of docetaxel does not
affect the binding of docetaxel to microtubules;*' and (iii) IPFA
exhibited similar reactivity as MFA in the cycloaddition reaction
with tetrazole 2 (Fig. S11). Thus, we treated CHO cells with 40
UM tetrazole 6 overnight and afterwards washed away the excess
reagent with PBS. The cells were then incubated in OPTI-MEM
medium containing 30 uM IPFA-docetaxel for 30 min. A
quadrangle area in the culture plate (Fig. 3b) was selected for
intermittent photoirradiation with a 405 nm laser before
fluorescence acquisition. In the fluorescence channel (ex = 458
nm, em = 531-623 nm), the quadrangle area showed a time-
dependent turn-on fluorescence (Fig. 3b, top row), with average
fluorescence intensity inside the illuminated quadrangle area
roughly four-fold greater than outside after 48-sec exposure (Fig.
S12). As a control, the same procedure without IPFA-docetaxel
treatment led to only slight increase in background fluorescence
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inside the illuminated quadrangle area (Fig. 3b, bottom row),
which can be attributed to the photogenerated, weakly fluorescent
nitrile imine intermediates.”® To verify that the fluorescence is
derived from microtubule-bound pyrazoline, in-cell fluorescence

s spectrum-scan was performed, revealing a maximum cytosolic
emission at 548 nm (Fig. S13). Separately, we also measured the
fluoresnce spectrum of the preformed pyrazoline and founf that it
shows solvent-dependent fluorescence: it is non-fluorescent in
PBS/acetonitrile (4:1), but strongly fluorescent in organic

10 solvents along with a hypsochromic shift in emission maxima
from 585 nm to 560 nm (Fig. S14). The blue-shifted in-cell
fluorescence matches closely to that observed in organic solvents,
suggesting that the generally formed pyrazoline-docetaxel likely
binds to the microtubule surface with a low dielectric constant.
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Fig. 3 Spatiotemporally controlled imaging of microtubules via laser-
triggered docetaxel-directed photoclick chemistry with terthiophene-
tetrazole 6. (a) Reaction scheme. (b) Confocal micrographs of CHO cells
treated with 40 uM tetrazole 6 in the presence of (top row) or absence
20 (bottom row) of 30 pM IPFA-docetaxel. The cells in the quadrangle areas
were exposed to 405 nm laser irradiation (0.15 mW) at 1.27 ps/pixel
illumination dwell followed by scanning entire viewing areas with 458
nm laser at 6.30 ps/pixel illumination dwell; the scanning sequence was
intermittently repeated for a duration of 125 sec. Scale bar = 50 pm.

»s  In summary, we have synthesized a panel of oligothiophene-
based tetrazoles and found that a terthiophene-tetrazole gave
excellent photoreactivity under 405 nm laser irradiation with ring
rupture quantum yield of 0.16. A water-soluble terthiophene-
tetrazole was then prepared that showed a faster reaction kinetics

3 with with a fumarate dipolarophile (k, = 1299 + 110 M™' s™") and
capability for real-time spatiotemporally controlled imaging of
microtubules via laser-triggered photoclick chemistry in live
mammalian cells. Given that 405 nm laser is widely available on
fluorescent microscope for exciting tcommon fluorophores, we

35 expect that this class of 405 nm laser-activatable thiophene-
tetrazoles should facilitate a wider adoption of photoclick
chemistry in cell biologcal studies.
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