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The development of fluorogenic probes for chemical transformations bearing anthracene as a fluorescent
core moiety is reported. Fluorogenic probes were designed by linking anthracene with functional groups
used for reactions of interest. Each fluorogenic probe, possessing a reaction group such as aldehyde, a.,-
unsaturated ketone, or imine at the 9-position of the anthracene, showed no or very low fluorescence.
Reaction products of the probes, including aldol and addition products, were highly fluorescent. The
products showed more than 1000-fold higher fluorescence than did the fluorogenic probes under the
same conditions. The utility of the fluorogenic probes was demonstrated in monitoring the progress of
a catalyzed aldol reaction.

© 2013 Elsevier Ltd. All rights reserved.

Fluorogenic substrates or probes for chemical transformations,
molecules that show no or very low fluorescence but show high
fluorescence upon chemical transformations, are useful for moni-
toring the progress of chemical transformations.'”> Analyses of
the fluorescence increase correlated to the product formation un-
der no or very weak fluorescence conditions are highly sensitive
to detect the formation of low concentrations of the product, com-
pared to the analysis of the fluorescence decrease related to the
consumption of fluorescent substrates.'® Thus, when a fluoro-
genic probe is used in a reaction, formation of the fluorescent prod-
uct can be evaluated at initial stages of the reaction.'” Assays
using fluorogenic substrates accelerate rapid identification of supe-
rior catalysts and reaction conditions in high-throughput formats
as well as characterization of catalysis on a small scale. Here, we
report the development of 9-anthracene-derived fluorogenic
probes (Fig. 1) and their use in monitoring various chemical trans-
formations, including C-C bond-forming reactions.

Many 9-anthracene derivatives are highly fluorescent; however,
the fluorescence depends on the substituents.® For example, ami-
nomethylanthracenes are weakly fluorescent or non-fluorescent
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when the amino group is not protonated; upon protonation, the
compounds become highly fluorescent.” Because aldehydes conju-
gated with aryl groups and o,B-unsaturated compounds often
quench fluorescence,>* we reasoned that anthracene with one of
these functional groups should be a candidate for fluorogenic sub-
strates. When the reacting functional group of the fluorogenic sub-
strate candidate is transformed to a non-quenching group, an
increase in fluorescence will be observed as the reaction progresses.
We reasoned that by linking a highly fluorescent anthracene moiety
to reacting functional groups that quench the anthracene fluores-
cence, fluorogenic probes with great fluorogenic ranges for chemical
transformations would be generated. Note that although many fluo-
rescence-based sensors derived from 9-anthracene have been
developed for detecting certain molecules through noncovalent
binding and changes in protonated stages,® no examples of anthra-
cene-based fluorogenic probes have been reported to detect cova-
lent bond-formations and other chemical transformations.
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Figure 1. Fluorogenic substrate probes developed in this study.
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Scheme 1. Reagents and conditions: (a) acetone, L-proline, rt, 4 d, 23%; (b) NaBH,4,
EtOH, rt, 30 min, 99%; (c) ethylene glycol, p-TsOH, toluene, reflux, 2 h, 14%.

First, 9-anthraldehyde (1) was evaluated as a fluorogenic alde-
hyde candidate (Scheme 1). Aldehyde 1 is non-fluorescent or very
weakly fluorescent in many solvents. Reactions of 1 involving aldol
reaction, carbonyl reduction, and acetal formation were performed
and fluorescence of the products was analyzed. Aldol 4 was highly
fluorescent in aqueous buffers (/ex 250 nm, Zem 415 nm) as well as
in organic solvents (Fig. 2 and Table 1). Fluorescence intensity of 4
varied with solvent, but did not vary within the pH range 5.3-8.4 in
aqueous buffer. Ratios of fluorescence of aldol 4/aldehyde 1 were
more than 1000-fold under the conditions shown in Table 1. Thus,
aldehyde 1 is an excellent fluorogenic aldehyde substrate for the
aldol reaction. In addition, alcohol 5 and acetal 6 were also highly
fluorescent (Table 1), suggesting that aldehyde 1 could be used for
monitoring not only the aldol reaction but also other aldehyde
transformations.

To examine the utility of 1 for monitoring reaction progress in
real time, the aldol reaction of acetone and aldehyde 1 catalyzed
by aldolase peptide FT-YLK25° was performed and the fluorescence
was analyzed (Fig. 3). The reaction in the presence of this peptide
showed a significant increase in fluorescence, whereas reaction in
the presence of control peptide (nonaldolase peptide) FT-YLK3-R5,°
reaction without acetone, and reaction without peptide showed lit-
tle or no increase in fluorescence. Whereas peptide FT-YLK25 cat-
alyzed the reaction, aldolase antibody 38C2!° did not. Antibody
38C2 has a narrow active site cavity'® and aldehyde 1 was too
bulky to be accepted into the cavity for the reaction. Note that
phenanthrene-based fluorogenic aldehyde 7 (Fig. 4) was a sub-
strate for the reaction of antibody 38C2.2" Thus, the size of the cat-
alytic active sites can be discriminated by analyses using the
fluorogenic aldehydes 1 and 7. In most solvents, aldehyde 1
showed no fluorescence at 5 uM and aldehyde 7 was weakly fluo-
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Figure 2. Fluorescence emission spectra of 1 (5 uM; square) and 4 (2.5 uM; circle)
(A) in 1% DMS0-99% 50 mM Na phosphate, pH 7.0 (/ex 250 nm) (B) in DMSO (/ex
260 nm).

Table 1
Fluorescence of 1 and derivatives from 1°

Solvent Wavelength (nm) Concn (UM)  Fluorescence intensity
Aex )lem
1 pH7 250 415 5 b
pH 7 250 415 50 2.0 x 10?
DMSO 260 420 5 b
DMSO 260 420 50 1.1 x 10?
DMF 260 420 5 b
2-PrOH 250 420 5 b
4 pH7 250 415 2.5 1.8 x 10*
DMSO 260 420 2.5 2.8 x 10*
DMF 260 420 2.5 5.6 x 10°
2-PrOH 250 420 2.5 1.2 x 104
5 pH7 250 415 2.5 1.1 x 104
DMSO 260 420 2.5 9.2 x 10°
6 DMSO 260 420 2.5 1.2 x 104

2 The fluorescence was recorded on a microplate spectrophotometer using
100 pL of solution composed of 1% DMSO and 99% of the indicated solvent in a 96-
well polypropylene plate at 26 °C. Solvent pH 7 refers to 50 mM Na phosphate, pH
7.0.

" No fluorescence was detected after background correction.
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Figure 3. Fluorescence assay of peptide FT-YLK25-catalyzed aldol reaction of
acetone and aldehyde 1. Conditions: [peptide] 100 uM, [1] 50 uM, [acetone] 5% (v/
v) (680 mM), 5% DMS0-40 mM Na phosphate, pH 7.0, total volume 100 pL in a 96-
well plate at 26 °C; (a) reaction with aldolase peptide FT-YLK25; (b) reaction with
FT-YLK25 in the absence of acetone; (c) reaction with nonaldolase peptide FT-YLK3-
R5; (d) reaction without peptide. RFU = relative fluorescence intensity. FT-YLK25,
SPFLGQYKLLKELLAKLKWLLRKL-NH, (C-terminal amide); FT-YLK3-R5, YRLLREL-
LARLRWLLRRLLGPTCL-NH, (C-terminal amide).g

Figure 4. Previously reported fluorogenic aldehyde?",

rescent. Because fluorescence intensity of 4 was approximately 3 to
8-fold higher (depending on solvent) than that of the correspond-
ing aldol product of 7 at the optimized excitation and emission
wavelengths, use of 1 allowed more sensitive detection of reaction
progress than the use of 7. Formation of less than 0.04 uM of 4 was
detected in a 100 pL-scale reaction in a 96-well plate.

Next, candidate fluorogenic substrates and possible products
were synthesized and their fluorescence was analyzed (Scheme 2
and Table 2). Michael adduct 8 and alcohol 9 were highly fluores-
cent, whereas o,B-unsaturated ketone 2 showed no fluorescence at
2.5 uM under the same conditions. As observed for 4/1, the fluores-
cence ratios of 8/2 and 9/2 were more than 1000-fold, suggesting
that compound 2 is a useful fluorogenic substrate. Sulfonylimine
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Scheme 2. Reagents and conditions: (a) diethyl malonate, pyrrolidine, AcOH, rt,
24 h, 85%; (b) NaBH,4, MeOH, rt, 30 min, 99%; (c) acetone, pyrrolidine, AcOH, DMF/
CHCl; 1:1, rt, 1d, 21%; (d) acetone, pyrrolidine, AcOH, CHCls, rt, 3 d, 76%.

Table 2
Fluorescence of compounds®”

Solvent Wavelength (nm) Fluorescence intensity
;‘-EX ;~em
2 pH 7 250 420 ab
pH7 250 420 43¢
8 pH 7 250 420 2.1 x 10*
DMSO 260 420 3.9 x 10*
DMF 260 420 8.9 x 10°
2-PrOH 250 420 1.9 x 10*
9 pH 7 255 435 3.5 x 10*
DMSO 260 435 2.8 x 10*
DMF 260 435 9.1 x 10°
2-PrOH 250 420 1.8 x 10%
3 pH7 255 420 1.9 x 10?
DMSO 260 420 9.1 x 10?
10 pH 7 255 420 1.6 x 10*
DMSO 260 420 2.0 x 10*
11 DMSO 260 400 50
12 DMSO 260 400 1.1 x10%

b See Table 1 legend. Concentration of compound was 2.5 UM except where noted.
¢ Concentration of 2 was 50 uM.

3 was weakly fluorescent and its addition product 10 was highly
fluorescent. The fluorescence ratio of 10/3 was 84-fold in aqueous
buffer, pH 7, and was 22-fold in DMSO. Loss of m-conjugation be-
tween the carbonyl or phenylsulfonyl group and anthryl group or
vinylanthryl group restored the fluorescence. On the other hand,
a nitro group quenched the fluorescence in both conjugated and
non-conjugated forms. Fluorescence intensity of nitroolefin 11
and of Michael product 12 was less than 1% of that of 1, and the ra-
tio of the fluorescence of 12/11 was only twofold.

In summary, we have developed 9-anthracene-derived fluoro-
genic probes for chemical transformations. We have demonstrated
that these probes are useful for detecting reaction progress on a
small scale through an increase in fluorescence. These developed
fluorogenic probes should be useful for rapid identification and
characterization of catalysts and catalyzed reactions.

Acknowledgments

We thank Professor C.F. Barbas, III for useful discussions and
Ms. Emily Franklin for technical assistance. This study was sup-
ported in part by a Grant-in-Aid for Young Scientists (A) (No.
23685035) from Scientific Research from the Japan Society for
the Promotion of Science and the Okinawa Institute of Science
and Technology Graduate University.

References and notes

1. (a) Goddard, J.-P.; Reymond, J.-L. Trends Biotechnol. 2004, 22, 363-370; (b)
Evans, C. A.; Miller, S. J. Curr. Opin. Chem. Biol. 2002, 6, 333-338.

2. Fluorogenic aldehydes and ketones and their use: (a) Jo, J.; Olasz, A.; Chen, C.-
H.; Lee, D. J. Am. Chem. Soc. 2013, 135, 3620-3632; (b) Kim, G.-J.; Kim, H.-].
Tetrahedron Lett. 2010, 51, 4670-4672; (c) Jo, J.; Lee, D. J. Am. Chem. Soc. 2009,
131, 16283-16291; (d) Guo, H.-M.; Tanaka, F. J. Org. Chem. 2009, 74, 2417~
2424; (e) Halim, M.; Yee, D. ].; Sames, D. J. Am. Chem. Soc. 2008, 130, 14123-
14128; (f) Halim, M.; Tremblay, M. S.; Jockusch, S.; Turro, N. J.; Sames, D. J. Am.
Chem. Soc. 2007, 129, 7704-7705; (g) Froemming, M. K.; Sames, D. J. Am. Chem.
Soc. 2007, 129, 14518-14522; (h) Tanaka, F.; Mase, N.; Barbas, C. F., IIl J. Am.
Chem. Soc. 2004, 126, 3692-3693; (i) Tanaka, F.; Mase, N.; Barbas, C. F., Il Chem.
Commun. 2004, 1762-1763.

3. Fluorogenic imides and their use: (a) Mase, N.; Tanaka, F.; Barbas, C. F., III
Angew. Chem., Int. Ed. 2004, 43, 2420-2423; (b) Mase, N.; Thayumanavan, R.;
Tanaka, F.; Barbas, C. F., IIl Org. Lett. 2004, 6, 2527-2530; (c) Tanaka, F,;
Thayumanavan, R.; Mase, N.; Barbas, C. F., Il Tetrahedron Lett. 2004, 45, 325-
328; (d) Mase, N.; Tanaka, F.; Barbas, C. F., Il Org. Lett. 2003, 5, 4369-4372; (e)
Tanaka, F.; Thayumanavan, R.; Barbas, C. F,, IIl J. Am. Chem. Soc. 2003, 125,
8523-8528.

4, Fluorogenic imines and their use: Guo, H.-M.; Minakawa, M.; Tanaka, F. J. Org.
Chem. 2008, 73, 3964-3966.

5. Recently reported fluorogenic probes for bond-forming chemical
transformations and for detection of molecules of interest by covalent bond-
forming reactions: (a) Friscourt, F.; Fahrni, C. ].; Boons, G.-]. J. Am. Chem. Soc.
2012, 134, 18809-18815; (b) Baba, R.; Hori, Y.; Mizukami, S.; Kikuchi, K. J. Am.
Chem. Soc. 2012, 134, 14310-14313; (c) Lang, K.; Davis, L.; Wallace, S.; Mahesh,
M.; Cox, D. J.; Blackman, M. L.; Fox, ]J. M.; Chin, J. W. J. Am. Chem. Soc. 2012, 134,
10317-10320; (d) Mizukami, S.; Watanabe, S.; Akimoto, Y.; Kikuchi, K. J. Am.
Chem. Soc. 2012, 134, 1623-1629; (e) Komatsu, T.; Johnsson, K.; Okuno, H.; Bito,
H.; Inoue, T.; Nagano, T.; Urano, Y. J. Am. Chem. Soc. 2011, 133, 6745-6751; (f)
Jewett, J. C.; Bertozzi, C. R. Org. Lett. 2011, 13, 5937-5939; (g) Zhang, C.-].; Li, L.
Chen, G. Y. J.; Xu, Q.-H.; Yao, S. Q. Org. Lett. 2011, 13, 4160-4163; (h) Eor, S.;
Hwang, J.; Choi, M. G.; Chang, S.-K. Org. Lett. 2011, 13, 370-373; (i) Zhao, D.;
Wang, W,; Yang, F.; Lan, |.; Yang, L.; Gao, G.; You, J. Angew. Chem., Int. Ed. 2009,
48, 3296-3300; (j) Han, H.-S.; Devaraj, N. K.; Lee, ].; Hilderbrand, S. A,;
Weissleder, R.; Bawendi, M. G. J. Am. Chem. Soc. 2010, 132, 7838-7839; (k)
Sonawane, Y. A.; Phadtare, S. B.; Borse, B. N.; Jagtap, A. R.; Shankarling, G. S. Org.
Lett. 2010, 12, 1456-1459; (1) Do, J. H.; Kim, H. N.; Yoon, J.; Kim, J. S.; Kim, H.-J.
Org. Lett. 2010, 12, 932-934; (m) Umeda, N.; Tsurugi, H.; Satoh, T.; Miura, M.
Angew. Chem., Int. Ed. 2008, 47, 4019-4022; (n) Rozhkov, R. V.; Davisson, V. J.;
Bergstrom, D. E. Adv. Synth. Catal. 2008, 350, 71-75; (o) Xie, F.; Sivakumar, K.;
Zeng, Q.; Bruckman, M. A.; Hodges, B.; Wang, Q. Tetrahedron 2008, 64, 2906—
2914; (p) Piloto, A. M.; Rovira, D.; Costa, S. P. G.; Gongalves, M. S. T. Tetrahedron
2006, 62, 11955-11962.

6. (a) Becker, H. D.; Andersson, K. J. Org. Chem. 1983, 48, 4542-4549; (b) Gopal, V.
R.; Reddy, A. M.; Rao, V. ].J. Org. Chem. 1995, 60, 7966-7973; (c) Wroczynski, P.;
Wierzchowski, J. Analyst 2000, 125, 511-516.

. Copeland, G. T.; Miller, S. J. J. Am. Chem. Soc. 2001, 123, 6496-6502.

. Martinez-Mafiez, R.; Sancenén, F. Chem. Rev. 2003, 103, 4419-4476.

. Tanaka, F.; Fuller, R.; Barbas, C. F., Il Biochemistry 2005, 44, 7583-7592.

Zhu, X.; Tanaka, F.; Hu, Y.; Heine, A.; Fuller, R.; Zhong, G.; Olson, A. ].; Lerner, R.

A.; Carlos F.Barbas, I.; Wilson, L. A. J. Mol. Biol. 2004, 343, 1269-1280.

._.
o 0o


http://refhub.elsevier.com/S0040-4039(13)00954-4/h0005
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0010
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0010
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0015
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0015
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0020
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0020
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0025
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0025
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0030
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0030
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0035
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0035
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0040
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0040
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0045
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0045
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0050
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0050
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0055
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0055
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0060
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0060
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0065
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0065
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0070
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0070
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0070
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0075
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0080
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0080
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0080
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0085
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0085
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0090
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0090
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0090
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0090
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0095
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0095
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0100
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0100
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0100
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0105
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0105
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0110
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0110
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0115
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0115
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0120
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0120
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0125
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0125
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0130
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0130
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0130
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0135
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0135
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0140
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0140
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0140
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0145
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0145
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0150
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0150
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0155
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0155
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0160
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0160
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0160
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0165
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0165
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0170
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0175
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0175
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0180
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0180
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0185
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0190
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0195
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0200
http://refhub.elsevier.com/S0040-4039(13)00954-4/h0200

	Fluorogenic probes for chemical transformations: 9-anthracene  derivatives for monitoring reaction progress by an increase in fluorescence
	Acknowledgments
	References and notes


