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Graphical Abstract
6,6-Bis(O-4-arylethynylbenzoyl)-a,a-trehaloses 1a, 1b
X Reles *{ .
: d 1 = 14 , 9-anth d phenyl,
mY@/ T and 1c (aryl pyrenyl, 9-anthryl and phenyl
Trehalose-based L , respectively) were synthesized, and their photophysical

Fluorescent Probes bl

for
Cellular-Imaging "' properties were examined by UV-vis and fluorescence
spectroscopies in anhydrous or hydrous THF solutions.
Especially, the pyrenyl derivative 1a acted as an excellent

fluorescent probe for cytofluorometric imaging.
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Abstract

A series of 6,6-bigp-4-arylethynylbenzoyiyo-trehaloses (aryl groupda 1-pyrenyl, 1b: 9-anthryl, 1c
phenyl) were synthesized and fully characteriz&their photophysical properties were investigated by
U\V-visfluorescence spectroscopies, and were alitied by TDDFT calculations.  Moreover, the emmissnaxima
of laandl1b in THF/HO considerably shifted to a longer wavelength reguth increasing LD fraction
owing to the formation of excimers. The pyrenyvaiive 1a was efficiently taken into HeLa CD&iuman

cervical cancer cells and emitted bright greerrdisicence.

Keywords: Fluorescent probe, Cellular imaging analysis alosk, Fused aromatics, Photophysical properties

1. Introduction

Fused aromatic compounds possessiognjugated substituents have been gathering nttesitien as
photo functional materials such as organic solés; terganic light-emitting diodes (OLEDsind organic
field-effect transistors (OFETs)due to their high fluorescent quantum yiéldsThe extension of
n-conjugation can be attained by fusing aromatigsriand/or introducing-bridges. The elongation of
n-conjugation generally provides electron-rich articeavith a highly fluorescent character. For eplam
Rashatasakhon and co-workers reported a @wmmetrical truxane derivative with three ethygidme
pendants in 201%. Thisz-electron abundantly truxane derivative displayetigood emission properties
with high quantum yield even in aqueous THF, anaais successfully applied to the sensing of pagid
with a detection limit of 0.15 ppm. Thus, the aatimcompounds having largeconjugation can be used
for the chemical sensors by using their highlyrisoent charact@r. Moreover, Vicente and co-workers
recently reported the synthesis and spectroscopidd aellular properties of aryl-fused

4,4-difluoro-4-bora-3a,4a-diazdndacenes  (BODIPYS). In this paper, they reported that

This article is protected by copyright. All rights reserved.



European Journal of Organic Chemistry 10.1002/ejoc.201800424

[e]phenanthrene-fused BODIPYs strongly absorb andierai near-IR region (641-701 nnm), and can be
applied to bio-imaging agents in human HEp2 celldus, the compounds having fused aromatic steictur
and/orr-bridge are good candidates of fluorescent pfatesvell as organic electronic functional materials
As examples of the cellular imaging by combiningasa and fluorescent aromatic compounds, Laughlin,
Baskin and co-workers reported in vivo imaging annbbrane-associated glycans as follows: Zebrafish
embryos were treated with peracetylatd@zidoacetylgalactosamine; subsequently, the emmbmyere
reacted with a difluorinated cyclooctyne containinglexa Fluor 555 (a derivative of
3,6-diaminoxanthene-4,5-disulfate) cadaverinefa®eophore; enabling the visualization of glycamsivo
at subcellular resolution during developntentilso, Hsu and co-workers reported that the aaikigre
click chemistry of 3-azido-7-hydoxycoumarin withetlicellular glycans, in which peracetylated alkynyl
fucose andN-acetylmannosamine were incorporated as fluoresoglecules, is an effective method for the
labeling and visualization of glycoconjugates ifisc® Barattucci, Sciortino, Puntoriero and coworkers
reported that a dimethylamino-substituted oligo(gtene-ethynylene) glucoside acts as an efficient
biocompatible fluorescent cell probeMoreover, Ribagorda, Barattucci and co-workersrted that the
dimethylamino-oligo(phenylene-ethynylene) glucositierivatives are applicable to photosensitizers in
photodynamic therapy by using their photophysicapgrties such as high quantum yield, singlet axyge
production, bio-compatibility, stability, easy eiefternalization and very good respoffse.Thus, it is
expected that the compounds prepared by combitmoge$cent aromatic compounds with sugars are
promising fluorescent probes for cellular imaging.

Trehalose has two glucose moieties linked tegely ano,e-1,1-glycoside bond between those
anomeric carbons, therefore it is a non-reducisgodharidé®  Trehalose exists abundantly in nature and it
is widely used in food and cosmetics. As an exangbl glycolipids possessing trehalose moieties,

maradolipid, which is a dissymmetrically 6,6'@acylated trehalose, was isolated fr&@n degans.
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Maradolipid is also known to show diverse immurigzities, and it was chemically synthesized by Kantk
and Knolker independentt{. Glycolipids play an important role to maintaire tetability of the cell
membrane and to facilitate cellular recognition,icwhis crucial to the immune response and in the
connections that allow cells to connect to onelemdd form tissues. For instance, very recenitgmer
and Stocker synthesized 6,6-Kidfatty acyl)trehaloses with linear and iso-branclaéd/l chains, and

determined that these trehalose diesters activatmphages in a Mincle-dependent matter.

Ar

Sed o O
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° oo 2 |
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o N 1a 1b 1c
HO OHO
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Figure 1. Structure of 6,6-bi€p-4-arylethynylbenzoyly,a-trehalosega-1c.

As described above, the biological compatibtitytrehalose and intense fluorescent characttrsetl
aromatic compounds led us to design a seriesdigB-4-arylethynylbenzoyl:o-trehalosega—1c possessing
1-pyrenyi, 9-anthryl and and phenyl as aryl gr@bjmgire 1).  Especially, it is expected that pytemg anthryl
derivativesla and1b are excellent candidates of fluorescent probesdtular imaging, considering that
1-phenylethynylpyrene and 9-phenylethylanthracghibi¢s the intense fluorescence and very high tman
yield® In this study, aryl-substituted trehalodeslc were successfully synthesized, and their strucame
photophysical properties were investigated in det&urthermore, based on the photophysical priegert
pyrenyl derivativela was examined as a fluorescent probeérfeitro imaging of HeLa CD4human cervical

cancer cells. Consequeritigacted as an excellent fluorescent probe for agtofinetric imaging.
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Synthesis.
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) o
OH oTMs OH
oL OH mso 2 oTMS mso 2 oTMS 9 )
OH oTiS oThS o
TMSO‘WOTMS

2: (84%) 3: (44%) 4: (81%)

O,

@ (o] P Ar ) 1a: Ar = 1-pyrenyl (52%)
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5a: Ar = 1-pyrenyl (61%)
5b: Ar = 9-anthryl (69%)
5c¢: Ar = Phenyl (87%)

Scheme 1. Synthesis of 6,6-bi§§4-arylethynylbenzoyly:a-trehaloseda-1c. Reagents and conditions:
(@) trimethylsilyl chloride, BN/CH,Cl> (1:1 viv), GC, 24 h; (b) KCOs (0.5 mol eq.), CbCl/MeOH (1:3
vIV), O°C, 1h; (c) 4-iodobenzoic acid (3.0 mol eq.), DC®O (8ol eq.), DMAP (0.3 mol eq.), GEl, 1t, 24 h;
(d) & 1-ethynylpyrene (4.0 mol eqgb; 9-ethynylanthracene (4.0 mol e@:)ethynylbenzene (4.0 mol eq.),
PdCL(PPhR), (0.2 mol eq.), Cul (0.2 mol eq.), THF/NEB:1 viv), 1t, 48 h; (e) TBAF (7.2 mol eq.), THE,
1h. DCC = N,N-dicyclohexylcarbodiimide, DMAP = 4-dimethylamingjgine, TBAF =
tetrabutylammonium fluoride.

The synthetic route for Wid@rylethynylbenzoyltrehalose$a, 1b and 1c is outined in Scheme 1.
2,3/4,2' 3 4-hexakisttimethylsilyl)trehalose was synthesized according to a known procBBuia the selective
deprodection reaction of trimethylsilyl (TMS) greugs perQ-trimethyisilyi)trehalos@ in an overall yield of 37% from
trehalose. Dihydroxy compouBdvas esterificated by 4-iodobenzoic acid to affolis(iodophenyl) derivativé
(81%). The key intermediatevas coupled with three kinds of anyl acetylenes=(&pyrenyl, 9-anthryl and phenyl)
prepared from the corresponding aryl halidesyt@mpoundSa-5cin a modest to good yielg 61%,5b: 69%,
5c 87%). At last, six TMS groups 6&-5c were de-protected by tetrabutylammonium fluofid&A§F) in THF to
generate objective compourids-1c (1a 52%, 1b: 40%,1c 47%). The arylethynyl-substituted trehaldseslc

were fully characterized by using various analyticiniques such 34 and“C NMR, FT-IR spectroscopies and high
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resolution mass spectrometry.

Molecular structure.

Bis(O-arylethynylbenzoyi)trehalosds—1c were soluble in high-polar solvents and cycliceethsuch as
DMSO, DMF, dimethylacetoamide (DMA), dioxane andF ihile insoluble in CKCl,, CHCE, methanol,
ethanol, isopropylalcohol, acetone, EtOAc, dieth@eand hexane. Although we tried the recryztditin
of 1a—1c with dioxane or THF, we could not get their singigstals. Therefore, the structural properties of

compoundda-1cwere determined by DFT calculations at the B3L&-B1G(d) level of theory.

v

346 A 31.2A 28.8A

Figure 2. Calculated structures of a) compouhda b) compoundlb; c¢) compoundlc at the
B3LYP/6-31G(d) level of theory. The lower struessimepresent the top view and the upper structures
represent side view, respectively.

The calculated structures of compoumdslc were shown in Figure 2. The calculated bond fkengt
two C=C bonds (1.22 A) in each compound were almosti@#rnb a typical €C bond length. Two
ethynylene-bridged 1-pyrenyl and phenylene moigtfesompoundla were slightly twisted by 0.54 and
5.52. Also, the torsional angles between two ethymAaidged 9-anthryl and phenylene moietiedtof

were 1.66 and 4.84 In the case of compourd, the torsional angles between two pairs of bendegs
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were 1.10 and 0.8]indicating that the steric hindrance is alledatecomparison witda and1b. Thus,
DFT calculation revealed that each terminal arytgtiphenyl moiety ofla—1cis somewhat deviated from a
planar structure. These arylethynylphenyl moietiege located far apart from each other as showheat
top of Figure 2. End-to-end distances betweenirtairtwo aryl groups folla, 1b andlc were 34.6, 31.2
and 28.8 A, respectively. On the other hand, istarttes of OH-O fdta (2.13-2.46 A)1b (2.13-2.47 A)
and1c (2.13-2.46 A) in trehalose moiety were shorten ttiee sum of van der Waals radii (2.72 A) of
hydrogen (1.20 A) and oxygen (1.52 A). Therefaliehydroxy groups of trehalose fiba, 1b andlc can

be considered to form the intramolecular multi bgein bonds.  Such intramolecular multi hydrogerdson
strongly indicate that the trehalose takes thd dgnformation. These results of DFT calculatiexisibit
that the hydrophobic and hydrophilic moietiesifar1c are located on the periphery and center of mealecul

structure, respectively.

Electronic Absorption Spectroscopy.

160

— la
— 1b
120 | 1c
—--- 6a
—--- 6b

---- 6C

£x 103 moltLcm?
[es]
o

40 -

470

Alnm

Figure 3. Electronic absorption spectra of Gisfrylethynylbenzoyl)trehalosesa—1c and their reference
compound$a—6c¢in THF at 298 K.

Table 1. UV-vis spectral data dfa—1c and6a-6¢, and theoretical calculated lowest absorption maixi
7
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A £ calcdAmat™ composition of band of calcd

[nm] (eV) M~ e [nm] (7)° Amas”>

1a 238 (5.21) 46,100 407 (1.502) H> L+1, 55%
286 (4.34) 31,900 H-1-> L, 42%
302 (4.11) 34,200
370 (3.35) 43,300
395 (3.14) 38,100

1b 263 (4.71) 146,700 443 (0.739) H> L+1, 64%
294 (4.22) 20,400 H-1-> L, 35%
309 (4.01) 26,400
384 (3.23) 24,100
403 (3.08) 37,400
425 (2.92) 34,100

1c 220 (5.64) 21,600 319 (1.694) H> L+1, 61%
298 (4.16) 44,900 H-1> L, 37%
313 (3.96) 37,800

6a 232 (5.34) 26,100 387 (0.838) H> L, 97%
247 (5.12) 24,200
297 (4.25) 29,200
343 (3.62) 18,700
362 (3.43) 33,100
381 (3.25) 30,400

6b 262 (4.73) 99,300 431 (0.339) H> L, 99%
297 (4.18) 44,900
374 (3.32) 12,600
396 (3.13) 16,600
418 (2.97) 15,300

6c 280 (4.43) 17,900 294 (0.930) H> L, 97%
297 (4.18) 14,500 H-3-> L+4, 3%

=l
I{l If
& ooe s

%n THF. °The data were afforded by time-dependent (TD) D&iutations ofla-1c and6a-6¢ at the
B3LYP/cc-pVDZ // B3LYP/6-31G(d) level of theory ngithe optimized structurebs oscillator strength. H =
HOMO, L=LUMO. “Peak as a shoulder.

To investigate the basic photophysical properitla—1c the UV/Vis absorption spectra of dilute

8
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solutions in THF (1 x I8 M) at 298 K were compared with those of 1-phemyigipyrene6a
9-phenylethynylanthraceréh and phenylethynylbenzerc as reference compounds (Figure 3). Table 1
summarizes their experimental spectral data as aglltime-dependent (TD) DFT results at the
B3LYP/ccpVDZ // B3LYP/6-31G(d) . The absorptiopestrum of dipyrenyl compountia was mainly
composed of three bands, among which the highesgyeband was located at 238 nm. The second band
for 1ahad two peaks at 286 and 302 nm, and the thirdl Gaa) also had two peaks at 370 and 395 nm.
The dianthryl compountib also exhibited a similar spectral pattern to tfidia.  The highest energy band
of 1b was located at 263 nm and the second one wa8 at3With a shoulder at around 294 nm.  The third
one was composed of two peaks at 403 and 425 nich) wias observed at a lower energy region than a
typical a-absorption band of anthracene by #heonjugation through ethynylene bridges. On theerot
hand, the spectrum &€ was quite simple, and mainly two curves appedracband 220 and 300 nmThe
molar absorption coefficients)(for laandlb (1a 46,100 (238 nm}b: 146,700 (263 nm)) were approximately
1.5 times larger than those of the correspond|ig@nee compoundsandob (6a 26,100 (232 nmiib: 99,300 (262
nm)).

The fact that the absorption terminaldafind1b reached to a visible region means that visible tign
be used for excitation when these compounds aecelirted into cell.  On the other hand, the longgs?™
of compoundLc appeared at 313 nm, which was located at a coaigeshorter wavelength region than

those ofLlaand1lb.

Fluorescence Spectroscopy.
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Figure 4. Fluorescence spectra of Girylethynylbenzoyl)trehalosés—1c and their reference compounds
6a—6¢in THF at 298 K.

250

Table 2. Fluorescence data bé—1c?

A [nm] Aex [NM] Ame [NM] ver/ cm™® o
(in THF) (in THF)
la 395 395 439 2,537 0.91
498
1b 425 425 446 1,108 0.76
463 1,931
1c 313 313 346 3,047 0.42
6a 381 381 395 930 0.79
411 1,916
6b 418 418 432 775 0.84
453 1,848
6¢c 297 297 313 1,721 n.d.
322 2,614

4Measured at 1 x IOM in THF. PStokes shift. “Peak as a shoulder. %Absolute quantum yields were
determined by an integrating sphere system.

As described above, it is well known that fusedraic compounds such as pyrene and anthracene
derivatives generally show a fluorescent characi&ctually, not only fused aromatic compouddsandlb,

but also monocyclic aromatic compoulckexhibited intense fluorescence character in dillitdF solutions

10
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(1 x 10° M) as shown in Figure 4. The fluorescent maxindpa,) for compoundlawas observed as a
broad peak having no vibrational structure at 489which was in a longer wavelength region thahdha
the reference compoula (411 nm). Furthermore, the emission band contargtulder peak at around
500 nm as shown in Figure 4. When the fluorespdtrum was measured in more diluted concentration
(1 x 10° M), the shoulder was not appeared in spectral [smedFiguré&22 and Tabl&l).  Also, the total
spectral shapes dfa between 1 x I8 M and 1 x 10° M were substantially different from each other.
Hence, we assigned that this shoulder peak showigime 4 would be derived from an intermolecular
excimer (excited dimer) emission band. On therdthad, it is inferred that the excimer emissionas
formed forlb, because there was little difference in the splesitiape with the vibrational structure between
1b (Anar = 463 nm) andb (Amar = 453 nm).  Additionally, the total spectral shayss also almost no
changed between 1 x 20 and 1 x 10 M (see Figures 4 ar®?2). Although the Storks shift) of 1c
(3,047 cm') was relatively large compared with thoselaf (2,537 cm') and1b (1,931 cm), it was
observed still in a UV regiomlg = 346 nm). Table 2 also summarizes absolutesfioent yieldsd;) of
la—1c and6a—6¢ determined by an integrating sphere systemie & values of fluorescent probg&a-1c
were 0.911a), 0.76 (b) and 0.4210), these values were comparable to or higher tiasetba 0.79,6h:
0.84.6c n.d.) of reference compoun@ia-6¢ with no hydrophilic moieties. The higher ordersbpfvalues

werela>1b > 1cfor 1la—c, and6a> 6b > 6¢for 6a—c.

11
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Figure 5. Fluorescence spectraI# (a) andlb (b) in THF/water mixtures with different water dt@ns
(fa) at 298 K.

Figure 6. The fluorescence photographslaf(a) andlb (b) in THF/HO mixtures with different water

fractions {).

Table 3. Fluorescence data bhandlb in THF/ HO mixtures with different bO fractions {,).2

This article is protected by copyright. All rights reserved.

fu At M) Amal = A0’ cnT™® ¢ | Al [M] Al = Ad e Bf
(THF/HO) for 1a la for 1a for 1b 1b for 1b
100/0 439 - 0.91 443 - 0.76
463 -
90/10 440 51.8 - 443 0 -
465 92.9
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80/20 445 307 - 444 50.8 -
465 92.9
70/30 449 507 - 445 102 -
465 92.9
60/40 449 507 - 446 152 -
465 92.9
50/50 457 897 - 447 202 -
465 92.9
40/60 465 1,274 0.72 449 302 0.45
491 2,412 467 92.1
30/70 497 2,658 - 453 498 ~
467 92.1
20/80 506 3,016 - 470 322 -
543 3,089
10/90 509 3,033 0.31 468 1,206 0.02
500 1,598
548 3,350

Measured at 1 x TOM in THF with different HO fractions. °Ay' is Amar Of 1a and 1b in THF.
°Absolute quantum yields were determined by anfiatiegy sphere system®Peak as a shoulder.

In the fluorescence spectra of compoladndlb measured in THFAD mixtures with different bD
fractions (Figure 5), the values &fa, for 1a and1b became longer with increasing®ifraction. The
fluorescent curves dfain THF/HO 40/60 and.b in THF/ HO 30/70 were composed of two peaks at 465
and 491 nm, and 449 and 467 nm, respectively. \Wigeratio of THF/HO is 10/90 forla, the fluorescent
band became a broad peak at 509 nm, and the Valuglo- A" was 3,033 citf (Table 3). Thus, when
the water fraction was increased Iay the original fluorescent emission band graduidigppeared, and the
shoulder band shifted to a longer wavelength regidirnis inferred that the spectral changelfars derived
from the excimer, which is formed by the aggregatibhydrophobic 1-phenylethynylpyrenyl moietied af
by the addition of D}  Also, the longest emission bandlbfshifted to 548 nm in THFA® 10/90, and
the value ofAna — Ad was 3,350 cid.  In order to play a role as a highly efficienlidar fluorescent

probe, the broad emission band is quite impottariVhenla-1c are used as a fluorescent probe in a living

13
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cell, it is also quite important to elucidate thetev content-dependency of fluorescent spectraubedt is
necessary to generate fluorescent light in@-kth condition. Therefore, we measured fluonesgelds
(&) of laandlb in the THF/HO ratios of 40/60 and 10/90 by an integrating sphgstem. The; values
(0.31 and 0.02) afa and1b in THF/HO 10/90 were much smaller than those (0.72 and in431F/HO
40/60. We confirmed thdta exhibits a green color emission due to the exciorenation in THF/HO

10/90, whereashb almost did not emit light in theJB-rich condition, as is obvious from Figure 6.

Computational Analysis.

—1.5 s gt
g P—‘
3 | +o7--3F ’%}
20 LUMZ){% 222) X LUMO+1 (-1.93)
’ +
1 LUMO (-1.94
LUMO (-2.24) LUMO+1 (—2.34) UMO (-1.94)
{ “'* LUMO (-2.36) M
s | ‘XQ
3 %x&\ 327 eV &)é({; \"p\i 2
407 nm )
> X f=1.502 ¢ 307eV 418 &V
5 ' 23-fF 443nm 319 nm
o38 V L £=0739 N
8-s0- t st f=1.694
- HOMO (-5.41) | |

sl HOMO (_5.49) HOMO-1 ( 5.43) ’ e
' HOMO-1 ( 5.51) )%v”v' s

6.0} {8}}% . HOMO (-6.11)
\*’ﬁ HOMO-1 (~6.13)
6.5 ki
e
1a 1b 1c

Figure 7. Calculated FMO orbitals fata—1c and their transition properties at the B3LYP/cdav//
B3LYP/6-31G(d) level of theory.

The time-dependent (TD) DFT and single poirdidationsusing global minimum optimized structures
for compoundda-1cand6a—6¢cwere performed at the B3LYP/cc-pVDZ // B3LYP/6-3@i3evel of theory

to obtain some insights into the electronic pragert As shown in Figure 7, the HOMO and LUMO

14
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orbitals of each compound were spread on the amarad ethynylene moieties. Especially, the LUMO
orbital of each compound was also located at aooghgroup beyond the connected ethynylene bridge.
The fact thatlme">° values ofla-1c were a little longer than those of reference camgs6a—6c can be
explained by a decrease of the HOMO-LUMO gap dtlest@ UMO stabilization.

The transition properties of the longdst,2™ for compoundsla-1c were elucidated by TDDFT
calculations at the B3LYP/cc-pVDZ level. As ddsed in Table 1 and Figure 7, the absorption maxima
compounddla-1c are based on the transitions from HOMO-1 to LUM@ &iom HOMO to LUMO+1.
The calculated longedt2™ of 9-ethynylanthryl compouritb was 443 nm, which was in good agreement
with the experimental value. The fact that thewdated longesty,™ (407 nm) of 1-ethynylpyrenyl
compoundLawas shorter by 36 nm than thaflbfis caused by the lowering of the LUMO levellbf On
the other hand, the HOMO-LUMO gap of ethynylphaoyhpoundLc was larger than those b and1b,

reflecting thatL.c have no fused aromatic rings.

Cellular Imaging Study.

Figure 8. (a) Bright field image, (b) Fluorescence imad#(dm excitation, 520—-530 nm emission range),
(c) Overlay image of HeLa CD4ells in presence df (15.0uM).
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(c)

1000 m

Figure 9. (a) Bright field image, (b) Fluorescence imag#(dm excitation, 520—530 nm emission range),
(c) Overlay image of HeLa CD4ells in presence af (37.5uM).

Based on the experimental and calculated resfyttsotophysical properties for compourd@slc we
performed an uptake study into HeLa Clbdman cervical cancer cells usitajas a green color fluorescent
probe. The cells were cultivated on D-MEM basalliaevith 1QuL of 1a(37.5uM in DMSO/PBS 80/20),
10% FBS and penicillin/streptomycin at®@7under air condition including 5%G@r 24 h. The pyrenyl
compoundla was successfully taken into the HeLa Cdlls (Figure 9 (a) and (b)), even when cells are
incubated at low concentrations of up to 1\ (Figure 8 (a) and (b)). It was demonstrated that
pyrenyl compounda in the HeLa CD4cells emitted bright green luminescence when ekdiyy 490 nm
visible light. The luminescence was the same @ddhe luminescence (520-530 nmlafn THF/HO
10/90. Moreover, in order to examine the bio-cdrbjity of fluorescent probda, we performed the cell
viability tests by using DMSO/PBS (80/20) solutiaisla as shown in Figure S23. Consequently, the
averages of cell viabilities in various concentratiwere 48-64% after 24 h, and were almost the aarthne
case of only DMSO/PBS (60%). These results styangigest that the modest cell viabilities areedby
the toxicity of DMSO. Thus, we clarified that pyyéderivativela was efficiently taken toward the HelLa

CD4 cells, and served as a green color cell imagioiggor

Conclusions.

In summary, we synthesized a series of neveatnghituted trehalosés—1c via the TMS-protection of hydroxy
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groups of trehalose, selective deprotection, festtion of two primary hydroxy groups and Sonogasinoss-coupling
reactions. The structural featureslaflc were investigated by DFT calculations at the B36YRG(d) level of
theory. The UV-vis spectral analysisTar-1crevealed that pyrenyl and anthryl derivatileandlb have absorption
maxima in a visible region, while phenyl derivatieeloes not.  The compouritis-1c emitted intense fluorescence
at 313-415 nm in diluted THF solutions, and had lagantum yields1lg 0.91, 1b: 0.76,1c 0.42).
Although 1b almost did not emit light in THFA® 10/90 ¢ = 0.02),1a emitted a relatively intense
fluorescence character even in THRHLO/Q0 (; = 0.31). It was demonstrated that pyrenyl deviedia
acts as a fluorescent probe having bright greess@nj when it was introduced into the HeLa CBells.

The investigation of the second generation trebddased fluorescent probes is underway in ourdsdogr

Experimental Section.

General experimental methods

All of the chemicals and solvents were purchaseah fcommercial sources and used without further
purification unless otherwise stated. Column clatography and plug filtrations were performed bossi
gel 60. TLC was performed on aluminum sheetstkat coated with silica gel 6Q:E visualization was
performed with a lampi(= 254 or 365 nm). Melting points are uncorrectd® spectra were recorded by
using the attenuated total reflectance (ATR) methadl/Vis spectra were recorded in a quartz caltiitfuwv
10 mm). The UVMs and fluorescence spectra weeasured in a cuvette of 1 cm at 298 K. The
absorption maximal&axabﬁ are reported in nm, and the relative intensitrasolar extinction coefficients are
given in parentheses. Shoulders are denoted ag\blolute quantum yields were determined by uging
calibrated integrating-sphere system in THF and /AB. Spectroscopic grade THF andCHwas
deaerated under ultrasound irradiation for 10 mshprior to use. NMR spectra were measured inlgDC
and DMSOds. Chemical shiftsd) are given in ppm relative to tetramethylsiland1g). Coupling

constantsJ) are given in Hz. The apparent resonance maitipls described as s (singlet), d (doublet), t
17
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(triplet), g (qualtet), quin (quintet), sep (septeid m (multiplet). HRMS was performed for sans in
DMSO/MeCN on APCI mass spectrometers. All thertitexal calculations were performed by using the
Gaussian program packade. The geometry optimizations were performed byBbeke's three-parameter
hybrid functional (B3)? the Lee)Yang, and Parr (LYP) correlatidf?* and the 6-31G(d) Pople basis®et.

TD calculations were performed by using the cditei@onsistent cc-pVDZ basis set of Dunrfig.

Synthesis of compounds la-1c, 3, 4, 5a-5c and 6a

2,3,4,2',3' 4'-HexakisQ-trimethylsilyl)- a,a-trehalose (3)
2,3,4,2' 3" 4'-Hexaki€(trimethylsilyl)-x,a-trehalose3 was synthesized according to the reported ndhner.

All spectral data were completely identical withiyported data.

1-(Phenylethynyl)pyrene (6a)
1-(Phenylethynyl)pyrenéa was synthesized according to the previous litefdtu All spectral data were

completely identical with the reported data.

6,6-Bis(O-4-iodobenzoyl)-2,3,4,2',3' 4-hexakisp-trimethylsilyl)- a,atrehalose(4)

Under a nitrogen atmosphere, DCC (1.98 mL,r&i82l) and DMAP (110.2 mg. 0.880 mmol) was addeckint
solution of 2,3,4,2',3'4-hexaki3frimethylsilyl)-o,a-trehalose3 (2.28 g, 2.94 mmol) and 4-iodobenzoic acid
(2.19 g, 8.82 mmoal) in Cigl, (40 mL) at room temperature. After stirring fB8hdthe white powder was removed
by filtration, and the solvent was removed undduged pressure. The residual mixture was pubijetiash
column chromatography on silica gel nhexane/AcOEt, 19:1) to give

6,6-bisO-4-iodobenzoyl)-2,3,4,2',3',4'-hexakistrimethylsilyl)-a,arehalose4 as a white powder. Yield,
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2.95 g (2.39 mmol), 81%; mp, 139.5-140;3H NMR (500 MHz, CDG) § 0.12 (18H, s), 0.14 (18H, s), 0.18 (18H,
s), 348 (2H, dd) = 3.1 and 9.4 Hz), 3.61 (2H) & 8.8 Hz), 3.96 (2H, 4= 8.9 Hz), 4.11 (2H, di,= 3.2 and 9.2 Hz),
427 (2H, dd) = 3.7 and 12.0 Hz), 4.56 (2H, d& 2.5 and 12.1 Hz), 4.95 (2H.)&: 3.1 Hz), 7.75 (4H, = 8.7 Hz),
7.82 (4H, dJ = 8.7 Hz)C NMR (125 MHz, CDG) § 0.25, 0.89, 1.07, 63.9, 70.8, 71.9, 72.7, 73,6, 3809,
1295, 131.1, 137.8, 165.9; IR (ATR, & = 750, 831, 868, 899, 966, 1007, 1063, 1072, 1144, 1169, 1248,
1263, 1393, 1587, 1722, 2905, 2959; HRMS (APPYaaitd for GiHzd-01:SiNa: 1257.1883; found: 1257.1893

[(M + Na)].

6,6-Bis(O-4-pyren-1-ylethynylbenzoyl)- 2,3,4,2',3',4'-hexald(O-trimethylsilyl)- a,a-trehalose (5a)

Under a nitrogen atmosphere, 1-ethynylpyren29 (j, 4.32 mmol) was added into a solution of
6,6-bisO-4-iodobenzoyi)-2,3,4,2',3',4'-hexakisfrimethylsilyl)-a,atrehalose 4 (1.33 g, 1.08 mmoal),
PACKPPh), (151.3 mg, 0.216 mmol) and Cul (41.0 mg, 0.216 iimbiethylamine (27 mL) and THF (38 mL),
and the mixture was stirred at room temperaturdddn. After volatile materials were removed umddticed
pressure, the residue was dissolved igGEHE0 mL).  The organic layer was washed with acgiegD (10 mL x
3), and dried over N8Q, The crude mixture was purified by column chrography on silica gel
(n-hexane/EtOAC, 7:1). Further purification was aelstied out by column chromatography on silicgigaene) to
give 6,6-bigD-4-pyren-1-ylethynylbenzoyl)-2,3,4,2',3'4'-hexéRidgrimethylsilyl)-a,c-trehaloseba as a yellow
solid.  Yield, 952.1 mg (0.663 mmol), 61%; mp, 33920.5C; 'H NMR (500 MHz, CDG) § 0.18 (18H, s), 0.20
(18H, s), 0.22 (18H, S), 3.57 (2H, dd; 3.1 and 9.3 Hz), 3.70 (2HJ& 9.0 Hz), 4.03 (2H, 4= 8.9 Hz), 4.18 (2H, dt,
J=264and 9.4 Hz), 4.35 (dtk 3.8 and 11.8 Hz), 4.65 (dd: 2.4 and 11.8 Hz), 5.06 (2H,J& 3.0 Hz), 7.80 (4H, d,
J =82 Hz), 7.99-8.03 (4H, m), 8.08-8.21 (16H,8162 (2H, dJ = 9.1 Hz)*C NMR (125 MHz, CDG) 5 0.31,
0.95, 1.11, 64.0, 70.9, 72.0, 72.8, 73.6, 91.9, 94.5, 117.0, 124.2, 1244, 124.5, 125.3, 12353, 126.3, 127.2,

128.4, 1285, 129.4,129.7, 129.8, 131.0, 13115 12C), 132.0, 166.0; IR (ATR, & = 715, 748, 764, 837, 870,
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964, 1011, 1072, 1097, 1171, 1250, 1263, 1408, 1824, 2342, 2903, 2955, 3042, HRMS (APCI): m&didar

CedHoO1Sk; 1431.5383; found: 1431.5374 [(M +H)

6,6-Bis(O-4-anth-9-ylethynylbenzoyl)-2,3,4,2',3',4'-hexakigd-trimethylsilyl)- a;a-trehalose (5b)

Under a nitrogen atmosphere, 9-ethynylanthra(ér@0 mg, 2.81 mmol) was added into a solution of
6,6-hisO-4-iodobenzoyl)-2,3,4,2',3' 4'-hexaki3-frimethylsilyl)-a,a-trehalose 4 (8604 mg, 1.08 mmol),
PACHPPR), (100.2 mg, 0.140 mmol) and Cul (30.1 mg, 0.140 hamuiethylamine (13 mL) and THF (20 mL),
and the mixture was stirred at room temperaturdddn. After volatile materials were removed umddticed
pressure, the residue was dissolved igGEHB0 mL). The organic layer was washed with acgiepD (10 mL x
3), and dried over NM8Q, The crude mixture was purfied by column chrography on silica gel
(nrhexane/EtOAc, 7:1). Further purification was alsted out by column chromatography on silicéiglekene) to
give 6,6-bigD-4-anth-9-ylethynylbenzoyl)-2,3,4,2',3'4'-hexakid{imethylsilyl)-a,a-trehalose5b as a yellow
solid. Yield, 665.9 mg (0.480 mmol), 69%; mp, 54%46.5C; *H NMR (500 MHz, CDG) § 0.19 (18H, s), 0.21
(18H, s), 0.22 (18H, S), 3.57 (2H, de; 3.0 and 9.3 Hz), 3.71 (2HJt= 9.0 Hz), 4.03 (2H, 8= 8.9 Hz), 4.20 (2H, d,
J=9.3Hz), 4.36 (2H, dd,= 3.4 and 12.0 Hz), 4.66 (2H.Jd: 12.0 Hz), 5.06 (2H, d=2.9 Hz), 7.51 (4H,8=8.2
Hz), 7.61 (4H, t) = 8.6 Hz), 7.85 (4H, d,= 7.7 Hz), 8.01 (4H, d,= 8.4 Hz), 8.16 (4H, d,= 7.9 Hz), 8.45 (2H, s),
8.62 (4H,d)=8.0 HZ)fLSC NMR (125 MHz, CDG) 6 0.30, 0.94, 1.11, 63.9, 70.9, 72.0, 73.6, 76.3, 88.6, 99.9,
116.5, 1258, 126.5, 126.9, 1284 (2C), 128.841229.8, 131.1, 131.5, 132.7, 165.9; IR (ATF{l):m: 735, 766,
831, 866, 934, 968, 1013, 1074, 1107, 1153, 1748, 1404, 1603, 1717, 2195, 2361, 2899, 2957, BHIVIS

(APCI): m/z caled for Hee015Sk: 1383.5310; found: 1383.5276 [(M +H)

6,6-Bis(O-4-phenylethynylbenzoyl)-2,3,4,2',3',4'-hexakisp-trimethylsilyl)- a,atrehalose (5¢)

Under a nitrogen atmosphere, ethynylbenzene4(18®, 1.80 mmol) was added into a solution of
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6,6-bisO-4-iodobenzoyl)-2,3,4,2',3' 4'-hexakis{rimethylsilyl)-a,a+rehalose 4 (7404 mg, 0.60 mmol),
PdCHPPhR), (80.0 mg, 0.120 mmol) and Cul (20.1 mg, 0.120 rymmtlethylamine (15 mL) and THF (21 mL), and
the mixture was stirred at room temperature fdr. 48After volatile materials were removed undeanced pressure,
the residue was dissolved in £ (50 mL). The organic layer was washed with acgieg0 (10 mL x 3), and
dried over Ng5Q,.  The crude mixture was purified by column chragraphy on silica gehfhexane/EtOAC, 7:1).
Further purification was also caried out by colurdmmomatography on siica gel (toluene) to give
6,6-bisO-4-phenylethynylbenzoyl)-2,3,4,2',3',4"-hexaRisfimethyisilyl)-a,a-trehalosebec as a white powder.
Yield, 612.9 mg (0.520 mmol), 87%: mp, 154.5-1%5 51 NMR (500 MHz, CDG) § 0.14 (18H, s), 0.16 (18H, S),
0.19 (18H, s), 352 (2H, dil= 3.0 and 9.4 Hz), 3.65 (2HJt= 8.9 Hz), 3.99 (2H, §= 9.0 Hz), 4.14 (2H, di,= 3.2
and 9.1 Hz), 4.30 (2H, d= 3.7 and 12.0 Hz), 4.59 (2H, de; 2.3 and 12.0 Hz), 5.00 (2H)d: 3.1 Hz), 7.35-7.38
(6H, m), 7.54-7.56 (4H, m), 7.61 (4H,Jd: 8.6 Hz), 8.04 (4H, d,= 8.6 Hz)"C NMR (125 MHz, CDGQ) 5 0.27,
0.90, 1.08,63.9, 70.8, 72.0, 72.7, 73.6, 885,926, 122.6, 128.1, 1284, 128.8, 129.3, 123165, 131.7, 165.9; IR
(ATR, Cm_l) v =756, 833, 868, 901, 943, 964, 1005, 1043, 10B¥, 1142, 1169, 1250, 1269, 1406, 1607, 1726.

2340, 2359, 2907, 2959; HRMS (APCI): mz calceighaOrSiNa: 1205.4576: found: 1205.4581 [(M +jia)

6,6-Bis(O-4-pyren-1-ylethynylbenzoyl)a,a-trehalose (1a)

Under a nitrogen atmosphere, 1.0 M THF solafdietrabutylammonium fluoride (1.15 mL, 1.15 mnwags
added into a solution of 6,6-1as4-pyren-1-ylethynylbenzoyl)-
2,3,4,2',.3' 4'-hexaki€ttrimethylsilyl)-a,atrehaloséba (229.8 mg, 0.160 mmol) in THF (23 mL) and methanol
(16 mL), and the mixture was stirred at room teatywer for 2 h. The solvents were removed undeceed
pressure, the crude mixture was purified by colahnomatography on silica gel (toluene/EtOAc/metha:#11).
Additional purification was carried out by coluntmamnatography on florisil (EtOAc to EtOAc/methagdl,) to give

6,6-bisO-4-pyren-1-ylethynylbenzoylkatrehalosedla as a yellow solid.  Yield, 83.9 mg (8ditol), 52%; mp,
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185-186C; *H NMR (500 MHz, DMSQ) § 3.33-3.37 (2H, m), 343-3.47 (2H, m), 3.66-3.H, (), 4.18-4.21
(2H, m), 4.39-4.43 (2H, m), 452 (2H)d; 10.7 Hz), 5.00 (2H, d= 3.8 Hz), 5.09 (2H, d= 5.9 Hz), 5.11 (2H, d,
= 4.6 Hz), 5.32 (2H, d=5.2 Hz), 7.86 (4H, d= 8.2 Hz), 8.05 (4H, d=8.2 Hz), 8.06 (2H, d= 7.4 Hz), 8.12 (2H,
d,J = 9.0 Hz), 8.19-8.23 (6H, m), 8.27-8.30 (6H, n94&2H, d,J = 9.1 Hz)C NMR (125 MHz, DMSQk) 5
64.4, 699, 70.2, 715, 72.9, 91.3, 94.0, 94.301183.3, 1235, 124.7, 124.9, 126,08, 126.137,1787.1, 12856,
128.62, 128,99, 129.6 (2C), 129.8, 130.4, 13017233131.29, 131.8, 165.1; IR (ATR, & = 718, 766, 845, 984,
1016, 1045, 1074, 1126, 1175, 1269, 1377, 1445, 1803, 2342, 2876, 2945, 2959, 3312 (br); HRMSRE m/z

calcd for GH401Cl: 1033.2632; found: 1033.2679 [(M + Cl)

6,6-Bis(O-4-anth-9-ylethynylbenzoyl)a,a-trehalose (1b)

Under a nitrogen atmosphere, 1.0 M THF solifdetrabutylammonium fluoride (1.44 mL, 1.44 mmags
added into a solution of 6,6-63s8-anth-9-ylethynylbenzoyl)-2,3,4,2',3',4'-hexaligimethylsilyl)-a,a-trehalose
5b(186.2 mg, 0.140 mmol) in THF (20 mL) and methéimL), and the mixture was stirred at room teatyer
for 2 h. The solvents were removed under reducessyse, the crude mixture was purified by colum:
chromatography on florisil (EtOAC to EtOAc/methanol  6:1) to give
6,6-bisO-4-anth-9-ylethynylbenzoyk a-trehaloselb as an orange color solid. Yield, 40.6 mg (4&n0l),
31%; mp, 230-23C; *H NMR (500 MHz, DMSQik) & 3.29-3.33 (2H, m), 3.41-3.45 (2H, m), 3.66 (2ig, 3&
4.6 Hz), 4.18-4.21 (2H, m), 4.39 (2H,Ja; 5.9 Hz), 451 (2H, d} = 10.3 Hz), 4.97 (2H, d,= 3.5 Hz), 5.07 (4H,
t,J=5.6 Hz), 5.29 (2H, d| = 5.6 Hz), 7.58 (4H, f] = 7.9 Hz), 7.68 (4H, f] = 6.8 Hz), 7.98 (4H, d} = 8.3 Hz),
8.08 (4H, d.J = 8.3 Hz), 8.14 (4H, d] = 8.6 Hz), 856 (4H, d] = 8.8 Hz), 8.70 (2H, sJIC NMR (125 MHz,
DMSOds) 6 64.5, 69.9, 70.2, 71.5, 72.9, 88.7, 94.0, 991 1125.9, 126.1, 127.2, 127.7, 128.7, 128.9)1P20.6,
130.7, 131.9, 132.0, 165.2; IR (ATR, O = 725, 764, 841, 830, 945, 988, 1015, 1065, 138, 1179, 1281,

1329, 1406, 1605, 1697, 2361, 2914, 3418 (br); HRAMSPI): m/z calod for GHOCl: 985.2632; found:
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985.2666 [(M + CI].

6,6-Bis(O-4-phenylethynylbenzoyl)a,artrehalose (1)

Under a nitrogen atmosphere, 1.0 M THF solaifdetrabutylammonium fluoride (1.99 mL, 1.99 mnws
added into a solution of 6,6-68-phenylethynylbenzoyl)-2,3,4,2',3',4'-hex@k@rimethylsilyl)-a,a-trehalose
5¢(249.9 mg, 0.210 mmol) in THF (30 mL) and meth&ibimL), and the mixture was stirred at room teatyer
for 2 h. The solvents were removed under reducesbype, the crude mixture was purified by column
chromatography on florisil (EtOAC to EtOAc/methanol  6:1) to give
6,6-bisO-4-phenylethynylbenzoyik a-trehalosel.c as an orange color solid.  Yield, 74.0 mg (88I), 47%;
mp, 204.5-205%; 'H NMR (500 MHz, DMSQ) 5 3.24-3.31 (2H, m), 3.33-3.40 (2H, m), 3.61 (i, 3e 6.1
Hz), 4.10-4.14 (2H, m), 4.32-4.37 (2H, m), 4.43,@H = 13.3 Hz), 4.88 (2H, d,= 4.5 Hz), 5.02-5.04 (4H, m),
5.25 (2H, dJ = 6.7 Hz), 7.43-7.44 (6H, m), 7.58 (4H, did,4.7 and 7.3 Hz), 7.69 (4H,X 10.7 Hz), 7.98 (4H, d,
=10.7 Hz),13C NMR (125 MHz, DMSQ@k) 6 64.3, 69.8, 70.1, 71.4, 72.9, 88.5, 92.3, 941071227.0, 128.9, 129.3,
1295 (2C), 131.6, 131.7, 165.1; IR (ATR, dni = 754, 804, 856, 935, 984, 1016, 1043, 1076, 1147, 1271,
1406, 1441, 1607, 1715, 2365, 2941, 3298 (br); HRARPI): m/z calcd for GHaO1Cl: 785.2006; found:

785.2043 [(M + CIJ.

Cellular Imaging Study

HelLa CD4 cells were grown on culture slides (96-well plate) treated with 10% fetal bovine serum, penicill
and streptomycin at 3Z.  Under 5% Cg@atmosphere, 14l of 1a solution (0.75 to 37.56M in DMSO/PBS
(80/20)) was added to the HeLa CI2élls on D-MEM medium and incubated. After 90, rthie HeLa CD4
cells were washed with D-MEM medium two times, themew medium (1Q0) was added, and incubated.  After

18 h, the cells were washed with PBS (10Gdor two times. The cells were subsequentiyyaadl using a filter
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(>488 nm) on a BZ-8000 fluorescence microscope ESE, Japan).
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