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In contrast to Brensted and other Lewis acids CITi(OiPr); is
especially suited to catalyze the formation of amino-substi-
tuted coumarins from aminophenols and functionalized B-

oxo esters in a Pechmann condensation. This straightforward
protocol allows the synthesis of fluorescence labels and false
fluorescent neurotransmitters.

Introduction

Fluorescence microscopy is an important technique for
the three-dimensional imaging of living cells and tissues and
became a powerful tool in life science.!'! Fluorescence label-
ing of proteins or drugs allows the investigation of cellular
processes or target identification.] A wide range of fluores-
cence dyes can be used for these applications, and besides
BODIPYsP! and fluoresceine derivatives®! especially cou-
marins play a major role. Best results are obtained for deriv-
atives with an electron-donating substituent at the 7-posi-
tion. Especially 7-(dialkylamino)coumarins are very popu-
lar based on their high fluorescence quantum yield.™! This
makes them ideal candidates for the development of fluo-
rescence labels.) Compounds such as A are not only suit-
able labels, which can easily be attached to biomolecules by
peptide coupling, it was also found to act as false fluores-
cent neurotransmitter (FFN);[l' A is accepted by the neu-
ronal vesicular monoamine transporter 2 (VMAT 2), a rela-
tively nonspecific transporter, which carries monoamine
neurotransmitters (such as dopamine, serotonin and others)
from the cytoplasma into synaptic vesicles. This allows to
monitor the uptake and release of neurotransmitters, for
example during synaptic vesicle fusion with the plasma
membrane.

NH,

Based on our previous work on the synthesis of natural
products and drugs,®! we became interested in fluorescence
labels and the synthesis of compounds such as A.
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Results and Discussion

For the synthesis of coumarins a nice portfolio of suit-
able reactions has been developed based on Perkin,® Re-
formatsky!'%l and Wittig reactions,!'' to name only a few.
Probably the most popular approach was developed by
von Pechmann, a condensation of phenols with malonates
or B-oxo esters in the presence of a strong acid such as
H,S0,4.1"?! While this protocol works nicely for many types
of phenols, it is critical for aminophenols, probably because
of protonation of the amine moiety and deactivation of the
aromatic ring system.

Therefore, we investigated the condensation of hydroxy-
julodinel'3! with the B-oxo ester derived from Z-protected
B-alanine (1a) (Table 1).'1 Not surprising, no reaction was
observed under the classical Pechmann conditions by using
H,SO, (Entry 1), but also the popular Lewis acids ZnCl,!'!
(Entries 2, 3), AICL5!'®! (Entries 4, 5) and BiCl3!!7 (Entry 6)
provided the required product in marginal yields.

Table 1. Optimization of the Pechmann condensation.

NHZ NHZ
& 0 Catalyst N
N OH reaction
COOMe conditions 2o
1a 2a

Entry Catalyst Reaction conditions  Yield [70]

1 conc. HSO,4 (1.5equiv.)  75°C, 1h -

2 ZnCl, (1.1 equiv.) 75°C, 16 h traces
3 ZnCl, (2 equiv.) toluene, 110°C, 16h 6

4 AlCI; (1.1 equiv.) 75°C, 16 h traces
5 AlCl; (2 equiv.) toluene, 110 °C, 16 h  traces
6 BiCl; (5 mol-%) 130°C, 16 h 10

7 - toluene, 110°C, 16 h 22

8 Ti(OiPr)4 (1 equiv.) toluene, 110°C, 16 h 48

9 CITi(OiPr); (1 equiv.) toluene, 110°C, 16 h 65

10 CITi(OiPr); (2 equiv.) toluene, 110°C, 16h 79
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To circumvent the problem of amine protonation/com-
plexation we heated the two compounds in the absence of
acid overnight.['8] Under these conditions the best yield so
far was obtained, but only around 20% conversion was ob-
served (Entry 7). Therefore, we decided to switch to
Ti(OiPr)4 as an oxophilic Lewis acid, which should coordi-
nate preferentially to the oxygen atoms in the substrates,
but not the nitrogen atoms. In addition, titanium alkoxides
are good catalysts for transesterifications,!'”) which should
favour the first step of the reaction, the formation of the -
oxo phenyl ester. The second step, the Friedel-Crafts-type
condensation should also be facilitated by this mild Lewis
acid. And indeed, in the presence of 1 equiv. of Ti(OiPr),4
the yield could be increased to 48% (Entry 8). A further
improvement was observed by replacing the Ti(OiPr), by
the more Lewis-acidic CITi(OiPr); (Entry9), and in the
presence of 2 equiv. of Lewis acid the coumarin derivative
2a was obtained in a preparative useful yield (Entry 10).

To prove the generality of this protocol we investigated
the synthesis and condensation of a range of other B-oxo
esters 1 (Table 2). These were easily obtained from the cor-
responding carboxylic acids by activation with carbonyl-
diimidazole (CDI) and subsequent coupling with the potas-
sium salt of hydrogen methyl malonate.[*”! The esters 1 were
subsequently subjected to our optimized reaction condi-
tions giving rise to the corresponding coumarins 2 in gen-
erally high yield. With the glycine-derived ester 1b and the
elongated derivative lc¢ comparable yields were obtained
(Entries 1 and 2). The protocol allows also the introduction
of stereogenic side chains by starting from optically active
amino acids such as alanine (Entry 3). In principle, fluo-
rogenic groups can be incorporated at the C-terminus of
peptides, as illustrated with Entry 4. To prove the influence
of electron-donating and -withdrawing groups at the 4-posi-
tion of the coumarins, we also synthesized the alkyl-substi-
tuted derivatives 2f and 2g as well as the aryl-substituted
coumarin 2h. Interestingly, in contrast to all other couma-
rins 2h was not fluorescent at all.

To convert the N-protected amino acid derived couma-
rins into the corresponding free amines 3, compounds 2a
and 2b were subjected to catalytic hydrogenation, which
provided the required amines 3a and 3b in quantitative yield
(Scheme 1).

In case of the alanine and dipeptide-derived B-oxo esters
1c-1e a partial cleavage of the Z-protecting group was ob-
served under Pechmann conditions. Therefore, the crude
coumarin derivatives were directly converted into the free
amines without purification. These amines, including the
FFN 3a can directly be used for the fluorescence labeling
of carboxylic acids.

To obtain fluorescence labels for amino functionalities,
the commercially available methyl acetonedicarboxylate was
also condensed with hydroxyjulodine towards the substi-
tuted methyl acetate, which was directly saponified to the
free carboxylic acid 4 (Scheme 2).

In the next step we tried to move the emission maximum
to higher wavelengths. Since the introduction of the p-ni-
trophenyl substituent in the 4-position had not the required
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Table 2. Synthesis of 4-substituted coumarins 2.

RCOOH
CDI, MgCl,| COOMe
rt.16h ook OH R
CITi(OiPr); X
R
\ﬂ/\COOMe toluene
o] A, 16h N o "o
1b-1h 2b-2h
Entry R 1 Yield[%] 2/3 Yield [%]
1 ZNHCH,- 1b 86 2b 86
2 ZNH(CHy)s- Ie 87 3c 76

3 /k 1d 81 3d 82
ZHN
4 /'\ le 79 3e 68

ZHN CONHCH,-
5 CH;- 1f 2f 73
6 CH;(CHy),- 1g 87 2g 79
7 4-0,NCH,- 1h 82 2h 76

HZ

_ HpPgC
[0) MeOH, CH2C|2 (1 1) (o) (o)
quant.
2ab

Scheme 1. Synthesis of amino-functionalized coumarins.
COOMe
_toluene, A, 16 h

HooC
fgj\ 2) NaOH, MeOH 5
0,
COOMe 75%

Scheme 2. Synthesis of a carboxy-functionalized coumarin.

1) CITi(OiPr);

effect on the fluorescence spectra, we decided to introduce
also substituents with conjugated m-systems in the 3-posi-
tion of the coumarin ring. Therefore, coumarin 2a was sub-
jected to an electrophilic iodination giving rise to 5, an ideal
substrate for a wide range of cross-coupling reactions. Ex-
emplarily a Sonogashira and a Suzuki coupling were per-
formed. While the coupling with phenylacetylene gave only
a moderate yield of 6a, the reaction with (p-chlorophenyl)-
boronic acid gave the aryl-substituted derivative 6b in excel-
lent yield (Scheme 3).

The absorption and emission spectra of all new com-
pounds were measured in DMSO (see Supporting Infor-
mation), and the maxima are summarized in Table 3. Most
compounds showed an absorption maximum (/4.) at
390 nm and an emission maximum (Z.,) around 455 nm
resulting in a Stokes shift (e, — Aex) Of 65-70 nm. For de-
rivative 4 with an electron-withdrawing group in the 4-posi-
tion we observed a shift of the maxima in the fluorescence
spectra of around 15 nm to higher wavelengths. The fluores-
cence quantum yields were determined by lifetime measur-
ments relative to methylcoumarin 2f, wich is known in the
literature.
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Scheme 3. Modification of functionalized coumarins.

Table 3. Spectroscopical data of compounds 2-6 in DMSO.

Coumarin = Ag [nm] A [nm]  Aen — Aex [nm]  Quantum yield
2a 391 456 65 1.05
2b 394 460 66 1.13
2f 391 454 63 1.00
2g 389 454 65 1.00
2h 377 - - -
3a 389 454 65 1.00
3b 389 460 71 1.05
3¢ 389 454 66 1.01
3d 370 457 87 1.09
3e 389 464 76 1.13
4 404 476 72 1.10
5 410 457 47 1.02
6a 400 453 53 0.86
6b 400 495 95 0.88

In general, the color and the maxima of the fluorescence
spectra depend on the solvent used (solvatochromy). To
prove also this solvatochromic effect for our new fluoro-
phores, we exemplarily investigated a solution of 2a in dif-
ferent solvents (Table 4). By switching from apolar solvents
to very polar ones a continuous shift towards higher wave-
lengths was observed for the emission spectra. By far the
largest Stokes shift was observed in H,O.

Table 4. Solvatochromic effect on photophysical properties of 2a.

Solvent Aex [NmM] Aem [NM] Aem — Aex [NM]
CH,Cl, 387 422 55

DMSO 389 454 65

EtOH 389 461 72

MeOH 393 473 80

H,0 399 503 104
Conclusions

We have shown that the CITi(OiPr);-catalyzed Pechmann
condensation is a relatively mild procedure, which allows
the synthesis of fluorogenic amino-substituted coumarin
derivatives in consistently good yields. Amino- and car-
boxy-substituted side chains should allow an easy attach-
7064
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ment towards biomolecules or drug molecules for biological
and medicinal studies.

Experimental Section

General Procedure for the CITi(OiPr);-Catalyzed Pechmann Con-
densations: A 1M solution of CITi(OiPr); (2 mL, 2.0 mmol) was
added to a suspension of 8-hydroxyjulodin (189 mg, 1.0 mmol) and
the corresponding B-oxo ester (1.0 mmol) in toluene (3 mL). The
mixture was heated to reflux overnight. After cooling to room tem-
perature, CH,Cl, (10 mL) was added, and the whole solution was
poured into a stirred satd. potassium sodium tartrate solution
(10 mL) until the phases separated. The aqueous layer was ex-
tracted thrice with CH,Cl,. The combined organic layers were
dried (Na,SOy,), and the solvent was removed in vacuo. The residue
was dissolved in EtOH and covered with a layer of hexane. After
storage for 3 d in a refridgerator, the precipitate was recrystallized
from EtOH providing the required coumarin derivatives as yellow
solids.

Supporting Information (see footnote on the first page of this arti-
cle): Experimental procedures and analytical data for all new com-
pounds, including copies of fluorescence, 'H and '*C NMR spec-
tra.

Acknowledgments

Financial support by the Deutsche Forschungsgemeinschaft is
gratefully acknowledged. We also thank Prof. G. Jung, C. Spiel
and D. Auerbach for supporting us with the fluorescence spectra
and quantum yields.

[1] a) B. Valeur, J.-C. Brochon, New Trends in Fluorescence Spec-
troscopy.: Applications to chemical and life science, Springer,
Berlin, 2001; b) E. M. Goldys, Fluorescence applications in bio-
technology and life scienc, Wiley, Hoboken, New Jersey, 2009.

[2] a) Y. Hama, Y. Urano, Y. Koyama, A.J. Gunn, P. L. Choyke,
H. Kobayashi, Clin. Cancer Res. 2007, 13, 6335-6343; b) M. S.
Dillingham, M. 1. Wallace, Org. Biomol. Chem. 2008, 6, 3031
3037; ¢) A. B. Neef, C. Schultz, Angew. Chem. 2009, 121, 1526~
1529; Angew. Chem. Int. Ed. 2009, 48, 1498-1500.

[3] a) H. Sunahara, Y. Urano, H. Kojima, T. Nagano, J Am.
Chem. Soc. 2007, 129, 5597-5604; b) G. Ulrich, R. Ziessel, A.
Harriman, Angew. Chem. 2008, 120, 1202-1219; Angew. Chem.
Int. Ed. 2008, 47, 1184-1201.

[4] a) T.D. James, K. R. A. S. Sandanayake, S. Shinkai, Angew.
Chem. 1994, 106, 2287-2289; Angew. Chem. Int. Ed. Engl. 1994,
33, 2207-2209; b) T. Ueno, Y. Urano, K.-I. Setsukinai, H.
Takakusa, H. Kojima, K. Kikuchi, K. Ohkubo, S. Fukuzumi,
T. Nagano, J. Am. Chem. Soc. 2004, 126, 14079-14085.

[5S] M. Maeda, Laser Dyes, Academic Press, New York, 1984.

[6] D.Y. Yee, V. Balsanek, D. Sames, J Am. Chem. Soc. 2004, 126,
2282-2283.

[71 N. G. Gubernator, H. Zhang, R. G. W. Staal, E. V. Mosharov,
D. P. Pereira, M. Yue, V. Balsanek, P. A. Vadola, B. Mukherjee,
R. H. Edwards, D. Sulzer, D. Sames, Science 2009, 324, 1441
1444.

[8] a) U. Kazmaier, S. Pidhler, R. Endermann, D. Hébich, H.-P.
Kroll, B. Riedl, Bioorg. Med. Chem. 2002, 10, 3905-3913; b)
C. Quirin, U. Kazmaier, Eur. J. Org. Chem. 2009, 371-377; c)
A. Ullrich, Y. Chai, D. Pistorius, Y. A. Elnakady, J. E. Herrm-
ann, K. J. Weissman, U. Kazmaier, R. Miiller, Angew. Chem.
2009, 121, 4486-4489; Angew. Chem. Int. Ed. 2009, 48, 4422
4425; d) A. Ullrich, J. Herrmann, R. Miiller, U. Kazmaier, Eur:
J. Org. Chem. 2009, 6367-6378; e) D. Gawas, U. Kazmaier, Org.

Eur. J. Org. Chem. 2011, 7062-7065



Functionalized Amino Coumarins as Fluorescence Labels

Eur|OC

Biomol. Chem. 2010, 8, 457-462; f) Y. Chai, D. Pistorius, A.
Ullrich, K. J. Weissman, U. Kazmaier, R. Miiller, Chem. Biol.
2010, 77, 296-309; g) J. L. Burkhart, R. Miiller, U. Kazmaier,
Eur. J. Org. Chem. 2011, 3050-3059.

[9] J. R. Johnson, Org. React. 1942, 1, 210-266.

[10]R. L. Shriner, Org. React. 1942, 1, 1-37.

[11]1. Yavari, R. Hekmat-Shoar, A. Zonouzi, Tetrahedron Lett.
1998, 39, 2391-2392.

[12]a) H. v. Pechmann, Ber. Dtsch. Chem. Ges. 1884, 17, 929-936;
b) S. M. Sethna, R. Phadke, Org. React. 1953, 7, 1-35.

[13]a) J. v. Gompel, G. B. Schuster, J Org. Chem. 1987, 52, 1465—
1468; M. J. Uddin, L.J. Marnett, Org. Lett. 2008, 10, 4799—
4801.

[14]J. D. Butler, K. C. Coffman, K. T. Ziebart, M. D. Toney, M. J.
Kurth, Chem. Eur. J. 2010, 16, 9002-9005.

Eur. J. Org. Chem. 2011, 7062-7065

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Journal
of Organic Chemistry

[15] T. M. Kirrane, W. J. Middleton, J. Fluorine Chem. 1993, 62,
289-292.

[16] M. K. Potdar, S. S. Mohile, M. M. Salunkhe, Tetrahedron Lett.
2001, 42, 9285-9287.
[17]S. K. De, R. A. Gibbs, Synthesis 2005, 8, 1231-1233.
[18] R. S. Coleman, M. L. Madaras, J. Org. Chem. 1998, 63, 5700—
5703.
[19] D. Seebach, E. Hungerbiihler, R. Naef, P. Schurrenberger, B.
Weidmann, M. Zuger, Synthesis 1982, 138-141.
[20] D. W. Brooks, L. D.-L. Lu, S. Masamune, Angew. Chem. 1979,
91, 76-77; Angew. Chem. Int. Ed. Engl. 1979, 18, 72-74.
Received: July 29, 2011
Published Online: November 9, 2011

7065

WWW.Eurjoc.org



