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A significant substitution effect of the position of the bromo group on the photosensitivity of the 8-
azacoumarin chromophore leads to the development of a highly photosensitive 8-aza-3-bromo-7-
hydroxycoumarin-4-ylmethyl (aza-3-Bhc) group that shows excellent photolytic efficiency and hydro-
philicity with long-wavelength absorption maxima. The newly identified aza-3-Bhc group can be applied
to caged glutamates for ester-type and carbamate-type protections of carboxyl and amino functionalities.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Photosensitive biologically active compounds (referred to as
caged compounds) have attracted considerable attention due to
their practical potentials as phototriggers of biological functions.’
Progress in the field has been driven by the development of new
photolabile protecting group types,? such as nitrobenzyl,® benzoin,*
phenacyl,” and coumarin.® Although a number of chromophores
have been applied to photolabile protecting groups, 8-azacoumarin
derivatives have not been applied to the caged compounds until our
identification of several advantages as an attractive chromophore
for caging chemistry, such as excellent water solubility, high molar
absorptivity, and efficient photorelease at low pH as described in
our previous report.” This report describes the unexpected sub-
stitution effects on the photosensitivity of 8-azacoumarin chro-
mophore, leading to the development of a novel 8-aza-3-bromo-7-
hydroxycoumarin-4-ylmethyl caging group (aza-3-Bhc 1) that
shows excellent photolytic efficiency and hydrophilicity with long-
wavelength absorption maxima and high molar absorptivity,

* Corresponding authors. Tel./fax: +81 53 478 1198 (T.N.); tel.: +81 3 5280
8036; fax: +81 3 5280 8039 (H.T.); e-mail addresses: tinarom@ipcshizuokaacip
(T. Narumi), tamamurame@imd.acip (H. Tamamura).

t Present address. Department of Applied Chemistry and Biochemical Engineer-
ing, Faculty of Engineering, Shizuoka University, Hamamatsu, Shizuoka 432-8561,
Japan.

0040-4020/$ — see front matter © 2014 Elsevier Ltd. All rights reserved.
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whose features are superior to those of the 6-bromo derivatives 2
(Fig. 1).

% %

Br Br

TR Xy
| |
HO™ "N” 70" 70 HO” "X" 0" 70
1 2a, Bhe (X = CH)
aza-3-Bhe 2b, aza-Bhe (X = N)

Fig. 1. Structures of azacoumarin- and coumarin-based Bhc groups.

2. Results and discussion

Our study on the development of the aza-3-Bhc group emerged
from the bromination of azacoumarin derivative 3 that provided
the 6-brominated compound 4a in a 67% yield as a major product,”’
accompanied with a 16% yield of the 3-brominated compound 4b as
a minor product (Scheme 1a, Supplementary data). Bromination of
the coumarin chromophore provides several advantages for pho-
tolysis reactions including lowering the pK, of the adjacent hy-
droxyl group accelerating the formation of the strongly absorbing
anion and the promotion of intersystem crossing to the triplet,
which is considered to be the photochemically reactive state.’*
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Scheme 1. Synthesis of brominated 8-azacoumarin esters 4 and aza-3-Bhc-CH,0Ac 7,

Preliminary studies revealed that the 8-aza-7-hydroxycoumarin
chromophore as well as the 6-bromo-7-hydroxycoumarin has
a pK, value, which is lower than 74, and mostly assumes the
deprotonated (ionic) form under physiological conditions without
additional electron-withdrawing groups. Therefore, the absorption
spectrum of 9 has a single peak as the spectrum of 8 (Fig. 2). These
features imply the possibility that the regioisomeric 3-brominated
8-azacoumarin chromophore would also work as a hydrophilic
caging group. Furthermore, several papers® that identified strong
substitution effects on quinolone chromophores prompted us to
invoke that the substitution pattern could positively affect photo-

physical and photochemical properties of 8-azacoumarin
chromophore.
0.30
Me
025 Brm
3 HO (o2 o]
& p20 8
%\ (Amax = 364 nm)
é 0.15 Me
© gg«“% N
= [
g " - HO 00
o
1724
2 0.05 {max = 351 nm)
0.00

280 430 480

Wavelength (nm)

Fig. 2. Absorption spectra of Bhc derivative 8 (dash line) and 8-aza-hc 9 (solid line).

The 3-brominated acetate aza-3-Bhc-CH,0Ac 7 was synthesized
from 3 in four steps (Scheme 1b). Briefly, reduction of 3 with LiBH4
gave the corresponding alcohol 5 in moderate yield. In contrast
with the bromination of 3 that gave a mixture of regioisomers, the
bromination of alcohol 5 proceeded regioselectively to provide the
3-brominated alcohol 6 in 80% yield, which was subjected to
acetylation followed by TFA treatment to give the desired aza-3-
Bhc-CH,0AC 7.

Initially, we investigated the photophysical and hydrophilic
behaviors of aza-3-Bhc-CH,OAc 7 (Table 1). Compared with the

Table 1

4401

Photophysical and hydrophilic properties of aza-3-Bhc-CH;0Ac 7, aza-Bhe-CH,0Ac

10, and th—CHgOAc 1

OAc
HO [e Mo}
11
Compd Amad (NM) e’ (M7 em™Y) G (uM)  plGY
Aza-3-Bhc-CH,0Ac (7) 378 27,086 3260 5.08
Aza-Bhe-CH,0Ac (10) 362 21,107 10,832 422
Bhe-CH,0ACc (11) 370 16,584 602 5.88

* Long-wavelength absorption maxima in PBS (0.1% DMSO).

b Molar absorptivity at the absorption maxima.

¢ Concentration at saturation in PBS (0.1% DMSO).

4 Determined using citric/phosphate buffer in the pH range 2.6—7.0.

original Bhc-CH,0Ac 11, the absorption maximum of 7 shifted to
longer wavelength from 370 nm for 11 to 378 nm for 7, whereas
that of 10 shifted to shorter wavelength (Amax=362 nm). The molar
absorptivity at the maximum wavelength (emax) of 7 s
27086 M~! cm™', which is also higher than those of 10
(emax=21,107 M~" em™") and 11 (emax=16,584 M~! cm™"). These
results indicated that the 3-brominated 8-azacoumarin would be
a superior chromophore to the 6-brominated coumarins. As ex-
pected, aza-3-Bhc-CH,0Ac 7 has a pKj, value below the physiolog-
ical pH and also shows high aqueous solubility, which is important
for the photorelease of high concentrations of the caged com-
pounds under physiological conditions. HPLC monitoring of the
hydrolysis stability revealed that while aza-3-Bhc-CH,0Ac 7 was
more sensitive to hydrolysis in PBS (pH 7.4) than aza-Bhc-CH,0Ac
10, the hydrolysis stability of 7 in KMOPS buffer (10 mM MOPS; 3-
morpholinepropane-1-sulfonic acid, and 100 mM KCl, pH 7.1) is
comparable to that of 10 (Fig. 3).

100 L
90
o |
3 80
£
o
F X 7 (PBS)
5 70
& 0 7 (KMOPS)
0 10 (PBS)
60
0 3 6 9 12

Time (h)

Fig. 3. Hydrolysis stability of compounds 7 and 10 at room temperature in dark. Time
course of compounds 7 and 10 in PBS or KMOPS was analyzed by reversed-phase HPLC.

Having recognized promising photophysical and hydrophilic
behaviors of the 3-brominated 8-azacoumarin chromophore, we
evaluated the photochemical properties of aza-3-Bhc-CH;0Ac 7
under the photolysis in 5 uM KMOPS buffer solution at pH 7.2 at
350 nm. The time course of photolysis reaction of 7 was monitored
by HPLC in terms of the consumption of the starting materials
(Table 2), and indicates that the photolytic reaction at 350 nm of 7
follows a single-exponential decay as in the result of the original
Bhc compound 11. The time to reach 90% conversion (tgg) for
photolysis of 7 is 19 s, which is shorter than those of the 6-
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Table 2
Time course for photolysis reactions of aza-3-Bhc-CH20Ac 7, aza-Bhc-CH,0Ac 10,
and Bhc-CH,0Ac 11 and selected photochemical properties

80
)
E‘; 60
o
£ '
£ i
« !
£ 40
5 |
o
20
¢ 10 20 30 40 50 60 70 80 90 100
Time (sec)
Compd tao(s) 350’ (M7Pem™)  Bepem” €350 Pehem”
Aza-3-Bhc-CH,0Ac (7) 19 20,175 0.17 2667
Aza-Bhc-CH,0Ac (10) 42 20,583 0.059 1211
Bhc-CH,0ACc (11) 28 13,774 0.13 1806

2 Molar absorptivity at 350 nm.

b Quantum yields for the disappearance of starting materials upon irradiation at
350 nm.

¢ Product of the photolysis quantum yield and molar absorptivity.

brominated coumarins 10 and 11 (fgo=42 s for 10 and 28 s for 11,
respectively). The photolysis quantum yields of disappearance of
starting materials were calculated from the single decay curves
using the equation ®=1/(Ix103¢tgq) as reported by Tsien.” Notably,
the quantum yield of disappearance of 7 (®chem=0.17) is approxi-
mately three times higher than that of 10 (@chem=0.059) and sig-
nificantly higher than that of 11 (®chem=0.13). In addition, the
photolytic efficiency,’® the product of the photolysis quantum yield
(Pchem) and molar absorptivity (&) of 7 (e350- Pchem=2667), is ap-
proximately 1.5—2.2-fold higher than that of 10 (&350 @chem=1211)
and 11 (e350- Pchem=1806). These results indicate that the bromo
substitution on position 3 of the 8-azacoumarin chromophore leads
not only to improve the photophysical behavior but also to increase
the photosensitivity. Although the reason for the significant en-
hancement of photochemical reactivity of 7 is not fully understood
at this stage, these observations suggest that the aza-3-Bhc group
has a powerful set of photophysical, photochemical, and hydro-
philic properties for caging chemistry.

Next, we examined the synthetic methods for the introduction
of the aza-3-Bhc group to biologically relevant compounds
(Scheme 2). The aza-3-Bhc group is not limited to the caging group
for ester-types. In addition to the «-Glu ester 12, the aza-3-Bhc
group can be applied to the a-Glu carbamate 13 for the pro-
tection of an amino functionality, which can be removed efficiently
with light of wavelength of 365 nm to produce the corresponding
alcohol.!* Compared to the corresponding Bhc-protected com-
pounds 14 and 15, % hoth aza-3-Bhc-protected compounds 12 and
13 showed improved photosensitivity (Tabie 3). The time to reach
90% conversion (tgg) for photolysis of 12 is 32 s, which corresponds
to be approximately 20% faster than that of the corresponding Bhc-
protected a-Glu ester 14 (tgp of 14=38 s). A similar superiority of the
aza-3-Bhc group was observed with the carbamate substrates 13
and 15. In accordance with the greater quantum yields of disap-
pearance and comparable molar absorptivities, the photolytic effi-
ciency of both 12 and 13 is higher than those of 14 and 15 (relative

NHp
W es:er-type
1} Boc-Ghi{OBn)-OH
EDCI, DMAP, CH,Cl;
2} TFA, TMSBr, HO

I\lji

BuQ [0 2]
thiganisole

16%
{2 steps)

OH
HN\‘F’
OH N )
1) H-Gl{OBu-OBu carbamate-type
NS Br COI, BN, CH,Cly A
e
u N’ [s 3] 2) TFA, CH4Cly N’ o
8
22%
{2 steps)

Scheme 2. Synthesis of aza-3-Bhc-caged glutamates.

value of ¢ @ of 12/14=1.19 and of 13/15=1.27). These results in-
dicate that the newly identified aza-3-Bhc chromophore can serve
as a variant of Bhc chromophore in biologically relevant com-
pounds. Further studies for the application of the 8-aza-3-Bhc
group to the protection of other functionalities, such as alcohols,
phosphoric acids, and thiols are in progress.

3. Conclusion

We have reported the development of the aza-3-Bhc group as
a new entry of photolabile protecting groups for caging chemistry
through the strong influence of the position of a bromo substituent
on the photosensitivity of the 8-azacoumarin chromophore. The 3-
brominated 8-azacoumarin 7 is considerably more efficient than
the 6-brominated regioisomer 10. Aza-3-Bhc-CHyOAc 7 shows ex-
cellent photolytic efficiency with a bathochromic shift of the ab-
sorption maximum of 8-azacoumarin from 362 to 378 nm.
Moreover, we have disclosed the potentials of the aza-3-Bhc group
as protecting groups of carboxyl and amino functionalities for
caged glutamates. A key to the development of the aza-3-Bhc group
is the acidic azacoumarin chromophore, whose feature can provide
a new opportunity to improve the photosensitivity by chemical
modifications that are distinct from those in previous approaches.
Efforts to elucidate the reason for the markedly enhanced photo-
sensitivity by the 3-bromo substituent and studies on the two-
photon sensitivity of the 8-azacoumarin chromophore are cur-
rently in progress.

4. Experimental section
4.1. General methods

All reactions utilizing air- or moisture-sensitive reagents were
performed in dried glassware under an atmosphere of nitrogen,
using commercially supplied solvents and reagents unless other-
wise noted. CH>Cl, was distilled from CaH; and stored over mo-
lecular sieves. Thin-layer chromatography (TLC) was performed on
Merck 60F,s4 precoated silica gel plates and were visualized by
fluorescence quenching under UV light and by staining with
phosphomolybdic acid, p-anisaldehyde, or ninhydrin, respectively.
Flash column chromatography was carried out using silica gel 60 N
(Kanto Chemical Co., Inc.).
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Table 3

Selected photophysical and photochemical properties of aza-3-Bhc-caged glutamates 12 and 13, and Bhc-caged glutamates 14 and 15
Compd Amax‘,1 (nm) Cmaxb EBGSC (MM] Cm") tﬂod (s) (I’cheme 5355"pchemr rel. £ 9%

(M~ em™)

Aza-3-Bhc-Glu-ester (12) 378 13,648 12,153 32 0.17 2063 1.19
Aza-3-Bhc-Glu-carbamate (13) 376 17,068 15,623 10 043 6717 1.27
Bhc-Glu-ester (14) 370 16,912 16,466 38 0.11 1740 —
Bhc-Glu-carbamate (15) 370 17,822 17,636 13 0.30 5280 —

2 Long-wavelength absorption maxima in PBS (0.1% DMSO).
> Molar absorptivity at the absorption maxima.

€ Molar absorptivity at 365 nm.

4 Time to reach 90% conversion.

¢ Quantum yields for the disappearance of starting materials upon irradiation at 365 nm.
f Photolytic efficiency: product of the photolysis quantum yield and molar absorptivity.
8 Relative value of photolytic efficiency [aza-3-Bhc/Bhc). For full experimental protocol, see Supplementary data.

4.2. Characterization data

TH NMR (400 or 500 MHz) and ®*C NMR (125 MHz) spectra were
recorded using a Bruker Avance II spectrometer with a CryoProbe.
Chemical shifts are reported in ¢ (ppm) relative to Me4Si (in CDCl3)
as internal standard. Infrared (IR) spectra were recorded on a JASCO
FT/IR 4100, and are reported as wavenumber (cm™!), Low- and
high-resolution mass spectra were recorded on a Bruker Daltonics
micrOTOF (ESI-MS) spectrometers in the positive and negative
detection modes.

4.3. HPLC condition

For analytical HPLC, a Cosmosil C18-ARIl column (4.6x250 mm,
Nacalai Tesque, Inc., Kyoto, Japan) was employed with a linear
gradient of MeCN containing 0.1% (v/v) TFA at a flow rate of
1 cm® min~! an Agilent HP 1100 system with DAD detection (Agi-
lent Technologies JAPAN Ltd., Tokyo, Japan) and JASCO PU-2086
plus (JASCO corporation, Ltd., Tokyo, Japan), and eluting products
were detected by UV at 340 nm.

4.4. Experimental procedures of 8-azacoumarin derivatives 5,
6, 7,12, and 13

4.4.1. 7-(tert-Butoxy)-4-(hydroxymethyl)-2H-pyrano[2,3-b]pyridin-
2-one (5). A suspension of LiBr (1.09 g, 12.6 mmol) and NaBH4
(410.2 mg, 10.8 mmol) in THF (36.0 mL) was stirred under nitrogen
at 50 °C for 2 h, producing the solution of LiBHy (ca. 0.3 M). To the
solution was added compound 3 (103 g, 3.72 mmol) in THF
(36.0 mL), and the mixture was stirred at —20 °C for 2 h. The re-
action mixture was quenched by 1 M HCl aq, and the organic layer
was removed under reduced pressure. The residue was extracted
with EtOAc, washed with brine, and dried over Na;S04. Concen-
tration under reduced pressure followed by flash column chro-
matography over silica gel with n-hexane/EtOAc (1:1) gave the title
compound 5 (411.8 mg, 45% vyield) as white powder. Mp:
236244 °C (dec); 'TH NMR (500 MHz, CDCl3) 6 1.64 (s, 9H), 4.85 (m,
2H), 6.45 (m, 1H), 6.60 (m, 1H), 7.74 (m, 1H); 3C NMR (125 MHz,
CDCl3) 6 28.3, 60.9, 82.5,104.9,109.1,110.5, 134.6, 153.9, 157.4, 161.5,
164.6; IR (ATR) v 3395 (OH), 1704 (CO); HRMS (ESI), m/z calcd for
CgHgNO4 [M—tert-Bu+2H]* 194.0453, found 194,0450.

4.4.2. 3-Bromo-7-(tert-butoxy)-4-(hydroxymethyl)-2H-pyrano|[2,3-
b]pyridin-2-one (6). To a solution of compound 5 (1214 mg,
0.487 mmol) in CH3CN (137 mL) was added NBS (428.6 mg,
125 mmol), and the mixture was stirred at room temperature for
4 h. After being concentrated under reduced pressure, the residue
was dissolved in EtOAc, washed with H0, and dried over Na;SOg4.
Concentration under reduced pressure followed by flash column
chromatography over silica gel with n-hexane/EtOAc (1:1) gave the
title compound 6 (127.1 mg, 80% yield) as a dark green solid. Mp:

254--257 °C (dec); 'H NMR (500 MHz, CDCl3) 6 1.64 (s, 9H), 5.02 (s,
2H), 6.67 (m, 1H), 8.13 (m, 1H); 13C NMR (125 MHz, CDCl3) § 28.7,
619, 82.9, 106.1, 109.3, 111.3, 136.8, 150.3, 156.23, 157.7, 164.7; IR
(ATR) » 3465 (OH) 2977 (CH), 2929 (CH), 1707 (CO), HRMS (ESI), m/z
caled for Cy3H14BrNNaO4 [M+Na]* 350.0004, found 350.0000.

4.4.3. (3-Bromo-7-hydroxy-2-oxo-2H-pyrano[2,3-b]pyridin-4-yl)
methylacetate (7). To a solution of compound 6 (1271 mg,
0.389 mmol) and DMAP (6.20 mg, 0.0507 mmol) in CH,Cl; (5.6 mL)
were added sequentially pyridine (313.1 pL, 3.89 mmol) and acetic
anhydride (183.7 pl, 1.94 mmol), and the mixture was stirred at
room temperature for 1 h. The reaction mixture was diluted with
CH,Cl,, washed with NaHCOs aq, and dried over Na;SO4. Concen-
tration under reduced pressure gave the corresponding acetate
(138.1 mg, 96% yield). To a solution of the corresponding acetate
(138.1 mg, 0.374 mmol) in CHCl, (1 mL) was added trifluoroacetic
acid (1 mL), and the mixture was stirred at room temperature for
30 min. Concentration under reduced pressure followed by flash
column chromatography over silica gel with CHCl3/MeOH (5:1) to
give the title compound 7 (80.1 mg, 68% yield) as a white solid. Mp:
273-276 °C (dec); "H NMR (500 MHz, CD30D) 6 1.99 (s, 3H), 5.35 (s,
2H), 653 (d, J=9.0 Hz, 1H), 7.97 (d, J=9.0 Hz, 1H); 3C NMR
(125 MHz, CD30D) § 20.5, 61.1,102.0, 106.1, 109.4, 136.2, 150.9, 158 4,
160.4, 166.8, 170.0; IR (ATR) » 2923 (OH) 1736 (CO), HRMS (ESI), m/z
caled for Cy1HgBrNNaOs [M-+Na]* 335.9484, found 335.9485.

4.4.4. (S)-4-Amino-5-((3-bromo-7-hydroxy-2-oxo-2H-pyrano[2,3-
blpyridin-4-yl)methoxy)-5-oxopentanoic acid (12). To a solution of
Boc-Glu(OBn)-OH (158.0 mg, 0.468 mmol), EDCI-HCI (541.2 mg,
2.82 mmol), and DMAP (13.8 mg, 0.113 mmol) in CH,Cl, (10.2 mL)
was added compound 6 (100.7 mg, 0.308 mmol), and the mixture
was stirred at room temperature for 24 h. The mixture was poured
into water and extracted with EtOAc, and dried over Na;SO4.
Concentration under reduced pressure gave the crude compound
(321.9 mg), which was used in the next step without further pu-
rification. A solution of the crude compound (3219 mg,
0.498 mmol), 1 M TMS-Br/TFA (3.32 mL), and 1 M thioanisole/TFA
(3.32 mL) was stirred at room temperature for 3 h. Purification by
preparative HPLC (Gradient: O min, 0% CH3CN in H>0; 90 min, 40%
CH3CN in H,0) followed by lyophilization to give a title compound
12 (23.7 mg, 16% yield) as a pale purple solid. Mp: 149—154 °C
(dec); "H NMR (500 MHz, CD30D) 6 2.06 (m, 2H), 2.39 (m, 2H), 4.10
(m, 1H), 5.56 (m, 2H), 6.60 (d, J=8.5 Hz, 1H), 8.06 (d, ]=8.5 Hz, 1H);
13C NMR (125 MHz, CD30D) é 26.6, 30.2, 53.2, 64.7, 106.3, 110.4,
112.0,139.1, 147.5, 157.9, 158.3, 166.6, 169.9, 175.4; IR (ATR) v 3505
(NH), 2981 (OH), 2865 (CH), 1737 (CO), 1690 (CO) 1682 (CO), HRMS
(ESI), mfz calcd for Cy4H14BrN;0; [M+H]® 400.9984, found
400.9981.

4.4.5. (S)-2-((((3-Bromo-7-hydroxy-2-oxo-2H-pyrano[2,3-b]pyridin-
4-yl)methoxy Jcarbonyl Jamino )-pentanedioic acid (13). To a solution
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of CDI (25.4 mg, 0.157 mmol) of CH,Cl; was added 6 (48.5 mg,
0.148 mmol), and the mixture stirred at 0 °C for 1 h. After H-
Glu(O*Bu)-O'Bu (90.4 mg, 0.306 mmol) and EtsN (52.3 pl,
0.375 mmol) were added, the mixture was stirred at room tem-
perature for additional 12 h. The reaction mixture was concentrated
with reduced pressure. The residue was diluted with Et;0, and
washed with water and brine, dried over Na;SO4, Concentration
under reduced pressure gave the crude compound (168.1 mg),
which was used in the next step without further purification. To
a solution of the crude compound (168.1 mg, 0.275 mmol) in CH,Cl,
(0.90 mL) was added TFA (2.7 mL), and the mixture was stirred at
room temperature for 1 h. Purification by preparative HPLC (Gra-
dient: 0 min, 5% CH3CN in HO; 90 min, 40% CHsCN in Hy0) fol-
lowed by lyophilization to give a title compound 13 (17.6 mg, 22%
yield) as a pale green solid. Mp: 196—198 °C (dec); '"H NMR
(500 MHz, CD30D) & 1.88 (m, 1H), 2.16 (m, 1H), 2.38 (m, 2H), 4.19
(m, 1H), 5.46 (s, 2H), 6.68 (m, 1H), 8.19 (m, 1H); 3C NMR (125 MHz,
CD30D) 6 27.8, 31.1, 54.8, 64.0, 106.3, 110.4, 110.8, 139.6, 149.4, 157.6
(20), 1584, 166.3, 175.2, 176.3; IR (ATR) » 3306 (NH), 2981 (OH),
1742 (CO), 1698 (CO), HRMS (ESI), m/z calcd for CisH13BrN;NaOg
[M-+Na]* 466.9702, found 466.9701.

4.5. Determination of saturated concentrations

Saturated concentrations of compounds were calculated from
the standard curves that related peak area (340 nm) against known
concentration of compounds in PBS.

4.6. Determination of the pk, values

The pK, values of compounds were estimated from the ti-
tration curves of absorbance against pH using 10 pM substrate
solution in citric/phosphate buffer solution in the pH range
2.6—7.0 by adjusting the acidity with 10 puL of 2 M NaOH se-
quentially. The pH values were analyzed by a sensitive pH meter
(HORIBA, F51).

4.7. Photolysis and quantum efficiency measurement

Into a Pyrex test tube of 12 mm diameter was placed 2 mL of
10 uM substrate solution in KMOP solution (pH 7.2) containing 0.1%
DMSO. The solution was irradiated at 350 nm using four RPR
350 nm lamps (10 mJ s~!). Aliquots of 10 pM were removed peri-
odically and analyzed by HPLC. The light output for the quantum
efficiencies measurement was performed using ferrioxalate
actinometry.
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ABSTRACT: Described is the development of 8-azacoumarin-4-

ylmethyl groups as aqueous photolabile protecting groups. A key X ;: N
feature of the strategy is the isosteric replacement of the C7—C8 v , \%
enol double bond of the Bhc derivative with an amide bond, ©' XN Isostere-based N s ?
resulting in conversion of the chromophore from coumarin to 8- | 0o - Ldesian - A Xekio AN j\o o
azacoumarin. This strategy makes dramatically enhanced water . gara-Bhe

solubility and facile photocleavage possible.

Nb\)el caging groilb

¢ Izyridine—conraining chromophore
¢ Excellent water solubility
¢ Efficient photorelease at lower pH

hemical processes mediated by photolabile protecting
groups find numerous utilities in sznthetic organic
chemistry,” chemical biology, and cell biology.” The exceptional
utilities of photolabile protecting groups include their mild
conditions associated with the photocleavage that can proceed

& previous & carbbxylic
X %, approach X Xy, functionality
Y [e2te] Y 0" "0

coumarin chromophore

: hydrophilic chromophore
(hydrophobic)

smoothly and quickly even in aqueous conditions and their X=H, Br
potential as photoactivatable molecules or caged compounds HT'"'S study ;fg:“ OMe, NEt,, etc

that enable spatial and temporal control of their biological
fanctions. Among various caging groups,4'7 coumarins have
had widespread applications to caging chemistry in recent years.
In particular, the potential of two-photon photolysis with
practically useful absorption cross sections (720—900 nm) is
among the outstanding advantages of coumarin types such as
the 6-bromo-7-hydroxycoumarin-4-ylmethyl (Bhc) group.”
However, one-of the drawbacks of coumarin types is their
low aqueous solubility. Aqueous solubility is critical for the
utility of caged compounds, since hydrophobic caged
compounds will be aggregated in physiological conditions and
the photocleavage would be plagued by sluggish reactivity.”

There are a few methods for increasing the aqueous solubility
of coumarin chromophores. One successful example is the
introduction of one or more hydrophilic carboxyl groups such
as BCMACM,® BBHCM,” and DEAC450."° Although these
approaches effectively achieve the increase of hydrophilicity of
coumarin chromophores, the development of new strategies for
increasing the hydrophilicity with high photosensitivity remains
challenging.

In this report, we disclose a simple and powerful strategy
based on the concept of the amide-alkene isosterism for
increasing the hydrophilicity of coumarin-type photolabile
protecting groups (Figure 1), leading to the development of
novel 8-azacoumarin-type protecting groups. The newly
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¢ pyridine-containing chromophore
¢ enhanced water solubility

¢ higher molar absorptivity

¢ efficient photorelease at low pH

Figure 1. Strategies to increase the hydrophilicity of the coumarin
chromophore.

designed 8-azacoumarin-type protecting groups have approx-
imately 10- to 18-fold enhanced solubility in aqueous buffer
compared to that of the parent Bhc group and possess
photophysical and photochemical properties favorable for
caging chemistry. Our presented strategy has the potential to
provide new solutions for the development of caged
compounds with enhanced hydrophilicity.

Our studies started from the design of novel chromophores
with enhanced hydrophilicity (Figure 2). Our approach to
increasing hydrophilicity is based on the introduction of polar
and hydrophilic amide functionality into the coumarin
chromophore. As shown in Figure 2, the C7—C8 enol double
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Figure 2. Isostere-based design of an 8-azacoumarin-type photolabile
protecting group.

bond of the coumarin chromophore was replaced with an
amide bond followed by aromatization of the lactam moiety to
form a hydroxypyridine-containing 8-azacoumarin chromo-
phore. This strategy relies on the concept of structural
isosterism of amides and alkenes (enols), familiar in medicinal
chermstry and exemplified by alkene-type dipeptide iso-
steres,'” which are regarded as ideal ground state mimetics of
dipeptides and thus have been applied to many biologically
active peptides.”

Our synthesis of 8-azacoumarins with a hydroxylmethyl
group at the C4 position began with 2,6-dichloropyridine 3
(Scheme 1). Successive treatments of 3 with potassium tert-

Scheme 1. Synthesis of Azacoumarin Derivatives 7 and 9

a) 8-aza-hc-CH,0Ac 7

[¢]
Z OMe
1) BBUOK, toluene, reflux MeO 7z COMe
ﬁ 2) Na, BnOH, 120 °C m o S
T e
NS
o N/ cl 3) Hy, Pd/C, EtOAc BUO N/ OH PPh;  1BUO NS0 N0
3 91% 4 toluene
(3 steps) -5 °C toreflux
65%
OH
1) Ac,0, DMAP
LiBr, NaBH, = | X pyndlne CH,Cly
Emer
THE, 20°C  BUO” N7 0o 2) TFA, CH,Cl,
45% 94% (TFA salt)

(2 steps)

“rr,

(TFA salt)

b) 8-aza-Bhc-CH,0Ac 9
1) Ac,0, DMAP
1) NBS, CH4CN pyridine, CH,Cl,

2) LiBr, NaBH, tBuOI\/(io 2) TFA, CH,Cl,

5§ —M >
THF, -20 °C

22%
(2 steps)

40%
{2 steps)

butoxide and sodium benzyl alkoxide followed by hydro-
genolysis of the benzyl group afforded the hydroxypyridine
derivative 4 in an excellent yield (91% in 3 steps). Reaction of 4
with dimethyl acetylenedicarboxylate (DMAD) in the presence
of PPh, provided the desired 8- azacoumarm S with an ester
functionality at the C4 position in 65% yield."* Chemoselective
reduction was required for the conversion of this conjugated
ester of 5§ to the corresponding alcohol, since the lactone
moiety of 8-azacoumarin is subject to cleavage by reducing
agents. Screening of various reducing agents revealed that the
use of LiBH, prepared in situ in THF at —20 °C afforded
acceptable conversion giving the desired 8-azacoumarin
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derivative 6 with a hydroxylmethyl group at the C4 position,
in 45% isolated yield. Compound 6 was subjected to acetylation
of the alcohol followed by TFA treatment to give the desired 4-
acetoxymethyl-8-aza-hc (8-aza-hc-CH,OAc, 7). Furthermore, in
order to study the substituent (heavy atom) effects’? on the 8-
azacoumarin chromophore, the 6-brominated derivative (8-aza-
Bhc-CH,0Ac, 9) was also synthesized in a similar manner
(Scheme 1b).

The key underlying concept of our approach is the
introduction of an amide functionality to the coumarin
chromophore to increase the aqueous solubility. The aqueous
solubility of 8-azacoumarin derivatives 7 and 9 in PBS (0.1%
DMSO) was evaluated with the parent Bhc derivative 10
(Table 1). As expected, 8-azacoumarin derivatives showed

Table 1. Hydrophilic Properties of 8-Azacoumarins 7 and 9
and Bhc Derivative 10

OAc OAc OAc
0, oody, el
HO ~N" 00 HO“ N"~0 N0 HO oo
7 9 10
compd ¢ (pM) pK.?
7 6611 5.67
9 10832 422
10 602 5.88°

Concentratlon at saturation in PBS buffer (0.1% DMSO).
®Determined using citric/ phosphate buffer in the pH range 2.6—7.0.
“Literature value = 6.2 in H,0."

hydrophilicity much higher than that of 10; in particular, the
saturated concentration (C,) of 8-aza-Bhc-CH,OAc 9 was
approximately 18-fold greater than that of 10. These results
indicate that the replacement of the chromophore involving the
conversion of the coumarin into 8-azacoumarin enabled the
enhancement of hydrophilicity of the coumarin chromophore.
It is noteworthy that 8-aza-Bhc-CH,OAc 9 showed hydro-
philicity higher than that of the nonbrominated compound 7
possibly due to the lower pK, value (4.22) of the chromophore.
In addition, HPLC monitoring of 9 in PBS at room
temperature showed that 9 was highly resistant to spontaneous
hydrolgfsm in the dark and that only 2% of 9 was hydrolyzed in
12 h!

The photochemical properties of azacoumarin derivatives 7,
9, and 10 in aqueous solutions were examined. 8-Aza-hc-
CH,OAc 7 was subjected to photolysis in 5 uM KMOPS buffer
(10 mM MOPS; 4-morpholinepropane-1-sulfonic acid, and 100
mM KCl) solution at pH 7.2 at 350 nm. Figure 3 shows the
time courses of photolysis reactions of synthetic compounds in
terms of the consumption of the starting materials and indicates
that the photolytic reaction of 7 follows a single-exponential
decay with the time to reach 50% conversion (t,) for
photolysis of 7 at 29 s. As expected, introduction of the
bromo group resulted in the remarkable increase of the
photochemical reactivity; the value of £y, for photolysis of 9 is
13 s, which is slightly longer than that of 10 (9 s) but is about
2.3 times shorter than that of 7. Although the photolytic
mechanism of 8-azacoumarin derivatives 7 and 9 is not fully
understood at this stage, these observations suggest the
possibility of 8-azacoumarin-based chromophores working as
photolabile protecting groups.
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Figure 3. Time courses of photolysis reactions of 7, 9, and 10. Samples
were subjected to photolysis in 5 uM KMOPS buffer solution at pH
7.2 at 350 nm (10 m]J/s). All data are the mean values for at least two
independent experiments.

Photophysical and photochemical properties of the 8-
azacoumarin derivatives 7 and 9 and the Bhc derivative 10
are shown in Table 2. The absorption maxima shifted slightly to

Table 2. Selected Photophysical and Photochemical
Properties of Compounds 7, 9, and 10

b e

compd (r?:;;) (M"Imcxm"‘) (M'&‘asgm”‘) Do E350 Ptem”
7 356 20799 20175 0.026 526
9 362 23520 20583 0.059 1211
10 370 18071 13774 0.13 1806

“Long-wavelength absorption maxima. “Molar absorptmty at the
absorption maxima. “Molar absorptivity at 350 nm. 4Quantum yields
for the disappearance of starting materials upon irradiation at 350 nm.
“Product of the photolysis quantum yield and molar absorptivity.

shorter wavelength, from 370 nm for 10 to 356 and 362 nm for
7 and 9, respectively, indicating that like the Bhc group
azacoumarin-based protecting groups can be cleaved under
uncaging light conditions (330—385 nm). The molar
absorptivities at 350 nm of 7 (¢ = 20175 M™" cm™) and 9
(e = 20583 M™' cm™) are higher than that of 10. The
photolysis quantum yields for disappearance of starting
materials were calculated from the single decay curves using
the equation @ = 1/(I X 10%ety,) as reported by Tsien.'” The
quantum yields of disappearance were determined as 0.026 for
7 and 0.059 for 9, respectively, which are 2—S times lower than
that of 10 (0.13) possibly due to the relatively strong
fluorescence of the 8-azacoumarin chromophore.'® An
important factor in the development of new photolabile
protecting groups is photolysis efficiency. The photolysis
efficiency of caged compounds is evaluated with the product
of the photolysis quantum yield (®,.,) and molar absorptivity
(&) and allows quantltatlve comparison of the overall efficiency
of a photolysis reaction.'® The &350 ® pery values of 7 and 9 are
526 and 1211, respectively, and that of 10 is 1806. The
observed €350' @y values of 8-azacoumarin derivatives 7 and 9
were sufficiently high to support practical applications to caging
chemistry. Taking into account the excellent aqueous solubility
of the 8-azacoumarin chromophore, 8-azacoumarin-based
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photolabile protecting groups promise to be useful for caglng
chemistry.

In conclusion, we have designed and performed a simple and
robust strategy for increasing the hydrophilicity of coumarin
chromophores based on the concept of structural isosterism of
amides and enols. Replacement of the C7—C8 enol double
bond of the Bhc group with a polar and hydrophilic amide
bond led to the development of novel 8-azacoumarin-type
protecting groups, which can be removed photolytically and
which showed markedly enhanced hydrophilicity and high
photolysis efficiency supporting applications to caging chem-
istry. These studies provide the basis for future work including
the development of novel hydrophilic molecules, to which it is
difficalt by standard approaches to introduce additional
hydrophilic functionalities. Current efforts are aimed at
expanding this strategy to other caging groups and functional
molecules, which will offer highly effective methods for spatial
and temporal control of biological activities.
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Imidazolium Salt-Catalyzed Friedel-Crafts-Type Conjugate Addition of
Indoles: Analysis of Indole/Imidazolium Complex by High Level ab Initio

Calculations

Tetsuo Narumi,™ Seiji Tsuzuki,”” and Hirokazun Tamamura**

Abstract: We describe the facile syn-
thesis of 3-substituted indoles by Frie-
del-Crafts-type  conjugate addition
catalyzed by imidazolium salts. The
reactions proceed under mild condi-
tions with no base, solvent, or N-het-
erocyclic carbene. Mechanistic studies
suggest the potential mechanism oper-
ates through the dual activation of in-

of imidazolium cations with indoles
and Lewis base activation by chloride
anions derived from the imidazolium
salts. High-level ab initio molecular
orbital calculations reveal that there is
a strong attraction between the imida-
zolium cation and the indole, and that
the electrostatic and induction interac-
tions strongly contributes to the at-

complex, which is a characteristic fea-
ture of the cation—m interaction.

Keywords: ab intio calculations -
cation—sr  interactions - Friedel-
Crafts reaction - imidazolium salts -

doles involving cation-m interactions  traction in the

Introduction

The cation-m interaction is a fundamental noncovalent in-
teraction between cationic species and electron-rich m-¢elec-
tron systems.!! The interactions of cationic species, such as
inorganic ions, protonated amines, or quaternary ammoni-
um salts, with a side chain of phenylalanine, tyrosine, or
tryptophan contribute strongly to biomolecular functions,
such as structural stabilization of proteins and molecular
recognition.” Artificial systems for cation-s interactions
including cyclophane molecules have been extensively stud-
ied in supramolecular and host-guest chemistry to establish
the importance of the cation-m interaction.'™*) Amongst
such systems, small molecular artificial cation-m complexes
find great utility in synthetic organic chemistry, as those
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indoles

indole/imidazolium

systems can provide potentially intriguing strategies to-
wards reaction design.*”! A representative example was re-
ported by Yamada and Morita in 2002, in which an intra-
molecular cation-s interaction between a pyridinium cation
and a benzyl moiety allows a face-selective nucleophilic ad-
dition to pyridinium salts to provide chiral 1,4-dihydropyri-
dines. Later, Ishihara and Fushimi identified the first Cu?*
-based artificial metalloenzyme that is effective for the
enantioselective Diels-Alder and Mukaiyama-Michael re-
actions,”” in which the intramolecular cation—s interaction
between the Cu?* ion and the electron-rich aryl group is re-
sponsible for the transition-state assembly. In 2010, Jacob-
sen and co-workers reported an elegant organocatalytic
system for enantioselective cationic polycyclization cata-
lyzed by thiourea derivatives with a polycyclic aromatic
group,’®’ which plays a critical role for the stabilization of
cation—m interactions in the transition state to achieve high
levels of enantioselectivity. Furthermore, the importance of
potential cation-st interactions in various organocatalytic
reactions has been proposed.!’!

In this report, we document a remodeling of intermolecu-
lar cation-st interactions of imidazolium cations with in-
doles, which can trigger Friedel-Crafts-type conjugate addi-
tions® of indoles that proceed under mild conditions to
provide various 3-substituted indoles (Scheme 1). Prelimi-
nary data suggest that the potential mechanism operates
through the dual activation of indoles by a cation—s inter-
action with imidazolium cations and Lewis base activation
by chloride anions derived from the imidazolium salts.
High-level ab initio molecular orbital calculations support
the presence of a cation— interaction in the indole/imida-
zolium complex.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Imidazolium-salt-catalyzed Friedel-Crafts-type conjugate ad-
dition through the dual activation of indole. Mes=mesityl.

Results and Discussion

Our interest in the application of imidazolium salts
emerged from N-heterocyclic carbene (NHC) catalysts. Re-
cently, considerable efforts have been made in the develop-
ment of NHC catalysis, as exemplified by benzoin and Stet-
ter reactions, homoenolate additions, and various annula-
tion reactions of acyl azolium intermediates.”’ In contrast
to these reactions, imidazolium salt-derived NHCs can also
work as catalysts in Brgnsted base activation. Movassaghi
and Schmidt!™” reported NHC-catalyzed amidation of unac-
tivated esters with amino alcohols via the hydrogen-bond-
ing interaction of NHCs with alcohols, which is supported
by the X-ray structure of the carbene/alcohol complex. Sub-
sequently, Scheidt and co-workers"! reported that the
NHC (IMes) derived from IMesCl (1a) can effectively cat-
alyze intermolecular conjugate additions of alcohols to acti-
vated alkenes, and Kang and Zhao!"? reported related reac-
tions with anilines. Consideration of such reports prompted
us to invoke the NHC/indole complex as a possible generat-
ed intermediate, capable of facilitating the conjugate addi-
tion of indole 2 to the conjugated acceptors.

Chalcone 3 was used as a conjugate acceptor, and while
use of 1a as a precatalyst followed by deprotonation by
nBuLi/LiCl provided no product (Table 1, entry 1), the use
of organic bases such as Et;N, diisopropylethylamine
(DIPEA), pyridine, and 1,8-diazabicyclo[5.4.0Jundec-7-ene

(DBU) generated the desired product 4a in low conversion -

(Table 1, entries 2-5). Upon further investigation of preca-
talysts, solvents and bases,'” we discovered the unique po-
tential of imidazolium salts. In the absence of base, the re-
action catalyzed by only IMesCl gave 4a in moderate yield
(Table 1, entry 6). It is also notable that the reaction under
neat conditions proceeded smoothly in a higher yield
(Table 1, entry 7).04

As examples of NHC catalysis requiring no base are
scarce,l” we examined Friedel-Crafts-type conjugate addi-
tions catalyzed by azolium salts (Table 2). The choice of
azolium salts was critical. Various imidazolium salts La-f
are effective catalysts, and the reactions provide the desired
product 4a in low to good yields (Table2, entries 1-7),
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Table 1. Optimization of the reaction conditions.
=\ Gl

R
Mes™N<zN-Mes

1a
Ph._~ Ph it
% . \/\n/ conditions
N (o]

H N

2 3 H 4a
Entry Conditions (mol %) Conv. [%]®
1 1a (5), nBulLi (5), LiCl, toluene nr
2 1a, Et;N, CH,Cl, trace
3 1a, DIPEA, CH,Cl, 7
4 1a, pyridine, CH,Cl, 8
5 1a, DBU, CH,Cl, 24
6 1a, no base, CH,Cl, 44
7 1a, no base, solvent-free 70

[a] Unless otherwise noted, all reactions were carried out with chalcone
3 (0.20mmol), indole 2 (0.60 mmol, 3.0equiv.) and IMesCl 1la
(0.02 mmol, 10 mol %) in CH,Cl, (1.0 mL) at 40°C. [b] Determined by
'H NMR. nr=no reaction. Mes =2,4,6-trimethylphenyl.

Table 2. Azolium salt screening for Friedel-Crafts-type conjugate addi-
tions of indoles.

Ph
Ph._~ Ph azolium salt
T i | e { Ph
N fo) solvent free 0
H 40 °C N
2 3 H4a
HO
R _ _
Y= — i =N CI
RN N-ge S<N-Bn N N-ar
1a, R'= R? = Mes, R¥=H 5 6a, Ar = Mes
1b, R! = n-Bu, R2= Me, R®=H 6b, Ar = CgFs
1c, R'= R? = 2 6-dimethylphenyl, R = H
1d, R'= R? = 2,6-diethylphenyl, R = H
1e, R'= R? = 2 6-diisopropylphenyl, R = H
1f, R'= R? = Mes, R®= OH
Entry Salts Yield [%]®
1 1a 25
2 ib 9
3 1c 30
4 1d 36
5 le 11
6 1f 72
7t 1f 97
8 5 nr
9 6a nr
10 6b nr
11 NH,Cl 2
12 . BnMe,;NCl nr
13 Me,NCl nr
14 nBuy,NCl nr

[a] Unless otherwise noted, all reactions were carried out with chalcone
3 (0.20 mmol), indole (2, 0.40 mmol, 2.0 equiv.) and azolium salt
(0.02 mmol, 10mol%) in solvent-free conditions at 40°C for 12h.
[b] Yield of isolated product. [c] 24 h. nr=no reaction.

whereas a thiazolium salt § or triazolium salts 6 proved to
be unproductive (Table 2, entries 8-10). The reaction cata-
lyzed by ionic liquid [bmim]Cl (I1b), which is known to be
effective in the aza-Michael reaction of amines via hydro-
gen-bonding interactions,'*¥ produced 4a in lower yield
than other imidazolium salts with N-aryl substituents, which

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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suggests the importance of N-aryl substituents of imidazoli-
um salts on the reaction, and the possibility of a different
reaction pathway. Furthermore, NH,Cl and tetraalkylam-
monium salts were not effective (Table 2, entries 11-14),
which indicates that the core structure of imidazolium salts
is critical for the reaction. The best result was obtained
with 4-hydroxyimidazolium salt 1'% (HyMesCl), which
was reported by Lavigne and co-workers, which gave the
desired compound 4a in 72% isolated yield (Table?2,
entry 6). Finally, we found the optimized conditions: treat-
ment of 3 (1.0 equiv.) with 2 (2.0 equiv.), and HyMesCl 1f
(10 mol%) at 40°C for 24 h provided 4a in quantitative
yield (Table 2, entry 7).

With the optimized condition in hand, we investigated
a variety of conjugate acceptors interacting with indole
(Scheme 2). The reactions with reactive substrates such as
1-phenylbutenone or f-nitrostyrene afforded the corre-
sponding compounds 4b and 4c¢, respectively, in excellent
yields, but the reaction with a highly reactive ketoester was
sluggish and provided the desired compound 4d in low

RZ
RL= . 5 1f
I\ H\//’\H/R (10 mol%) R e
N o solvent free, 40 °C N\ \
H N
2 3 M4
Ph Me Ph
N N N
H H H

4a, 97%, 24 h 4b, 99%, 21 h 4c¢, 99%, 20 h

Ph Ph O
ﬂ n
CO,Et Me
( z \S O>“ 2 Q Y g \
N N N
H H

4d, 80%, 20 h 4e, 45%,21h 4f (n=1), 53%, 24 h

(with RMesCl, RT) 4g (n=2), 16%, 24 h

Ph Ph Me Ph
oop :
A\ Ph \ A\ Ph
N O e’ N ©
i N H
M H

4h, 57%, 36 h 4i, 89%, 30 h 4j,83%, 36 h

Ph Me Ph MeO. Ph
\ Ph WM(& th
Q Nﬁ o) N N ©
Me H H H

4k, 85%, 36 h 41, 64%, 36 h 4m, 78%, 24 h

WWQ

4n, 68%, 24 h 4o, 4% 24 h 4p (X =Me), 96%, 36 h

4q (X = Cl), 90%, 36 h

Scheme 2. Substrate scope of imidazolium salt catalyzed Friedel-Crafts-
type conjugate addition.
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yield. The sluggish reactivity of the ketoester was overcome
by the use of RMesCl (6a), and the reaction provided 4d
in 80% yield. Replacement of the phenyl ring on the
ketone with an electron-donating methyl group led to a de-
crease in the reactivity, but the corresponding compound
4e was produced in moderate yield. The reaction with an
enoate provided no product, but cyclic enones were effec-
tive and the desired compounds 4f and 4g were obtained
in low to moderate yields.

Examination of the substrate scope with respect to Mi-
chael donors revealed that a methyl substituent was amena-
ble at most positions of the indole except the C3 position,
and the reactions afforded the corresponding compounds
4h-1 in moderate to high yields. Although the reaction with
3-methylindole (7) was resistant to catalysis by a phosphoric
acid catalyst,'” "™ the reaction catalyzed by imidazolium salt
1f afforded the desired compound 4r in 2% yield, but also
the cyclized compound 10 in 10% yield. Compound 190 is
presumably produced by intramolecular cyclization of 4r
followed by olefin isomerization (Scheme 3).

Me
Ph._#~_.Ph
Qg
N NS N
7 H 3 0. 0

P
S Sl
toluene, R 9

OH
LA { Cl [
Mes N N-Mes
if neat, 40 °C

Ph
O
(10 mol%) 30h 24h (10 mol%)
no reaction
(SMs were recovered)
N Ph
ar, 2% Ph 10 1%

Scheme 3. Reaction with 3-methylindole.

These results demonstrate the unique nature of imidazo-
lium salt catalysis. The reaction also tolerated an electron-
donating 5-methoxy group and an electron-withdrawing 5-
bromo group to produce the corresponding compounds 4m
and 4n in 78% and 68 % yield, respectively. On the other
hand, the reaction of the indole substituted with a strongly
electron-withdrawing 5-cyano group gave the desired indole
40 in only 4% isolated yield. While the optimized condi-
tions are not suited for the reactions with benzofuran and
benzothiophene, aza-Michael reaction of anilines can cata-
lyzed by 1f to produce the corresponding compounds 4p
and 4q in excellent yield. These results indicate the impor-
tance of a nitrogen atom in these reactions.

To gain some insight into the role played by the imidazo-
lium salts, several mechanistic studies were performed.
Counteranion studies revealed that imidazolium salts 1a,
11a, and 11b with CI7, Br~, and CF;COQO™ as counteran-
ions mediate the reaction to afford 4a in moderate conver-
sion yields (Table 3, entries 1-3), while the use of imidazoli-
um salts 11c and 11d with ClO,~ or SbFs as counter
anions did not mediate the reaction (Table 3, entries 4 and
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Table 3. Counteranion effects on the reaction.

Ph
Ph. ~ Ph i
A\ \/\n/ azolium salt wph
N 0 solvent free o
H 40 °C ”
2 3 4a
o

N _*NX NN
Mes™'~\z""~Mes Mes™ "~z "Mes
11a, X =Br 11¢, X = ClO,4 12

11b, X = CF,COO 11d, X = SbFg

Entry Azolium salt Counter anion Conv. [%]™
1 la Cl- 62
2 11a Br~ 26
3 11b CF,CO0~ 35
4 1lc Clo,~ nr
5 11d SbF,~ nr
6 12 - nr

[a] All reactions were carried out with chalcone 3 (0.20 mmol), indole
(2, 0.40 mmol, 2.0 equiv.), and azolium salt (0.02 mmol, 10 mol %) in sol-
vent-free conditions at 40°C for 20 h. [b] Determined by 'H NMR spec-
troscopy. nr=no reaction.

5). Furthermore, the reaction with zwitterionic imidazolium
salt 12" that lacks a counteranion failed to provide the
product (Table 3, entry 6). These results indicate that the
counter anion of imidazolium salts is critical for the reac-
tion.

However, as the pK, value of indole is 21.0,i”) it would
be difficult to deprotonate the N—H group of indoles with
a chloride anion. At this stage, we speculated that some in-
teractions induced by imidazolium salts could play an im-
portant role in the activation of indoles, leading to the for-
mation of potential indole/imidazolium complexes that
would enable the Friedel-Crafts-type conjugate addition.
To investigate the interaction of indoles and imidazolium
salts, the reaction was monitored by 'H NMR spectroscopy.
Figure 1a shows the '"H NMR spectra of IMesCl (1a) in
CDCl; (0.2M, 20°C) from ¢=0.00-11.0 ppm. As imidazoli-

a) *HNMR of IMesCl (1a)

cr
I\
Mes’“NYN “Mes

Ha
§=10.78 ppm

i i i b I
0 9 8 7 6 5 4 3 2
b} 'H NMR of IMesCI (1a) + indole (2, 20 equiv.)

1 §/ppm

H
&= 9.60 ppm
(with 20 eq. of indole)

8 7 6 5 4 3 2 1 dlppm

Figure 1. 'H NMR investigation of the interaction of IMesCl (1a) and
indole (2) in CDCl,.
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um groups are positively charged and have a relatively
acidic C2 proton, imidazolium salts have been used as
anion-binding receptors through the strong hydrogen bond-
ing between the C2 proton of the imidazolium salt and vari-
ous anions.”” Hence, the C2 proton of 1a is shifted signifi-
cantly downfield. After treatment of 1a with 20 equivalents
of indole 2, the C2 proton of 1a shifted significantly upfield
(A6=1.18 ppm, Figure 1b) while no significant shift of the
other protons of imidazolium ring was detected. Moreover,
small upfield shifts were detected for the protons on the
mesityl groups (ca.0.23 ppm). These results indicate that
treatment of 1a with excess indole leads to a decrease in
the hydrogen-bonding interactions of the imidazolium
moiety with chloride anions, and also suggests that mesityl
moieties of 1a are possibly shielded by aromatic rings.
Furthermore, deuterium labeling studies revealed that
mixing a catalytic amount of 1a and 'D-indole 2-'D (91 %-
d) in CDCI; led to immediate isomerization with deuterium
incorporation at the C3 position of the indole (Scheme 4),
and the reaction with *D-indole 2-*D (95 %-d) also promot-

(38%-d)
H 1a HID
m 5 mol% @L/\S
e e
N 0.2m CDCly N
D 5 min HID
(91%-d) (40%-d)
2D
(95%-~d) (40%-d)
D 1a HID
0,
N 5 mol% N
N 0.2 M CDCly N
H 5 min H/D
23D (44%-d)

Scheme 4. IMesCl-catalyzed deuterium isomerization of d-indoles 2-'D
and 2-°D.

ed deuterium isomerization in a similar ratio. Also, mixing
an equimolar amount of IMesCl and indole in CDCl,
(0.2M, 20°C) leads rapidly to a suspension, and forms
a white precipitate within 10 min (Figure 1 in the Support-
ing Information). These results strongly suggest that inter-
actions of indoles with imidazolium salts are possible in the
reaction media.

Details of the interactions in indole/imidazolium complex
were evaluated by ab initio calculations with Gaussian 09,!!
a powerful method for studying intermolecular interactions.
Details of the computational procedures are shown in the
Supporting Information.” If a sufficiently large basis set is
used and electron correlation is properly corrected, the cal-
culated interaction energies agree well with the gas-phase
experimental values.” The cation-m interactions in the
benzene complexes with alkali-metal and pyridinium
cations have been studied™?! and the MP2/cc-pVTZ level
interaction energy potentials calculated for 16 orienta-
tions of the indole/1,3-dimethylimidazolium complex A-P
(Figure 2) are shown in Figure 3. There is a clear tendency
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r\ = / for the interaction energy for the geometries A-H, in which
N N@N NQ“ \N%\\N/ the imidazolium ring locates above the six-membered ring
M NN V \/

A B C D
<t o ES L TN
0 ' e o !
>
E F G H
Q =\ o N A
g o
gN EN ;N B} §N
| J K L
<N N — N Rl

Figure 2. Geometries of indole/imidazolium complexes A-P used for
calculations of interaction energy potentials.

-5

E ! kcal mol™

N aRHtHwielih

.-

E / keal mol

Figure 3. MP2/cc-pVTZ interaction energy potentials for indole/imidazo-
lium complexes A-P (Figure 2). Intermolecular distance (R) is the dis-
tance between the indole plane and the midpoint of the two nitrogen
atoms of imidazolium.
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of indole, to be larger than in the corresponding geometries
I-P, in which the imidazolium ring is located above the
five-membered ring of indole, which indicates that 1,3-di-
methylimidazolium cation prefers to interact with the six-
membered ring of indole. These results are consistent with
the optimized structure for the indole/Na* complex, in
which the sodium cation is positioned on the six-membered
ring of indole."* Interestingly, the interaction energy in
the complexes (A, B, I, and J), in which the C2—H bond of
the imidazolium ion points toward the indole, is larger than
that of the corresponding complexes (C, D, K, and L), in
which the C4—H and C5-H bonds of imidazolium have
contact with the indole. In particular, the T-shaped struc-
ture B has a very large interaction energy compared with
those of the other structures.

Two stable geometries were obtained by geometry opti-
mization of the indole/1,3-dimethylimidazolium complex.
The optimized geometries and the related interaction ener-
gies (E,,, the CCSD(T) level total interaction energy at the
basis set limit) are shown in Figure 4. Both structures are T-

1, -15.76

1, -12.82

Figure 4. Optimized geometries and CCSD(T) interaction energies at
the basis set limit (kcalmol™) for an indole/1,3-dimethylimidazolium
complex.

shaped. Structure I (-15.76 kcalmol™) in which the C,—H
bond of imidazolium points toward the center of six-mem-
bered ring of indole is more stable than II (—12.82 kcal
mol™) in which the C4—H and C5—H bonds of the imidazo-
lium ion have contact with the indole. The larger electro-
static and induction interactions in I compared with II
(Table 4) are the origin of the greater stability of the geom-
etry I. The center of the positive charge distributions of
imidazolium ring is close to the midpoint between the two
nitrogen atoms of the imidazolium ring.” The shorter dis-
tance between the midpoint and the indole plane in geome-
try I is apparently the cause of the larger electrostatic and
induction energies.

Calculated interaction energies for the complex are com-
pared with those for the benzene complexes with pyridini-
um and K* cations in Table 4. The E,, for the most stable
form (I) is larger than that of the benzene/pyridinium com-
plex (—14.77 kcalmol™) and also close to that of the ben-
zene/K* complex (—17.2 kcalmol™), which indicates that
strong attraction that exists between an indole and a 1,3-di-
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Bnases
HoaNERe

Table 4. Electrostatic, induction, and dispersion energies of indole/1,3- Conclusions

dimethylimidazolium and other cation/x complexes.

Eg™ E 1 EM  E?  Ew” Eod®  We have described an imidazolium salt-catalyzed Friedel-
1 -870 -1576 —886 —6.57 673 -7.06 Crafts-type conjugate addition of indoles that requires no
It " ~582 -1282  -745 519 2-82 —;421 base, no solvent, and no carbene to provide various 3-sub-
benzene/piridinium! —-1477 -812 -9.13 12 -5.63 . : : . . )
benzene/K 11 172 119 —128 118 —44 stituted indoles in good to excellent yields at ambient tem

peratures. The key to this reaction catalyzed by imidazoli-

[2] Energy in kcalmol™. The geometries of clusters I and II are shown
in Figure4. [b]HF/aug-cc-pVTZ interaction energy. [c]Estimated
CCSD(T) interaction energy at the basis set limit (ECCSD(T) limit).
[d] Electrostatic - energy. [e] Induction energy. [f] Repulsion energy.
[g] Effect of electron correlation on the interaction energy; mainly dis-
persion energy. [h] Data in ref. [23].

methylimidazolium cation. The large electrostatic and in-
duction contributions to the attraction in the indole/1,3-di-
methylimidazolium complex, as in the cases of the benzene
complexes with pyridinium and alkali-metal cations, show
that the interactions in the indole/1,3-dimethylimidazolium
complex should be categorized as a cation—w interaction.

A plausible reaction mechanism is shown in Scheme 5.
Although the reaction mechanism through the imidazoli-
um-mediated hydrogen-bonding activation of conjugate ac-

um salts is the unique activation of indoles prompted by
the possible cation/m interaction of indole/imidazolium
complexes. High-level abinitio calculation reveals that
there is a strong attraction between the indole and the 1,3-
dimethylimidazolium cation, and that the most stable T-
shaped structure of indole/imidazolium complex is stabi-
lized by large electrostatic and induction interactions, which
is a characteristic feature of the cation—n interaction. These
findings expand the potential for the development of novel
reactions based on these classes of molecules. Efforts to de-
velop an enantioselective version® of this reaction and to
explore the detailed mechanism are currently in progress.

Experimental Section

General Procedure for Azolium Salt-Catalyzed Friedel-Crafts-Type
Conjugate Addition of Indole 2.

HO C|® Chalcone 3 (0.50 mmol, 1.0 equiv.), indole (2, 2.0 equiv.), and HyMesCl
=\ (1e, 10mol%) were placed in a test tube. The reaction mixture was
@ Mes/N\(N‘Mes stirred at 40°C for 24 h. Purification by flash column chromatography
ﬁ W H on silica gel with n-hexane/EtOAc gave the corresponding compound
2 1f 4a.
HO,

Ph \/\ﬁ Ph H-bonding
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in the indole/imidazolium complex largely affect the atomic charge
distributions of indole, rendering the NH group of indole more cat-
ionic. See the Supporting Information for details.

Several chiral imidazolium salts with a hydroxy group for the enan-
tioselective reaction were attempted, but no enantioselectivity was
achieved. See the Supporting Information for details.

[29

—_—
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ABSTRACT: This study is focused on the synthesis and | H
characterization of hydroxy-apo-10 -carotenal/quantum dot 0 NN Y
Q_D) con]ugates aiming at the in vivo visualization of ﬂ-lonone, " ;

a carotenoid-derived volatile compound known for its important { QD apo-10'-carotenal-QD conjugate

contribution to the flavor and aroma of many frmts, vegetables,' . ‘
and plants. The synthesis of nanoparticles bound to plant volatile SN S steps N
precursors was achieved via coupling reaction of the QD to Cyy- 4S(eps *

aldehyde which was prepared from a-ionone via 12 steps in 2.4% .

overall yleld The formation of the QD-conjugate was confirmed 2 steps

by measuring its fluorescence spectrum to observe the occurrence O NNy == g

of fluorescence resonance energy transfer. : H :
E INTRODUCTION - contnbutes to the fragrance in the flower of Boronia

megastzgma, Osmanthus fragrans, Rosa damascena, and Camel-
lia sinensis.” Although its concentration is not particularly high,
p-ionone is among the most potent flavor-active molecules
characterized by extremely low odor thresholds. Therefore, we
are interested in determining the formation pathway yielding f-
ionone as a secondary metabolite in vivo, which has not been
identified yet. We would like to propose a hypothesis that helps
to visualize fS-ionone in vivo (Figure 1). The C,;-apocarotenal
intermediate (apo-10'-carotenal) from the first CCD4-catalyzed
oxidative cleavage of Cyy-carotenoid in the plastid is prepared
for coupling to nanocrystal quantum dot (QD) to afford
apocarotenal—QD conjugate 1. QD is employed for the
coupling reaction owing to its unique properties such as
water solubility, photostability, and exceptional fluorescence.®
The apocarotenal—-QD conjugate 1 is prepared and sub-
sequently administrated into the living plant cell. Conjugate 1
cleaves to f-ionone—QD conjugate 2, catalyzed by enzyme
CCD1. Because of the fluorescence property of QD, f-ionone—
QD conjugate 2 can be detected by two-photon microscopy, a
fluorescence imaging technique allowing the imaging of living

Plant carotenoids are tetraterpenes with polyene chains that
may contain up to 15 conjugated double bonds; therefore, they
act as natural pigments and are responsible for the distinct
yellow to the red-orange color of fruits, flowers, vegetables, and
leaves. Further, they can be oxidized at almost every position
and cleaved enzymatically at distinct double bonds. The
carotenoid cleavage dioxygenase (CCD) is known to be a
specific nonheme enzyme for the oxidation of the rigid
backbone of carotenoids.! CCD exhibits a high degree of
regio- and stereospecificity for the cleavage of specific double
bond positions in diverse substrates. The cleavage products of
CCDs play important roles in plant growth, protection against
light exposure, and as chemoattractants and repellents in plants
and cyanobactena,2 as antl—fungal agents, and as the source of
fragrances for reproduction.” Among these products, a total of
1700 volatile compounds have been isolated and identified
from more than 90 plant families.* These volatile compounds
are released from leaves, flowers, and fruits into the atmosphere
and from roots into the soil; they defend plants against
herbivores and pathogens and provide a reproductive advantage
by attracting the pollinators and seed dispersers.

[f-lonone, one of the most abundant carotenoid-derived Received: March 14, 2014
compounds, is. a significant volatile compound, which Published: July 15, 2014
@ACS Publications  © 2014 American Chemical Society 6808 dx.doi.org/10.1021/j0500605c | J. Org. Chem. 2014, 79, 6808—6815
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apo-10'-carotenal + -ionone

Cq4-dialdehyde 3

p-ionone-QD conjugate 2

Figure 1. An approach for the laeling of carotenoid-deried olatile
compounds using wantum dots QDs.
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B RESULTS AND DISCUSSION

To etermine the iosynthetic athay of p
1 from o 6 as
shon in Scheme 1 retrosynthetic analysis. C ,,-conjugate 1

Scheme 1. Retrosynthesis of Apocarotenal—QD Conjugate 1
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6 and transicorotene 8 are commercially
aailale. he ittig coupling reaction of C  ;;-phosphonium
ylide § and C,y-dialdehyde7 can e employed for the effi

B 4 C ,s-aldehyde.
Ylide 5 as synthesied y a four-step reaction from «
6 hereas C j,-dialdehyde 7 as prepared ia a three-step
reaction fromtransicorotene 8.

First the synthesis of Cls-phosphomum ylide 5 as
accomplished as shon in Scheme 2.° he caronyl group of

Scheme 2. Synthesis of C ;-Phosphonium Ylide 5°
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methanol. et the rignard reaction of 3-hydroy- f
13 ith inylmagnesium romide a  ff
14. he treatment of alcohol 14 ith triphenylphosphine in
hydroromic acid aff S
hich as directly used for the net coupling reaction ithout
further purfi

7 as accomplished as
shon in Scheme 3. Eetraet tenciis
posponate 15as fi
transicorotene 8 as reacted ith triethyl
phosphate in a sealed tue at 160 °
ff 15 in 92 yield. '* he orner - -
15 ith pyruic aldehyde
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