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A B S T R A C T   

We prepared a small library of polarity-sensitive fluorescent dyes characterized by an isocoumarin core properly 
functionalized with a conjugated push-pull system. The key step of the synthesis is based on a regio-selective 
silver(I)/p-TSA co-catalyzed cyclization of 2-alkynylbenzoates recently optimized in our laboratory. The pho
tophysical properties of isocoumarin-based D-π-A systems have been investigated and a rationale was proposed 
based on their dipole moments and Hammett constants of the ED and EW groups involved.   

1. Introduction 

Environment-sensitive dyes are molecules able to change their 
spectroscopic properties in response to a variation of the chemical- 
physical properties of their surroundings. Polarity-sensitive dyes [1] 
are a subclass that displays different emission maximum as a function of 
the polarity of the medium (i.e., solvent or environment). This feature 
makes these molecules interesting potential probes to monitor the local 
properties of particular cell districts and biological structures [2] and for 
application in advanced functional materials [3]. Among the two main 
classes of polarity-sensitive dyes (i.e. single-band and two-band sol
vatochromic dyes) [4,5], the former met more success because the latter 
displays some problems of photostability [6]. Single-band polar
ity-sensitive molecules are characterized by a quite rigid (hetero)aro
matic backbone end-capped with conjugated electron-donating and 
electron-withdrawing groups (D-π-A or push-pull systems) [7]. In 
these molecules, D–A interaction, (so-called intramolecular 
charge-transfer - ICT), accounts for environment-sensitive photo
physical properties. The electrons leaning in a low energy molecular 
orbital can be easily excited by UV/Vis light and an intramolecular 
charge transfer occurs, with an increase of the dipole moment. 
Depending on the polarity of the environment, the excited state of the 
molecule relaxes differently and dissipates part of the absorbed energy 
in a non-radiative way. This phenomenon allows using D-π-A molecules 

as sensitive probes of the polarity of the environment. If their excited 
states are stabilized by polar interactions with the surrounding medium, 
these molecules display a bathochromic effect in the emission spectra 
proportional to the degree of the polarity of the environment (positive 
solvatochromism). The optimal spectroscopic requirements of a 
polarity-sensitive dye are a strong solvatochromism, a large Stokes shift, 
an absorption close to the visible range, high extinction coefficient, 
quantum yield, and photostability. 

A few years ago, we brought our contribution in this field synthe
sizing a small library of polarity-sensitive fluorescent dyes - nicknamed 
MediaChrom [8] (Fig. 1) - characterized by a heterocyclic pyr
imidoindolone backbone, which displayed interesting photophysical 
profiles. Within our enduring interest in the development of new stra
tegies for the synthesis of functionalized heterocycles starting from al
kynes [9], we recently reported a selective and high yielding approach 
to isocoumarin nucleus [10]. Throughout this study, we observed that 
some of the obtained isocoumarins displayed significant fluorescence 
properties [11], in agreement with the well-known fluorescence features 
of the isomeric coumarins, documented since the pivotal work of Ronald 
L. Atkins in 1978 [12]. Based on these premises, we were interested to 
apply our synthetic approach to isocoumarin nucleus for the synthesis of 
a small library of D-π-A isocoumarins (Fig. 1) as polarity-sensitive flu
orophores with enhanced photophysical properties, which can be 
interesting for biological application as environment-sensitive probes 
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and in advanced functional materials applications. The ED and EW 
groups of the push-pull system were selected taking into account the 
recent review of Filip Bures [7], together with our previous experience 
[8]. The photophysical properties of the D-π-A isocoumarins synthesized 
were evaluated and a rationale on the effect of the substituents on the 
solvatochromic shift was delineated. In this paper, we describe our 
results. 

2. RESULTS and DISCUSSION 

2.1. Synthesis of the isocoumarin-based library 

Although the key step for the synthesis of all compounds 1a-g and 
11c,d,f was the AgOTf/p-TSA co-catalyzed cyclization of the corre
sponding properly substituted 2-alkynyl benzoates, the preparation of 

suitable starting synthons demonstrated to be not always trivial. 
To obtain isocoumarins 1a-d, characterized by the presence of an 

amino substituent as ED group in position 5 of the 2-alkynyl benzoate 
ring, we planned the synthetic strategies depicted in Scheme 1. The 
ability of amino substituent to improve the fluorescence properties of 
isocoumarin derivatives has been already observed by Satoh and Miura 
[11b]. Regarding the choice of the EW groups, we privileged those 
groups that display more interesting features in the MediaChrom [8] 
series, and in particular the trifluoromethyl group, a substituent hardly 
investigated in this context [13]. 

Thus, commercially available 2-bromo-5-nitrobenzoic acid 2a was 
easily converted into the corresponding methyl ester 3a [14] and 
alkynylated under standard Sonogashira conditions [15] to give 2-alky
nylbenzoates 4a,b in very good yields. 

The direct AgOTf/p-TSA co-catalyzed cyclization of intermediates 
4a,b, characterized by the presence of EWGs on the alkyne moiety was 
successful (Scheme 1, Route A) and gave the 7-nitroisocoumarins 5a,b 
in very good yields, although to speed up the reaction a slight increase of 
the catalyst loading (2 mol%) and the reaction temperature (80 �C) was 
necessary. Compounds 5a,b were then converted into the corresponding 
7-aminoisocoumarins 1a-b by catalytic hydrogenation without any un
desired reduction of the C3–C4 double bond [16]. Finally, 1a-b were 
converted in fair yields into the corresponding desired 7-diethylaminoi
socoumarins 1c-d, by N,N-bis-alkylation under basic condition with 
ethyl iodide at 50 �C [17]. Some solvatochromic fluorescent dyes 
endowed with a nitro group as EWG are described in the literature, such 

Fig. 1. The two class of heterocycle-based polarity-sensitive fluorescent dye.  

Scheme 1. Synthesis of D-π-A isocoumarins 1a-e.  
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as for example nitrobenzoxadiazole [18] (NBD). Having in hand freshly 
prepared the 2-bromo-5-nitrobenzoic methyl ester 3a we prepared a 
new D-π-A isocoumarin with EDG and EWG in reverse positions (Scheme 
1, Route B). This was achieved by the Pd-catalyzed alkynylation of 3a 
with commercially available 4-ethynyl-N,N-dimethylaniline to give 4c 
in 89% yield, followed by AgOTf/p-TSA co-catalyzed cyclization to 
obtain the desired isocoumarin 1e in a satisfactory 98% yield (Scheme 1, 
Route B). 

It has been reported that the nature of the electron-donating group in 
the D-π-A system is critical for the spectroscopic performance of the dye 
[7]. Alkylated amine seems to have the better features, and in particular 
dialkylamino group longer than dimethylamino can enhance some 
photophysical properties of the fluorophore [19]. Moreover, weaker 
EDG gave lower sensitivity in probing the polarity of the environment 
[20]. To verify if these statements were also applicable to our 
isocoumarin-based system, we planned to prepare two new iso
coumarins 1f and 1g characterized by the presence of an oxygen-based 
EDG (Scheme 2). 

Commercially available 2-bromo-5-methoxybenzaldehyde was 
oxidized into the corresponding benzoic acid [21] 2b and then con
verted in the methyl benzoic ester [14] 3b by standard methods. The 
alkynylation of electron-rich 2-bromobenzoate 3b was a challenging 
task. Only by modifying the standard Sonogashira reaction condition by 
addition of a higher amount of a different palladium catalyst and a more 
electron-rich phosphine ligand, we were able to obtain the desired 
2-alkynyl esters 6a and 6b in good yields. Finally, the cyclization gave 
the desired products 1f,g in fair yields, beside a small amount of the 
corresponding regioisomeric 3-ethylidene-6-methoxyisobenzofura
n-1-ones 7a,b (Scheme 2). 

Finally, we decide to test the effect of enhancing the conjugation of 
the rigid push-pull system without a significant increase in the distance 
between the ED and the EW groups. Thus, we planned the synthesis of 
the tricyclic benzofused isocoumarins 11c,d,f characterized by an 
angular shape. These molecules were designed with the purpose to 
achieve a redshift of the excitation wavelength (thanks to the extended 
conjugation of the D-π-A system) preserving the same ICT (thanks to a 
shorter distance between ED and EW groups, with respect to hypothet
ical isomeric linear benzofused isocoumarins). This should bring to an 
increase of the dipole moment upon light excitation and a greater slope 
in the Lippert plot relationship, resulting in a larger bathochromic shift 
as a function of orientational polarizability. 

The synthetic strategy is described in Scheme 3. Commercially 
available 1-bromo-2-naphthoic acid was almost quantitatively trans
formed in the corresponding methyl ester 9 under the previously 

described Fisher esterification conditions [14]. The selective nitration 
on C-5 of the naphthalene ring was a very challenging task, and although 
a number of different literature methods have been tried, the desired 
methyl 1-bromo-5-nitro-2-naphthoate 9a was always obtained in low 
yield beside the 1-bromo-8-nitro-2-naphthoate 9b isomer and traces of 
other nitrated products. Best results (30% yield of 9a) were obtained by 
treatment with nitronium tetrafluoborate in acetonitrile/dichloro
methane [22]. Fortunately, the subsequent alkynylation was successful, 
and the 1-alkynyl 5-nitro-2-naphthoate 10a ready for the cyclization 
was obtained in nearly quantitative yield. Silver/p-TSA co-catalyzed 
cyclization was in this case very slow, and only after 2-days heating 
and a slight increase of catalysts loading (i.e., AgOTf 4 mol% and p-TSA 
50 mol%) the desired 7-nitro benzo[f]isocoumarin 11a was obtained in 
excellent yield. Finally, 7-dimethylamino benzo[f]isocoumarin 11c and 
7-diethylamino benzo[f]isocoumarin 11d were obtained by catalytic 
reduction of nitro group of 11a to give the 7-amino benzo[f]isocoumarin 
11b, followed by dialkylation of the amino group with alkyl iodide and 
potassium carbonate in DMSO at 65 �C [23] (Scheme 3). The reaction 
with ethyl iodide resulted slower and beside the desired product 11d, a 
small amount of the monoethylated derivative 11e was isolated. In 
analogy to what previously done on bicyclic substrates (see above), by 
applying our standard alkynylation/cyclization two-step strategy on 
1-bromo-5-nitro-2-naphthoate 9a, we were able to prepare the 7-nitro 
benzo[f]isocoumarin 11f, characterized by the presence of the ED and 
EW groups in reverse positions, in very good yields (Scheme 3). 

All new compounds were fully characterized by 1H, 13C NMR spec
troscopies, and mass spectrometry. Then, photophysical properties were 
evaluated. 

2.2. Photophysical evaluation 

As a first step in the characterization of the synthesized molecules, 
we recorded their absorption spectra in different solvents characterized 
by different polarities (methanol, ethanol, 1-propanol, 1-butanol, 1- 
octanol, DMF, acetone, ethyl acetate, chloroform and hexane) to 
determine their solubility and their capability to absorb light (Table 1). 
Most of the molecules synthesized are well soluble in the explored sol
vents, except for 1-octanol, where only 1b and 1f demonstrated to be 
soluble and 1e (characterized with the EDG and EWG in reverse posi
tions) and 1g, which are insoluble in almost half of the tested solvents. 
The absorption peaks for most isocoumarins analysed are localized in 
the near UV region, ranging (in ethanol) from 324 nm of 1f to 376 nm for 
1d. Only isocoumarin 1e has the maximum absorption peak in the 
visible range (i.e. 444 nm in methanol). When the compounds were 

Scheme 2. Synthesis of D-π-A isocoumarins 1f-g.  
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Scheme 3. Synthesis of D-π-A benzo[f]isocoumarin 11 c,d,f.  

Table 1 
Absorption peak wavelength (λexc) and fluorescent emission peak wavelength (λem) of isocoumarins 1a-g solubilized in different solvents.  

Solvent 1a 1b 1c 1d 1e 1f 1g 

λexc (nm) λem 

(nm) 
λexc (nm) λem 

(nm) 
λexc (nm) λem 

(nm) 
λexc (nm) λem 

(nm) 
λexc 

(nm) 
λem 

(nm) 
λexc (nm) λem 

(nm) 
λexc 

(nm) 
λem 

(nm) 

DMF 356 448 367 479 370 462 379 499 456 605d 328 411 333 410 
Methanol 344 461 358 

(24400)c 
473 364 475 376 489 444 605d 324 413 330 410 

Ethanol 346 
(21800)b 

460 n.s. n.s. 366 
(20500) b 

471 376 
(9900) b 

485 n.s. n.s. 324 
(16000) b 

412 331 410 

1-Propanol 348 459 366 471 365 470 378 480 n.s. n.s. 325 410 n.s. n.s. 
1-Butanol 348 460 366 471 365 468 378 476 448 559 326 411 n.s. n.s. 
1-Octanol n.s. n.s. 366 461 n.s. n.s. n.s. n.s. n.s. n.s. 327 410 n.s. n.s. 
Acetone 347 439 358 461 366 454 375 487 446 682 a a a a 

Ethyl 
Acetate 

347 436 356 446 365 443 374 465 442 621 326 404 331 404 

Chloroform 336 438 351 439 368 450 383 456 455 652 327 409 334 408 
Hexane 335 418 n.s. n.s. 362 418 373 419 n.s. n.s. 326 397 n.s. n.s. 
Δ λem – 43 - 40 - 57 - 80 - 123 - 16 - 6  

a absorption peaks are below 320 nm, where acetone absorption precludes reliable absorption spectra acquisition. 
b numbers under parenthesis are molar extinction coefficients expressed as M� 1⋅cm� 1 determined in ethanol. 
c numbers under parenthesis are molar extinction coefficients expressed as M� 1⋅cm� 1 determined in methanol. 
d poorly fluorescent. 
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excited at a wavelength corresponding to their absorption maxima, 
fluorescent emission peaks appeared in all solvents with good intensities 
except for 1e whose fluorescence is poor. The most significant sol
vatochromic shifts were observed for compounds 1c-e. A bathochromic 
effect of the emission peak was observed in relationship with the 
increasing of the polarity of the medium for compounds 1a-d,f,g, while 
1e displayed an interesting reversed hypsochromic shift. 

As expected [7] isocoumarins 1f and 1g, characterized by the pres
ence of a weak methoxy group as EDG display the less pronounced 
solvatochromism. Also compounds 1a and 1b, with primary amines as 
EDG have a modest solvatochromism. It is worth noting that the “elec
tronically upset” isocoumarin 1e displayed two interesting features: 
absorption maximum and fluorescence emission in the visible range and 
a strong solvatochromic effect (Δ λem ¼ 123 nm). Unfortunately, this 
compound suffers from severe solubility problems and poor fluorescence 
intensity. So, taking into account all the important features that an ideal 
environmental sensitive dye should have (i.e. solubility, strong sol
vatochromism, fluorescence intensity, absorption close to the visible 
range, large Stokes shift), compound 1d seems to be the best sol
vatochromic isocoumarin obtained. The superimposed absorption and 
emission spectra in all solvents for 1d are depicted in Fig. 2. 

2.3. Quantitative description of solvatochromism by a modified Lippert- 
Mataga equation 

A quantitative description of the solvatochromic behavior of fluo
rescent dye is commonly carried out by using the Lippert-Mataga 
equation [24], (eq. (1)): 

va � vf ¼
2
hc

�
ε � 1
2εþ 1

�
n2 � 1
2n2 þ 1

�
ðμ* � μÞ2

a3 þ const (1)  

where va and vf are the wavenumbers in cm� 1 of absorption and emis
sion peaks, h is Planck’s constant, c is the speed of light, a is the Onsager 
cavity radius, and μ* and μ are the dipole moment of the molecule in the 
excited and the ground state, respectively. In this equation, a spherical 
shape of the chromophore is assumed (a is the radius of the sphere). 

Before its application to our isocoumarins, we made a consideration 
about their shape and we realized that their elongated, planar D-π-A 
system is more properly described by a spheroid prolate. For other 
elongated-shaped chromophores such as Prodan and Laurdan, similar 
considerations have already been made for a correct calculation of the 
dipole moment [25]. Hence, we applied a modified Lippert-Mataga 
equation in which the three axes of the spheroid prolate are consid
ered [26] (eq. (2)): 

va � vf ¼
3
hc

�
ε � 1
2εþ 1

�
n2 � 1
2n2 þ 1

�
ðμ* � μÞ2

abd
þ const (2)  

where a, b and d are the spheroid prolate axes, with a > b ¼ d. 
The approach was restricted to the isocoumarins which displayed the 

more interesting photophysical properties, i.e. compounds 1a-d. Once 
isocoumarins 1a-d have been structurally minimized and fitted into a 
spheroid prolate to determine a, b and d, the dipole moments were 
calculated (Table 2). 

Isocoumarin 1d, display the more interesting properties for potential 
uses as a biological probe due to its excitation peak localized more close 
to visible light (see Table 1), and the highest dipole moment (μ*-μ) upon 
light excitation (Table 2). The Lippert plot for 1d is reported in Fig. 3. 

The results obtained from this analysis showed a relevant change in 
the dipole moment upon excitation, for compound 1d having the higher 
bathochromic shift as a function of solvent polarity, and quantitatively 
demonstrated by the calculated μ*-μ. The linear dependence of Stokes 
shifts on orientational polarizability in both aprotic and protic solvents 
suggest a non-specific interaction between 1d and the investigated 
solvents. 

2.4. Evaluation of the substituent effect of the ED and EW groups of the D- 
π-A isocoumarin system 

While we demonstrated that the synthesized isocoumarin have 
spectroscopic properties in terms of absorption, fluorescent emission 
and solvatochromism that make them potentially useful as environment- 
sensitive probes, we would like to systematically evaluate the effect of 
the substituents on the spectroscopic properties. The effect of sub
stituents on push-pull system in relation to their mesomeric effects has 
already been investigated, and the possibility of a fine-tuning of spec
troscopic features based on the accurate choice of ED and EW substit
uent D-π-A has been claimed [7]. Hence, we rationalize our results 
correlating the absorption peak (in ethanol) and the fluorescent 

Fig. 2. Absorption spectra of 1d in different solvents at 53.84 μM at 20 �C. B. Fluorescent emission spectra of 1d in the same solvent explored for the absorption 
spectra at 20 �C upon dilution to keep absorbance below 0.1 OD to avoid inner filter effect. 

Table 2 
Increase of the dipole moment (μ*- μ) upon light excitation for compound 1a- 
d obtained from fitting to the modified Lippert-Mataga equation (eq. (2)).  

Compound μ*- μ protic solvents (Debye) μ*- μ aprotic solvents (Debye) 

1a 7.47 � 0.94 -a 

1b 11.37 � 0.73 7.21 � 1.35 
1c 10.24 � 1.37 8.99 � 0.70 
1d 13.84 � 1.51 12.92 � 0.82  

a Solvatochromic shift as a function of orientational polarizability in aprotic 
solvents showed a scattered dependence and did not allow a reliable fitting. 
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emission peak with the difference between the Hammett constant (σP) 
for the ED and EW groups (Fig. 4 A and B). 

The direct correlation between ΔσP of ED and EW groups and sol
vatochromic shift give a quantitative measure of the ICT. From this 
analysis, we can observe that the redshift of the emission peak is 
particularly marked in the more polar solvent, with a maximum for 
DMF. Moreover, the higher sensitivity towards solvent polarity and the 
larger bathochromic shift observed in the molecules with greater ICT 
well agree with the previous observation that a redshift is observed 
increasing the ED and EW capability of substituents [7] (Fig. 4, A). 
Finally, we can also observe a well-defined correlation between σP ED 
and σP EW difference and the absorption peak of isocoumarins (Fig. 4, 
B). This result confirms that, also for these series of isocoumarin dyes, an 
increased degree of ICT, obtained with proper substituents, brings to a 
red shifting of the excitation wavelength together with a larger sol
vatochromism of the fluorophore, both valuable properties for the use of 
these molecules for environment-sensitive imaging purposes and bio
logical applications as probes or dyes. 

2.5. Spectroscopic effects of the extension of the conjugated push-pull 
system 

We finally compared the absorption and emission properties of 
compounds 1a-g with of those of compounds 11c,d,f, possessing an 
extended conjugated push-pull system based on a tricyclic benzofused 
isocoumarin core (Table 3). 

With respect to the former, the elongation of the nucleus brought to a 
general decrease of the solubility of the compounds, which are almost 
completely soluble at the stock concentration (5 mg/ml). The uncer
tainty in solubilisation made the stock concentration poorly reliable and 
hence molar extinction coefficients for this series was not calculated. 
Compound 11d is the most soluble whereas 11f, as already observed for 
the analogous bicyclic compound 1e, is in general poorly soluble and 
completely insoluble in half of the explored solvents. Moreover, in 
analogy with 1e, it displayed a reversed hypsochromic shift, but the 
fluorescence is poor (Table 3). 

As expected, a larger conjugation resulted in a red shifting of the 
absorption, so falling in the visible range for all compounds examined. 
Emission as a function of solvent polarity significantly shifted for 11c 
and 11d. In particular, 11d, the most soluble, displayed the larger sol
vatochromic effect ranging from 469 nm in hexane to 613 nm in DMF (Δ 
λem ¼ 144). This latter showed a higher Stokes shift and a larger increase 

Fig. 3. Lippert plot of 1d. Black circles, aprotic solvent; red circles, protic 
solvents. Data points for aprotic and protic solvent are separately fitted to the 
modified Lippert-Mataga equation. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 4. A: Fluorescent emission peak in different solvents for isocoumarins 1a-d,f,g as a function of the difference between σP of ED and EW groups. B: absorption 
peak in ethanol as a function of the difference between σP of ED and EW groups. 

Table 3 
Absorption peak wavelength (λexc) and fluorescent emission peak wavelength 
(λem) of isocoumarins 11c,d,f solubilized in different solvents.  

Solvent 11c 11d 11f 

λexc 

(nm) 
λem 

(nm) 
λexc 

(nm) 
λem 

(nm) 
λexc 

(nm) 
λem 

(nm) 

DMF 395 614 394 613 444 546 
Methanol 391 612 391 604 439 548a 

Ethanol 393 602 392 599 n.s. n.s. 
1-Propanol 393 591 391 587 n.s. n.s. 
1-Butanol 394 586 392 578 n.s. n.s. 
1-Octanol 395 585 393 561 n.s. n.s. 
Acetone 392 611 390 604 438 530 
Ethyl 

Acetate 
393 578 389 568 435 624 

Chloroform 395 538 393 542 446 634 
Hexane n.s. n.s. 388 469 n.s. n.s. 
Δ λem  76  144  104  

a Poorly fluorescent. 
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in the dipole moment as a function of solvent polarity respect to 1d, as 
expected, thanks to the increased size of the polycyclic ring and 
π-electrons conjugation (Fig. 5). The better physical and spectroscopic 
properties of 11d, characterized by the presence of a diethylamino 
substituent versus 11c, which has a dimethylamino group, are in 
agreement with some previous findings [19]. 

Finally, for most interesting compounds we determined quantum 
yields (the solvatochromic dye Prodan was used as a reference, 
QY ¼ 0.71) and fluorescence lifetimes. In particular, the QY of 1c, 1d, 
and 11d in EtOH resulted to be 0.11, 0.31 and 0.04, respectively, 
whereas fluorescence lifetime of 1d and 11d in the same solvent resulted 
to be 1.79 and 2.09 ns, respectively (for plots see Supporting 
Information). 

3. Conclusions 

We prepared ten polarity-sensitive fluorescent dyes characterized by 
the presence of an isocoumarin-based nucleus endowed with a conju
gated push-pull system. The synthetic approaches involve four/six steps 
starting from low-cost commercially available materials. The key step of 
the syntheses involves a highly regioselective silver(I)/p-TSA co- 
catalyzed cyclization of 2-alkynylbenzoates. The photophysical fea
tures of the isocoumarins synthesized were investigated. In particular, 
the effects of the nature of D-π-A system and the dimension of the con
jugated system were tentatively rationalized based on dipole moments 
calculated by Lippert-Mataga equation and the difference between the 
Hammett constant (σP) for the ED and EW groups involved. Iso
coumarins 1f and 1g, with a methoxy group as EDG, are poorly sol
vatochromic. Compounds 1e and 11f, with a reversed D-π-A system, 
displayed an interesting reversed solvatochromism in the visible range, 
but suffer from severe solubility problems and scarce fluorescence. N,N- 
Diethyl derivatives shown in general better features than N,N-dimethyl 
ones. Overall, isocoumarin 1d and the benzofused isocoumarin 11d 
displayed the best physical and spectroscopic features for possible ap
plications in biological and advanced material fields: a wide sol
vatochromic effect, a good solubility in different solvents, a constant 
absorption close to the visible range, a quite good fluorescence (1d) and 
a large Stokes shift. 

4. Experimental section 

4.1. General 

Anhydrous solvents are commercially available and stored in a 
protected atmosphere of nitrogen. All the reactions that involve the use 
of reagents sensitive to oxygen or hydrolysis, were carried out under 
nitrogen. The glassware was previously dried in an oven at 110 �C and 
set with cycles of vacuum and nitrogen. The chromatographic column 
separations were performed by a flash technique, using silica gel (pore 
size 60 Å, particle size 230–400 mesh). TLC Alu foils with a fluorescent 
indicator (254 nm) were used for TLC analysis, and the detection was 
performed by irradiation with UV light (λ ¼ 254 nm and/or 366 nm). 1H 
NMR analyses were performed with 300 MHz or 500 MHz spectrometers 
at rt. Spectra were referenced to residual solvent. The coupling constants 
(J) are expressed in Hertz (Hz), the chemical shifts (δ) in ppm. 13C NMR 
analyses were performed with the same instruments at 50.3 and 
75.45 MHz. Attached Proton Test (APT) sequence was used to distin
guish the methine and methyl carbon signals from those arising from 
methylene and quaternary carbon atoms. All 13C NMR spectra were 
recorded with complete proton decoupling. The absorbance is reported 
in wavenumbers (cm� 1) with values between 4000 and 400 cm� 1. Low- 
resolution MS spectra were recorded with an electron impact source and 
electrospray/ion trap equipped instrument, using a syringe pump device 
to directly inject sample solutions. The values are reported as mass- 
charge ratio and the relative intensities of the most significant peaks 
are shown in brackets. The melting points of the solid products are un
corrected. UV–visible and fluorescence spectra were collected at 20 �C. 

4.2. Synthesis of 2-bromo-5-methoxybenzoic acid (2b) 

Commercially available 2-bromo-5-methoxybenzaldehyde 
(4.65 mmol) was dissolved in 20 mL of water. KMnO4 (6.51 mmol, 1.4 
eq.) was dissolved in 15 mL of water and added dropwise to the reaction 
mixture. The reaction mixture was stirred at 75 �C for 2 h, then a solu
tion of KOH at 20% was added to obtain a strongly basic pH. The re
action mixture was filtered through a pleated filter, the filter washed 
with hot water and the aqueous filtrates were cooled to rt and filtered 
again to remove aldehyde residues. When the aqueous filtrates were 
acidified with HCl 37% the 2-bromo-5-methoxybenzoic acid 2b 
precipitated as white solid that was collected by filtration under reduced 
pressure (Yield: 72%, 773 mg). No further purification was necessary. 
1H NMR (300 MHz, CDCl3): δ ¼ 7.58 (d, J ¼ 8.8 Hz, 1H, arom.), 7.52 (d, 
J ¼ 3.1 Hz, 1H, arom.), 6.95 (dd, J ¼ 8.8, 3.1 Hz, 1H, arom.), 3.84 (s, 3H, 
–CH3). These data are in good agreement with literature values [27]. 

4.3. General procedure for the synthesis of methyl 2-haloarylcarboxylates 
3a, 3b and 8 

The proper 2-haloarylcarboxylic acid (12 mmol) was dissolved in 
60 mL of methanol and to this solution 8 mL (12 equiv.) of concentrated 
sulfuric acid were then added dropwise. Then the reaction mixture was 
stirred at reflux until no more starting product was detected by TLC 
analysis. The reaction mixture was then cooled to rt and concentrated 
under reduced pressure. The residue was diluted with EtOAc (20 mL) 
and washed with a saturated aqueous solution of NaHCO3 (3 � 30 mL). 
The organic phase was dried over Na2SO4, filtered and the solvent was 
removed at reduced pressure to yield the corresponding methyl 2- 
haloarylcarboxylates. 

4.3.1. Methyl 2-bromo-5-nitrobenzoate (3a) 
Reaction time: 3 h. White solid. Yield: 99% (3.12 g). Mp 79–81 �C 

(lit. 82 �C). 1H NMR (300 MHz, CDCl3): δ ¼ 8.67 (d, J ¼ 2.7 Hz, 1H, 
arom.), 8.19 (dd, J ¼ 8.8, 2.8 Hz, 1H, arom.), 7.89 (d, J ¼ 8.8 Hz, 1H, 
arom.), 4.01 (s, 3H, –COOCH3).13C NMR (75 MHz, CDCl3): δ ¼ 164.5 
(C––O), 146.8 (C, arom.), 135.7 (CH, arom.) 133.2 (C, arom.), 129.2 (C, 

Fig. 5. Lippert plot of 11d. Black circles, aprotic solvent; red circles, protic 
solvents. Data points for aprotic and protic solvent are separately fitted to the 
modified Lippert-Mataga equation (solid lines). Dashed lines are fitting of 1d as 
from Fig. 3 for comparison. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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arom.), 126.6 (CH, arom.), 126.3 (CH, arom.), 53.1 (CH3). MS EI (þ): m/ 
z (%) ¼ 228 [M(79Br) – CH3O]þ (100), 230 [M(81Br) – CH3O]þ (100), 
259 [M(79Br)]þ (55), 261 [M(81Br)]þ (55); C8H6BrNO4 [260.04]. These 
data are in good agreement with literature values [28]. 

4.3.2. Methyl 2-bromo-5-methoxybenzoate (3b) 
Reaction time: 4 h. Yellow oil. Yield: 565 mg, 97% (2.85 g). 1H NMR 

(300 MHz, CDCl3): δ ¼ 7.53 (d, J ¼ 8.8 Hz, 1H, arom.), 7.31 (d, 
J ¼ 3.1 Hz, 1H, arom.), 6.89 (dd, J ¼ 8.8, 3.1 Hz, 1H, arom.), 3.93 (s, 3H, 
–OCH3), 3.82 (s, 3H, –COOCH3). These data are in good agreement with 
literature values [29]. 

4.3.3. Methyl 1-bromo-2-naphthoate (8) 
Reaction time: 5 h. Pale yellow wax. Yield: 98% (3.12 g). 1H NMR 

(300 MHz, CDCl3): δ ¼ 8.46 (m, 1H, arom.), 7.84 (m, 2H, arom.), 
7.70–7.55 (m, J ¼ 8.3 3H, arom.), 4.00 (s, 3H, –COOCH3). These data 
are in good agreement with literature values [30]. 

4.4. General procedure for the synthesis of methyl 2-alkynylarylcarbox
ylates 4a-c, 6a,b and 10a,b: Method A 

To a stirred solution of the proper methyl 2-haloarylcarboxylate (3a 
or 9a) (0.5 mmol) in anhydrous DMF (2 mL), K2CO3 (2.5 mmol), the 
appropriate alkyne (0.6 mmol, 1.2 equiv) and (PPh3)2PdCl2 (2 mol%) 
were added under nitrogen. The reaction was stirred at rt for 10 min, 
then CuI (1 mol%) was added. The reaction mixture was stirred at 60 �C 
until no more starting product was detected by TLC analysis. The reac
tion mixture was diluted with water (50 mL) and extracted with EtOAc 
(3 � 15 mL). The organic layers were united, dried over Na2SO4 and the 
solvent was evaporated under reduced pressure. The crude material was 
purified by flash column chromatography over silica gel. Method B: 
Under a nitrogen atmosphere, methyl 2-bromo-5-methoxybenzoate 3b 
(0.408 mmol) was dissolved in 0.5 mL of anhydrous TEA and 1.5 mL of 
anhydrous CH3CN. To the stirred mixture the appropriate alkyne 
(0.489 mmol, 1.2 eq.), bis(acetonitrile)dichloropalladium(II) (14 mol%) 
and tri-tert-butylphosphine (20 mol %) were added. The reaction was 
stirred at rt for 15 min, then CuI (5 mol%) was added. The stirred re
action was heated at 70 �C until no more starting product was detected 
by TLC analysis, then filtered on a thin Celite pad. The pad was washed 
with CH2Cl2, and then the united organic layers were evaporated under 
reduced pressure. The crude material was purified by flash chromatog
raphy over silica gel to yield the desired products. 

4.4.1. Methyl 5-nitro-2-((4-(trifluoromethyl)phenyl)ethynyl)benzoate 
(4a) 

Method A. Reaction time: 3 h. Eluent for chromatography: hexane/ 
EtOAc 9:1. Orange solid. Yield 86% (175 mg); mp 114–116 �C. 1H NMR 
(300 MHz, CDCl3): δ ¼ 8.88 (d, J ¼ 2.4 Hz, 1H, arom.), 8.38 (dd, J ¼ 8.6, 
2.4 Hz, 1H, arom.), 7.84 (d, J ¼ 8.6 Hz, 1H, arom.), 7.74 (d, J ¼ 8.3 Hz, 
2H, arom.), 7.68 (d, J ¼ 8.3 Hz, 2H, arom.), 4.04 (s, 3H, CH3). 13C NMR 
(75 MHz, CDCl3): δ ¼ 164.3 (C––O), 146.8 (C, arom.), 135.1 (CH, 
arom.), 133.1 (C, arom.), 132.3 (CH, arom.), 131.1 (q, 2J(C,F) ¼ 32 Hz, 
1C, C-CF3), 129.5 (C, arom.), 126.2 (CH, arom.), 126.0 (C, arom.), 125.9 
(CH, arom.), 125.5 (q, 3J(C,F) ¼ 4 Hz, CH-C-CF3) 123.8 (q, 1J(C, 
F) ¼ 272 Hz, 1C, CF3), 98.2 (C sp), 88.8 (C sp), 52.9 (CH3). MS ESI (þ): 
m/z (%) ¼ 350 [Mþ1]þ (100), 372 [MþNa]þ (15); C17H10F3NO4 
[349.26]. Calcd for C17H10F3NO4: C, 58.46; H, 2.89; N, 4.01; found: C, 
58.59; H, 2.68; N, 4.23. 

4.4.2. Methyl 2-((4-(methylsulfonyl)phenyl)ethynyl)-5-nitrobenzoate (4b) 
Method A. Reaction time: 2.5 h. Eluent for chromatography: hexane/ 

EtOAc 7:3. Orange solid. Yield 72% (129 mg); mp 162–164 �C. 1H NMR 
(300 MHz, CDCl3): δ ¼ 8.87 (d, J ¼ 2.3 Hz, 1H, arom.), 8.37 (dd, J ¼ 8.6, 
2.4 Hz, 1H, arom.), 7.97 (d, J ¼ 8.6 Hz, 2H, arom.), 7.83 (d, J ¼ 8.5 Hz, 
1H, arom.), 7.79 (d, J ¼ 8.6 Hz, 2H, arom.), 4.02 (s, 3H, –COOCH3), 3.08 
(s, 3H, –SO2CH3). 13C NMR (75 MHz, CDCl3): δ ¼ 164.1 (C––O), 146.9 

(C, arom.), 140.8 (C, arom.), 135.1 (CH, arom.), 133.1 (C, arom.), 132.7 
(CH, arom.), 129.2 (C, arom.), 128.0 (C, arom.), 127.6 (CH, arom.), 
126.2 (CH, arom.), 125.9 (CH, arom.), 97.5 (C sp), 90.1 (C sp), 52.9 
(-COOCH3), 44.4 (-SO2CH3). MS ESI (þ): m/z (%) ¼ 360 [Mþ1]þ (100), 
382 [MþNa]þ (10); C17H13NO6S [359.35]. Calcd for C17H13NO6S: C, 
56.82; H, 3.65; N, 3.90; found: C, 57.02; H, 3.74; N, 4.05. 

4.4.3. Methyl 2-((4-(dimethylamino)phenyl)ethynyl)-5-nitrobenzoate (4c) 
Method A. Reaction time: 4 h. Eluent for chromatography: hexane/ 

EtOAc 8:2. Bordeaux solid. Yield 89% (144 mg); mp146.1–147.2 �C. 1H 
NMR (300 MHz, DMSO): δ ¼ 8.59 (d, J ¼ 2.5 Hz, 1H, arom.), 8.35 (dd, 
J ¼ 8.6, 2.5 Hz, 1H, arom.), 7.82 (d, J ¼ 8.6 Hz, 1H, arom.), 7.41 (d, 
J ¼ 8.9 Hz, 2H, arom.), 6.74 (d, J ¼ 9.0 Hz, 2H, arom.), 3.94 (s, 3H, 
–OCH3), 2.98 (s, 6H, –N(CH3)2). 13C NMR (75 MHz, DMSO): δ ¼ 164.9 
(C––O), 151.4 (C, arom.), 145.7 (C, arom.), 134.7 (CH, arom.), 133.8 
(CH, arom.), 131.8 (C, arom.), 130.4 (C, arom.), 126.9 (CH, arom.), 
125.6 (CH, arom.), 112.3 (CH, arom.), 107.7 (C, arom.), 103.5 (C, 
arom.), 86.9 (C, arom.), 53.1 (-OCH3), 39.8 (-N(CH3)2). MS ESI (þ): m/z 
(%) ¼ 325.14 [Mþ1]þ (100); C18H16N2O4 [324.33]. Calcd for 
C18H16N2O4: C, 66.66; H, 4.97; N, 8.64; found: C, 66.74; H, 5.06; N, 
8.60. 

4.4.4. Methyl 5-methoxy-2-((4-(trifluoromethyl)phenyl)ethynyl)benzoate 
(6a) 

Method B. Reaction time: 1.75 h. Eluent for chromatography: hex
ane/EtOAc 95:5. Brown solid. Yield 76% (104 mg); mp 50-21 �C. 1H 
NMR (300 MHz, CDCl3): δ ¼ 7.69–7.55 (m, 5H arom.), 7.52 (d, 
J ¼ 2.7 Hz, 1H, arom.), 7.06 (dd, J ¼ 8.6, 2.7 Hz, 1H, arom.), 3.98 (s, 3H, 
–OCH3), 3.88 (s, 3H, –OCH3). 13C NMR (75 MHz, CDCl3): δ ¼ 166.3 
(C––O), 159.5 (C, arom.), 135.5 (CH, arom.), 133.4 (C, arom.), 131.7 
(CH, arom.), 129.7 (q, 2J(C,F) ¼ 33 Hz, 1C, C-CF3), 127.6 (C, arom.), 
125.3 (q, 3J(C,F) ¼ 4 Hz, CH-C-CF3), 124.0 (q, 1J(C,F) ¼ 272 Hz, 1C, 
CF3), 118.3 (CH, arom.), 115.3 (CH, arom.), 115.1 (C, arom.), 91.1 (C, 
sp), 90.7 (C, sp), 55.6 (-OCH3), 52.3 (-COOCH3). MS ESI (þ): m/z 
(%) ¼ 335 [Mþ1]þ (100); C18H13F3O3 [334.29]. Calcd for C18H13F3O3: 
C, 64.67; H, 3.92; found: C, 64.42; H, 4.01. 

4.4.5. Methyl 5-methoxy-2-((4-(methylsulfonyl)phenyl)ethynyl)benzoate 
(6b) 

Method B. Reaction time: 1 h. Eluent for chromatography: hexane/ 
EtOAc 6:4. Red solid. Yield 66% (93 mg); mp 102.3–103.7 �C. 1H NMR 
(300 MHz, CDCl3): δ ¼ 7.92 (d, J ¼ 8.6 Hz, 2H, arom.), 7.72 (d, 
J ¼ 8.7 Hz, 2H, arom.), 7.59 (d, J ¼ 8.6 Hz, 1H, arom.), 7.52 (d, 
J ¼ 2.7 Hz, 1H, arom.), 7.07 (dd, J ¼ 8.6, 2.8 Hz, 1H, arom.), 3.97 (s, 3H, 
–OCH3), 3.89 (s, 3H, –OCH3), 3.07 (s, 3H–SO2CH3). 13C NMR (75 MHz, 
CDCl3): δ ¼ 166.1 (C––O), 159.8 (C, arom.), 139.4 (C, arom.), 135.6 (CH, 
arom.), 133.5 (C, arom.), 132.2 (CH, arom.), 129.7 (C, arom.), 127.4 
(CH, arom.), 118.3 (CH, arom.), 115.5 (CH, arom.), 114.8 (C, arom.), 
92.4 (C, sp), 90.8 (C, sp), 55.6 (-OCH3), 52.4(-OCH3), 44.5 (-SO2CH3). 
MS ESI (þ): m/z (%) ¼ 345 [Mþ1]þ (100), 367 [MþNa]þ (38); 
C18H16O5S [344.38]. Calcd for C18H16O5S: C, 62.78; H, 4.68; found: C, 
62.92; H, 4.57. 

4.4.6. Methyl 5-nitro-1-((4-(trifluoromethyl)phenyl)ethynyl)-2-naph
thoate (10a) 

Method A. Reaction time: 4 h. Eluent for chromatography: hexane/ 
EtOAc 9:1. Yellow solid. Yield 99% (182 mg); mp 111.4–112.5 �C. 1H 
NMR (300 MHz, CDCl3): δ ¼ 8.98 (dt, J ¼ 8.5, 1.1 Hz, 1H, arom.), 8.58 
(dd, J ¼ 9.2, 0.9 Hz, 1H, arom.), 8.35 (dd, J ¼ 7.6, 1.2 Hz, 1H, arom.), 
8.22 (d, J ¼ 9.2 Hz, 1H, arom.), 7.83–7.68 (m, 5H, arom.), 4.05 (s, 3H, 
–OCH3). 13C NMR (75 MHz, CDCl3): δ ¼ 166.0 (C––O), 147.0 (C, arom.), 
134.2 (C, arom.), 133.7 (CH, arom.), 132.0 (CH, arom.), 130.91 (q, 2J(C, 
F) ¼ 32 Hz, 1C, C-CF3), 129.1 (CH, arom.), 126.5 (C, arom.), 125.90 
(CH, arom.), 125.8 (CH, arom.), 125.5 (q, 3J(C,F) ¼ 4 Hz, CH-C-CF3), 
123.8 (q, 1J(C,F) ¼ 272 Hz, 1C, CF3) 123.5 (CH, arom.), 122.3 (C, 
arom.), 100.4 (C, sp), 87.2 (C, sp), 52.6 (-OCH3) one quaternary carbon 
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obscured. MS EI (þ): m/z (%) ¼ 399 [M]þ (100); C21H12F3NO4 
[399.33]. Calcd for C21H12F3NO4: C, 63.16; H, 3.03; N, 14.27; found: C, 
63.38; H, 3.22; N, 14.36. 

4.4.7. Methyl 1-((4-(dimethylamino)phenyl)ethynyl)-5-nitro-2- 
naphthoate (10b) 

Method A. Reaction time: 15 h. Eluent for chromatography: hexane/ 
EtOAc 85:15. Bordeaux solid. Yield 94% (180 mg); mp 165.3–166.7 �C. 
1H NMR (300 MHz, CDCl3): δ ¼ 9.03 (dt, J ¼ 8.5, 1.0 Hz, 1H), 8.44 (dd, 
J ¼ 9.2, 0.8 Hz, 1H), 8.30 (dd, J ¼ 7.6, 1.2 Hz, 1H), 8.16 (d, J ¼ 9.2 Hz, 
1H), 7.69 (dd, J ¼ 8.4, 7.7 Hz, 1H), 7.64–7.51 (dt, J ¼ 9.0 Hz, 2H), 6.71 
(d, J ¼ 9.0 Hz, 2H), 4.05 (s, 3H, –OCH3), 3.04 (s, 6H, –N(CH3)2). 13C 
NMR (75 MHz, CDCl3): δ ¼ 166.6 (C––O), 150.8 (C, arom.), 146.9 (C, 
arom.), 134.3 (CH, arom.), 134.3 (C, arom.), 133.2 (CH, arom.), 130.5 
(C, arom.), 129.3 (CH, arom.), 126.6 (C, arom.), 125.6 (CH, arom.), 
125.3 (CH, arom.), 124.2 (C, arom.), 121.6 (CH, arom.), 111.8 (CH, 
arom.), 109.2 (C, arom.), 104.9 (C, sp), 84.(C, sp), 52.4 (-OCH3), 40.10 
(-N(CH3)2). MS ESI (þ): m/z (%) ¼ 376 [Mþ1]þ (100); C22H18N2O4 
[374.39]. Calcd for C22H18N2O4: C, 70.58; H, 4.85; N, 7.48; found: C, 
70.40; H, 4.73; N, 7.56. 

4.5. General procedure for the cyclization of the o-alkynylbenzoates 4a-c, 
6a-b, 10a-b 

Under a nitrogen atmosphere, to a solution of the appropriate methyl 
2-alkynylarylcarboxylate (0.4 mmol) in anhydrous DCE (1.6 mL), AgOTf 
(1–4 mol%, see below) and p-TSA⋅H2O (30–50 mol%, see below) were 
added. The reaction was stirred at 60–80 �C (see below) until no more 
starting product was detected by TLC. The reaction mixture was 
concentrated under reduced pressure, diluted with EtOAc (15 mL) and 
washed with saturated aqueous solution of NaHCO3 (2 � 15 mL) and 
brine (2 � 15 mL). The organic phase was dried over Na2SO4, filtered 
and the solvent was removed at reduced pressure. The crude material 
was purified by direct crystallization or by flash column chromatog
raphy over silica gel. 

4.5.1. 7-Nitro-3-(4-(trifluoromethyl)phenyl)-1H-isochromen-1-one (5a) 
Reaction conditions: AgOTf 2 mol%; p-TSA 30 mol%; reaction tem

perature 80 �C; reaction time: 24 h. Recrystallized from CH3CN. Pale 
green solid. Yield 67% (90 mg); mp 223–225 �C. 1H NMR (300 MHz, 
DMSO‑d6): δ ¼ 8.78 (d, J ¼ 2.3 Hz, 1H, arom.), 8.62 (dd, J ¼ 8.7, 2.4 Hz, 
1H, arom.), 8.14 (d, J ¼ 8.2 Hz, 2H, arom.), 7.93 (t, J ¼ 8.3 Hz, 3H, 
arom.), 7.85 (s, 1H, arom.). 13C NMR (75 MHz, DMSO‑d6): δ ¼ 160.3 
(C––O), 154.2 (C, arom.), 147.2 (C, arom.), 142.4 (C, arom.), 135.2 (C, 
arom.), 131.0 (q, 2J(C,F) ¼ 32 Hz, 1C, C-CF3), 129.8 (CH, arom.), 129.2 
(CH, arom.), 126.6 (CH, arom.), 126.5 (q, 3J(C,F) ¼ 4 Hz, CH-C-CF3), 
124.7 (CH, arom.), 124.3 (q, 1J(C,F) ¼ 272 Hz, 1C, CF3), 121.3 (C, 
arom.), 103.8 (CH, arom.). MS ESI (þ): m/z (%) ¼ 331 [M-CO þ Na]þ

(100), 359 [MþNa]þ (90), 381 [Mþ2Na]þ (45); C16H8F3NO4 [335.23]. 
Calcd for C16H8F3NO4: C, 57.33; H, 2.41; N, 4.18; found: C, 57.51; H, 
2.55; N, 4.13. 

4.5.2. 3-(4-(methylsulfonyl)phenyl)-7-nitro-1H-isochromen-1-one (5b) 
Reaction conditions: AgOTf 2 mol%; p-TSA 30 mol%; reaction tem

perature 80 �C; reaction time: 24 h. Recrystallized from CH3CN. Green 
solid. Yield 87% (120 mg); mp > 300 �C. 1H NMR (300 MHz, DMSO‑d6): 
δ ¼ 8.81 (d, J ¼ 2.5 Hz, 1H, arom.), 8.64 (dd, J ¼ 8.7, 2.5 Hz, 1H, arom.), 
8.26–8.15 (m, 2H, arom.), 8.15–8.06 (m, 2H, arom.), 7.96 (d, J ¼ 8.7 Hz, 
1H, arom.), 7.92 (s, 1H, arom.), 3.29 (s, 3H, –CH3). 13C NMR (75 MHz, 
DMSO‑d6): δ ¼ 160.3 (C––O), 154.1 (C, arom.), 147.3 (C, arom.), 142.7 
(C, arom.), 142.4 (C, arom.), 136.0 (C, arom.), 129.8 (CH, arom.), 129.2 
(CH, arom.), 128.3 (CH, arom.), 126.7 (CH, arom.), 124.8 (CH, arom.), 
121.4 (C, arom.), 104.3 (CH, arom.), 43.8 (-CH3). MS ESI (þ): m/z 
(%) ¼ 376 [M þ EtOH]þ (100), 345 [M]þ (40); C16H11NO6S [345.33]. 
Calcd for C16H11NO6S: C, 55.65; H, 3.21; N, 4.06; found: C, 55.81; H, 
3.21; N, 4.10. 

4.5.3. 3-(4-(dimethylamino)phenyl)-7-nitro-1H-isochromen-1-one (1e) 
Reaction conditions: AgOTf 1 mol%; p-TSA 30 mol%; reaction tem

perature 60 �C; reaction time: 50 h. Recrystallized from EtOAc. Dark red 
solid. Yield 98% (123 mg); mp > 300 �C. 1H NMR (300 MHz, DMSO): 
δ ¼ 8.74 (d, J ¼ 2.5 Hz, 1H, arom.), 8.51 (dd, J ¼ 8.8, 2.5 Hz, 1H, arom.), 
7.79 (d, J ¼ 8.9 Hz, 3H, arom.), 7.41 (s, 1H, arom.), 6.82 (d, J ¼ 9.1 Hz, 
2H, arom.), 3.01 (s, 6H, N(CH3)2). 13C NMR (126 MHz, DMSO): 
δ ¼ 160.9 (C, arom.), 157.7 (C, arom.), 152.5 (C, arom.), 145.7 (C, 
arom.), 144.1 (C, arom.), 129.6 (CH, arom.), 127.9 (CH, arom.), 127.4 
(CH, arom.), 125.0 (CH, arom.), 119.1 (C, arom.), 117.7 (C, arom.), 
112.3 (CH, arom.), 98.0 (CH, arom.), 40.3 (N(CH3)2). MS ESI (þ): m/z 
(%) ¼ 311.1 [Mþ1]þ (100); C17H14N2O4 [310.30]. Calcd for 
C17H14N2O4: C, 65.80; H, 4.55; N, 9.03; found: C, 65.97; H, 4.65; N, 
8.89. 

4.5.4. 7-Methoxy-3-(4-(trifluoromethyl)phenyl)-1H-isochromen-1-one 
(1f) þ 6-methoxy-3-(4-(trifluoromethyl) benzylidene)isobenzofuran-1 
(3H)-one (7a) 

Reaction conditions: AgOTf 2 mol%; p-TSA 30 mol%; reaction tem
perature 80 �C; reaction time: 45 h. Eluent for chromatography: toluene. 
1f: White solid. Yield 72% (92 mg); mp 160.1–161.5 �C. 1H NMR 
(300 MHz, CDCl3): δ ¼ 7.96 (d, J ¼ 8.3 Hz, 2H, arom.), 7.72 (m, 3H, 
arom.), 7.47 (d, J ¼ 8.6 Hz, 1H, arom.), 7.34 (dd, J ¼ 8.6, 2.7 Hz, 1H, 
arom.), 7.01 (s, 1H, arom.), 3.94 (s, 3H, –OCH3). 13C NMR (75 MHz, 
CDCl3): δ ¼ 161.9 (C––O), 160.1 (C, arom.), 150.0 (C, arom.), 135.4 (C, 
arom.), 131.1 (q, 2J(C,F) ¼ 32 Hz, 1C, C-CF3), 130.5 (C, arom.), 127.9 
(CH, arom.), 127.5 (q, 1J(C,F) ¼ 272 Hz, 1C, CF3), 125.7 (q, 3J(C, 
F) ¼ 4 Hz, CH-C-CF3), 125.1 (CH, arom.), 124.7 (CH, arom.), 122.1 (C, 
arom.), 110.3 (CH, arom.), 103.2 (CH, arom.), 55.8 (-OCH3). MS ESI 
(þ): m/z (%) ¼ 343 [MþNa] þ (100); C17H11F3O3 [320.26]. Calcd for 
C17H11F3O3: C, 63.76; H, 3.46; N, 14.99; found: C, 63.85; H, 3.38; N, 
15.08. 

7a: White solid. Yield 12% (15 mg); mp 86.2–87.5 �C. 1H NMR 
(300 MHz, CDCl3): δ ¼ 7.92 (d, J ¼ 8.2 Hz, 2H, arom.), 7.68 (d, 
J ¼ 8.6 Hz, 1H, arom.), 7.63 (d, J ¼ 8.3 Hz, 2H, arom.), 7.36 (d, 
J ¼ 2.2 Hz, 1H, arom.), 7.31 (dd, J ¼ 8.5, 2.4 Hz, 2H, arom.), 6.31 (s, 1H, 
C––CH), 3.93 (s, 3H, –OCH3). 13C NMR (75 MHz, CDCl3) δ ¼ 161.9 
(C––O), 133.1 (C, arom.), 129.8 (CH, arom.), 128.0 (C, arom.), 127.6 (C, 
arom.), 125.5 (CH, arom.), 124.1 (CH, arom.), 122.9 (C, arom.), 121.4 
(CH, arom.), 107.1 (CH, arom.), 103.8 (CH, arom.), 56.0 (-OCH3). [In 
this 13C NMR spectrum some signals are missing, including the signals of 
the C-CF3 and CF3, because the spectrum was recorded on only a few 
milligrams of 7a]. MS EI (þ): m/z (%) ¼ 343 [MþNa] þ (100); 
C17H11F3O3 [320.26]. Calcd for C17H11F3O3: C, 63.76; H, 3.46; N, 14.99; 
found: C, 63.62; H, 3.31; N, 15.20. 

4.5.5. 7-Methoxy-3-(4-(methylsulfonyl)phenyl)-1H-isochromen-1-one 
(1g) þ 6-methoxy-3-(4-(methylsulfonyl) benzylidene)isobenzofuran-1 
(3H)-one (7b) 

Reaction conditions: AgOTf 2 mol%; p-TSA 30 mol%; reaction tem
perature 80 �C; reaction time: 20 h. Eluent for chromatography: hexane/ 
CH2Cl2/EtOAc 5:4:1. 1g: White solid. Yield 46% (61 mg); mp 
238.2–239.7 �C. 1H NMR (300 MHz, CD2Cl2): δ ¼ 8.07 (d, J ¼ 8.8, 2H, 
arom.), 8.02 (d, J ¼ 8.9, 2H, arom.), 7.75 (d, J ¼ 2.7 Hz, 1H, arom.), 7.55 
(d, J ¼ 8.7 Hz, 1H, arom.), 7.38 (dd, J ¼ 8.7, 2.7 Hz, 1H, arom.), 7.14 (s, 
1H sp2), 3.96 (s, 3H, –OCH3), 3.09 (s, 3H, –SO2CH3). 13C NMR (75 MHz, 
CD2Cl2): δ ¼ 161.5 (C––O), 160.4 (C, arom.), 149.4 (C, arom.), 141.0 (C, 
arom.), 137.2 (C, arom.), 130.2 (C, arom.), 128.1 (CH, arom.), 127.9 
(CH, arom.), 125.4 (CH, arom.), 124.3 (CH, arom.), 122.4 (C, arom.), 
110.5 (CH, arom.), 104.1 (CH, arom.), 55.8 (-OCH3), 44.3 (-SO2CH3). 
MS ESI (þ): m/z (%) ¼ 331 [Mþ1]þ (100); C17H14O5S [330.36]. Calcd 
for C17H14O5S: C, 61.81; H, 4.27; found: C, 61.74; H, 4.32. 

7b: White solid. Yield 16% (21 mg); mp 212.6–213.8 �C. 1H NMR 
(300 MHz, CD2Cl2): δ ¼ 8.03 (d, J ¼ 8.6 Hz, 2H, arom.), 7.97 (d, 
J ¼ 8.6 Hz, 2H, arom.), 7.77 (d, J ¼ 8.5 Hz, 1H, arom.), 7.41–7.36 (m, 
2H, arom.), 6.41 (s, 1H, C––CH), 3.97 (s, 3H, –OCH3), 3.09 (s, 3H, 
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–SO2CH3). 13C NMR (75 MHz, CD2Cl2): δ ¼ 166.2 (C––O), 162.2 (C, 
arom.), 147.2 (C, arom.), 139.1 (C, arom.), 139.0 (C, arom.), 132.7 (C, 
arom.), 130.1 (CH, arom.), 127.7 (CH, arom.), 125.4 (C, arom.), 123.9 
(CH, arom.), 121.7 (CH, arom.), 107.3 (CH, arom.), 102.9 (CH, arom.), 
56.1 (-OCH3), 44.4 (-SO2CH3). MS ESI (þ): m/z (%) ¼ 353 [MþNa]þ

(100); C17H14O5S [330.36]. Calcd for C17H14O5S: C, 61.81; H, 4.27; 
found: C, 61.69; H, 4.22. 

4.5.6. 7-Nitro-2-(4-(trifluoromethyl)phenyl)-4H-benzo[f]isochromen-4- 
one (11a) 

Reaction conditions: AgOTf 4 mol%; p-TSA 50 mol%; reaction tem
perature 80 �C; reaction time: 72 h. Eluent for chromatography: hexane/ 
EtOAc 9:1. Yellow solid. Yield 97% (149 mg); mp 213–215 �C. 1H NMR 
(300 MHz, CDCl3): δ ¼ 8.75 (d, J ¼ 8.5 Hz, 1H, arom.), 8.52 (d, 
J ¼ 9.3 Hz, 1H, arom.), 8.43 (d, J ¼ 9.3 Hz, 1H, arom.), 8.38 (dd, J ¼ 7.7, 
1.0 Hz, 1H, arom.), 8.11 (d, J ¼ 8.2 Hz, 2H, arom.), 7.90-7.77 (m, 4H, 
arom.). 13C-NMR (75 MHz, CDCl3): δ ¼ 160.9 (C––O), 154.5 (C, arom.), 
147.7 (C, arom.), 135.9 (C, arom.), 134.8 (C, arom.), 132.4 (q, 2J(C, 
F) ¼ 33 Hz, 1C, C-CF3) 129.4 (CH, arom.), 129.0 (C, arom.), 127.9 (C, 
arom.), 127.6 (CH, arom.), 126.4 (CH, arom.), 126.1 (CH, arom.), 126.0 
(CH, arom.), 125.9 (q, 3J(C,F) ¼ 4 Hz, CH-C-CF3), 123.5 (q, 1J(C, 
F) ¼ 272 Hz, 1C, CF3) 123.3 (CH arom.), 118.8 (C arom.), 98.3 (CH 
arom.). MS EI: m/z (%) ¼ 385 [M] (100); C20H10F3NO4 [385,29]. Calcd 
for C20H10F3NO4: C, 62.35; H, 2.62; N, 3.64; found: C, 62.49; H, 2.64; N, 
3.67. 

4.5.7. 2-(4-(dimethylamino)phenyl)-7-nitro-4H-benzo[f]isochromen-4- 
one (11f) 

Reaction conditions: AgOTf 2 mol%; p-TSA 30 mol%; reaction tem
perature 80 �C; reaction time: 15 h. Crystallized from diisopropyl ether. 
Bordeaux solid. Yield 100% (144 mg); mp 261–262 �C. 1H NMR 
(300 MHz, DMSO): δ ¼ 9.32 (d, J ¼ 8.5 Hz, 1H, arom.), 8.48 (d, 
J ¼ 7.7 Hz, 1H, arom.), 8.26 (d, J ¼ 9.2 Hz, 1H, arom.), 8.18 (d, 
J ¼ 9.2 Hz, 1H, arom.), 8.09 (s, 1H, arom.), 7.98 (d, J ¼ 8.7 Hz, 2H, 
arom.), 7.91 (t, J ¼ 8.0 Hz, 1H, arom.), 6.84 (d, J ¼ 8.9 Hz, 2H, arom.) 
3.02 (s, 6H, N(CH3)2). 13C-NMR (75 MHz, DMSO): δ ¼ 161.8 (C––O), 
157.1 (C, arom.), 152.1 (C, arom.), 147.5 (C, arom.), 138.7 (C, arom.), 
132.0 (CH, arom.) 129.2 (C, arom.), 127.8 (CH, arom.), 127.5 (C, 
arom.), 127.4 (CH, arom.), 127.0 (CH, arom.), 126.7 (CH, arom.), 120.9 
(CH, arom.), 118.6 (C, arom.), 116.5 (C, arom.), 112.3 (CH, arom.), 94.7 
(CH, arom.), 40.3 (N(CH3)2). MS EI (þ): m/z (%) ¼ 361.04 [Mþ1] (100); 
C21H16N2O4 [360.36]. Calcd for C21H16N2O4: C, 69.99; H, 4.48; N, 7.77; 
found: C, 70.21; H, 4.38; N, 7.65. 

4.6. General procedure for the synthesis of 7-amino-3-arylisocoumarins 
1a,b 

To a suspension of 3-aryl-7-nitroisocoumarin 5a,b (0.3 mmol) in 
6 mL of methanol, Pd/C 10% (5% w/w) was added. The mixture was 
charged with hydrogen and stirred at rt until no more starting material 
was detected by TLC analysis. The reaction mixture was then filtered on 
a thin Celite pad and the pad was washed with acetone. The organic 
filtrate was freed from solvents under reduced pressure yielding the 
corresponding 7-amino-3-arylisocoumarins 1a,b sufficiently pure to do 
not need further purification steps. 

4.6.1. 7-Amino-3-(4-(trifluoromethyl)phenyl)-1H-isochromen-1-one (1a) 
Reaction time: 1.5 h. Yellow solid. Quantitative yield 99% (92 mg); 

mp 219–221 �C. 1H NMR (300 MHz, DMSO‑d6): δ ¼ 8.01 (d, J ¼ 8.2 Hz, 
2H, arom.), 7.81 (d, J ¼ 8.4 Hz, 2H, arom.), 7.50 (s, 1H, arom.), 7.44 (d, 
J ¼ 8.5 Hz, 1H, arom.), 7.32 (d, J ¼ 2.3 Hz, 1H, arom.), 7.11 (dd, J ¼ 8.4, 
2.4 Hz, 1H, arom.), 3.80 (bs, 2H, –NH2). 13C NMR (75 MHz, DMSO‑d6): 
δ ¼ 161.8 (C––O), 150.3 (C, arom.), 146.7 (C, arom.), 136.5 (C, arom.), 
128.9 (q, 2J(C,F) ¼ 32 Hz, 1C, C-CF3), 128.7 (CH, arom.), 126.3 (q, 3J(C, 
F) ¼ 4 Hz, CH-C-CF3), 125.9 (C, arom.), 125.7 (q, 1J(C,F) ¼ 272 Hz, 1C, 
CF3), 125.0 (CH, arom.), 122.8 (CH, arom.), 122.1 (C, arom.), 110.8 

(CH, arom.), 105.2 (CH, arom.). MS ESI (þ): m/z (%) ¼ 306 [Mþ1]þ

(100), 328 [MþNa]þ (30); C16H10F3NO2 [305.25]. Calcd for 
C16H10F3NO2: C, 62.96; H, 3.30; N, 4.59; found: C, 63.05; H, 3.18; N, 
4.68. 

4.6.2. 7-Amino-3-(4-(methylsulfonyl)phenyl)-1H-isochromen-1-one (1b) 
Reaction time: 20 h. Yellow solid. Yield 82% (78 mg); mp 247 �C 

(dec.). 1H NMR (300 MHz, DMSO‑d6): δ ¼ 8.05 (d, J ¼ 8.9 Hz, 2H, 
arom.), 7.99 (d, J ¼ 8.8 Hz, 2H, arom.), 7.54 (s, 1H, arom.), 7.43 (d, 
J ¼ 8.5 Hz, 1H, arom.), 7.30 (d, J ¼ 2.4 Hz, 1H, arom.), 7.09 (dd, J ¼ 8.4, 
2.4 Hz, 1H, arom.), 6.01 (s, 2H, –NH2), 3.24 (s, 3H, –CH3). 13C NMR 
(75 MHz, DMSO‑d6): δ ¼ 161.8 (C––O), 150.8 (C, arom.), 146.4 (C, 
arom.), 140.6 (C, arom.), 137.3 (C, arom.), 128.8 (CH, arom.), 128.1 
(CH, arom), 125.5 (C, arom.), 124.9 (CH, arom.), 122.6 (CH, arom.), 
122.2 (C, arom.), 110.6 (CH, arom.), 105.8 (CH, arom.), 44.0 (-CH3). MS 
ESI (þ): m/z (%) ¼ 316 [Mþ1]þ (100); C16H13NO4S [315.34]. Calcd for 
C16H13NO4S: C, 60.94; H, 4.16; N, 4.44; found: C, 61.02; H, 4.15; N, 
4.49. 

4.7. General procedure for the synthesis of 7-(diethylamino)-3- 
arylisocoumarins 1c,d 

Under a nitrogen atmosphere, the appropriate 7-amino-3-arylisocou
marin 1a,b (0.3 mmol) was dissolved in 3 mL of dry DMSO. To the re
action mixture, KOH (0.6 mmol, 2 equiv) and iodoethane (1.2 mmol, 4 
equiv) were added. The reaction was stirred at 50 �C for 4 h, then further 
2 equivalents of iodoethane were added. The reaction was then stirred 
overnight until no more starting product was detected by TLC. Then 
3 mL of aqueous saturated solution of Na2S2O3 were added to the re
action mixture and the mixture was stirred for 10 min. The solution was 
poured in 100 mL of distilled water and extracted with EtOAc 
(3 � 25 mL). The organic phases were united, dried over Na2SO4 and 
filtered; the solvent was then removed at reduced pressure. The crude 
material was purified by flash column chromatography over silica gel to 
yield the corresponding 7-(diethylamino)-3-arylisocoumarin 1c,d. 

4.7.1. 7-(diethylamino)-3-(4-(trifluoromethyl)phenyl)-1H-isochromen-1- 
one (1c) 

Reaction time: 24 h. Eluent for chromatography: hexane/EtOAc/TEA 
9:1:0.2. Yellow solid. Yield 42% (46 mg); mp 189–192 �C. 1H NMR 
(300 MHz, CDCl3): δ ¼ 7.94 (d, J ¼ 8.3 Hz, 2H, arom.), 7.67 (d, 
J ¼ 8.3 Hz, 2H, arom.), 7.48 (d, J ¼ 2.6 Hz, 1H, arom.), 7.39 (d, 
J ¼ 8.8 Hz, 1H, arom.), 7.10 (d, J ¼ 6.6 Hz, 1H, arom.), 6.98 (s, 1H, 
arom.), 3.47 (q, J ¼ 7.1 Hz, 4H, -CH2-CH3), 1.23 (t, J ¼ 7.1 Hz, 6H, –CH2- 
CH3). 13C NMR (75 MHz, CDCl3): δ ¼ 162.7 (C––O), 149.3 (C, arom.), 
148.1 (C, arom.), 147.6 (C, arom.), 135.9 (C, arom.), 130.3 (q, 2J(C, 
F) ¼ 32 Hz, 1C, C-CF3), 127.7 (CH, arom.), 127.6 (CH, arom.), 125.6 (q, 
1J(C,F) ¼ 272 Hz, 1C, CF3), 125.0 (CH, arom.), 124.5 (CH, arom.), 124.1 
(q, 3J(C,F) ¼ 4 Hz, CH-C-CF3), 122.4 (C, arom.), 103.7 (CH, arom.), 
103.0, 44.6 (-CH2-CH3), 12.4 (–CH2–CH3). MS ESI (þ): m/z (%) ¼ 362 
[Mþ1]þ (100), 384 [MþNa]þ (15); C20H18F3NO2 [361.36]. Calcd for 
C20H18F3NO2: C, 66.48; H, 5.02; N, 3.88; found: C, 66.29; H, 4.92; N, 
3.99. 

4.7.2. 7-(diethylamino)-3-(4-(methylsulfonyl)phenyl)-1H-isochromen-1- 
one (1d) 

Reaction time: 24 h. Eluent for chromatography: hexane/EtOAc/TEA 
4:5:0.5. Yellow solid. Yield 39% (43 mg); mp 160 �C (dec.). 1H NMR 
(300 MHz, CDCl3): δ ¼ 8.02 (m, 4H), 7.45 (dd, J ¼ 21.5, 8.5 Hz, 3H), 
7.04 (s, 1H), 3.48 (q, J ¼ 7.2 Hz, 4H), 3.09 (s, 3H, SO2–CH3), 1.23 (t, 
J ¼ 7.1 Hz, 6H). 13C NMR (75 MHz, CDCl3): δ ¼ 162.5 (C––O), 140.6 (C, 
arom.), 139.9 (C, arom.), 137.7 (C, arom.), 137.3 (C, arom.), 129.9 (C, 
arom.), 128.00 (CH, arom.), 127.95 (CH, arom.), 127.9 (CH, arom.), 
125.4 (CH, arom.), 124.9 (CH, arom.), 122.6 (C, arom.), 104.9 (CH, 
arom.), 44.7 (-CH2-CH3), 44.6 (-SO2CH3), 12.4 (–CH2–CH3). MS ESI (þ): 
m/z (%) ¼ 372 [Mþ1]þ (100); C20H21NO4S [371.45]. Calcd for 
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C20H21NO4S: C, 64.67; H, 5.70; N, 3.77; found: C, 64.52; H, 5.66; N, 
3.81. 

4.8. Synthesis of methyl 1-bromo-5-nitro-2-naphthoate (9a) 

Nitro naphthoate 9a and 9b were obtained by modification of a 
known procedure [22]. To a N2-flushed solution of NO2BF4 (0.8 g, 
6 mmol) in CH3CN/CH2Cl2 (24 þ 14 ml), methyl 1-bromo-2-naphthoate 
8 (1.0 g, 3.77 mmol), dissolved in the minimum amount of CH2Cl2, was 
added dropwise at 0 �C. The reaction mixture was stirred for 1 h at 0 �C 
and then was quenched with NaHCO3 s.s. (20 ml) and extracted with 
EtOAc (2 � 20 ml). The combined organic phases were washed with 
brine (50 ml), dried over Na2SO4 and concentrated under reduced 
pressure. The crude material was purified by flash column chromatog
raphy over silica gel (hexane/EtOAc 95:5 to 75:25) to yield progres
sively 9a (353 mg, 30%) and the isomeric naphthalene derivative 9b 
(472 mg, 40%). 

4.8.1. Methyl 1-bromo-5-nitro-2-naphthoate (9a) 
Yellow solid. Yield 30% (353 mg); mp 120.8–121.9 �C. 1H NMR 

(300 MHz, CDCl3): δ ¼ 8.81 (dt, J ¼ 8.7, 1.0 Hz, 1H, arom.), 8.50 (dd, 
J ¼ 9.1, 0.9 Hz, 1H, arom.), 8.29 (dd, J ¼ 7.6, 1.1 Hz, 1H, arom.), 7.85 
(d, J ¼ 9.1 Hz, 1H, arom.), 7.72 (dd, J ¼ 8.7, 7.7 Hz, 1H, arom.), 4.02 (s, 
3H, OCH3). 13C-NMR (75 MHz, CDCl3): δ ¼ 166.9 (C––O), 146.9 (C, 
arom.), 134.7 (CH, arom.), 133.1 (C, arom.), 133.0 (C, arom.), 128.8 
(CH, arom.), 126.9 (C, arom.), 126.3 (CH, arom.), 125.4 (CH, arom.), 
122.9 (C, arom.), 122.8 (CH, arom.), 52.9 (-OCH3). MS ESI (þ): m/z 
(%) ¼ 332 [MþNa]þ (48), 334 [MþNa]þ (44); C12H8BrNO4 [310.10]. 
Calcd for C12H8BrNO4: C, 46.48; H, 2.60; N, 4.52; found: C, 46.55; H, 
2.56; N, 4.44. 

4.8.2. Methyl 1-bromo-8-nitro-2-naphthoate (9b) 
Yellow solid. Yield 40% (472 mg); mp 138.2–139.0 �C. 1H NMR 

(300 MHz, CDCl3): δ ¼ 8.06 (d, J ¼ 8.2 Hz, 1H), 7.97 (d, J ¼ 8.5 Hz, 1H), 
7.83 (dd, J ¼ 7.4, 0.8 Hz, 1H), 7.69 (d, J ¼ 8.4 Hz, 1H), 7.62 (t, 
J ¼ 7.8 Hz, 1H), 4.02 (s, 3H). 13C-NMR (75 MHz, CDCl3): δ ¼ 167.6 
(C––O), 149.4 (C, arom.), 136.9 (C, arom.), 136.2 (C, arom.), 132.6 (CH, 
arom.), 128.6 (CH, arom.), 126.9 (CH, arom.), 126.5 (CH, arom.), 124.8 
(CH, arom.), 123.3 (C, arom.), 115.5 (C, arom.), 53.1 (-OCH3). MS ESI 
(� ): m/z (%) ¼ 352 [MþNa]- (100); C12H8BrNO4 [310.10]. Calcd for 
C12H8BrNO4: C, 46.48; H, 2.60; N, 4.52; found: C, 46.45; H, 2.63; N, 
4.50. 

4.9. Synthesis of 7-amino-2-(4-(trifluoromethyl)phenyl)-4H-benzo[f] 
isochromen-4-one (11b) 

To a suspension of 11a (354 mg, 0.92 mmol) in 14 mL of EtOAc, Pd/ 
C 10% (35.4 mg, 10% w/w) was added. The mixture was charged with 
hydrogen and stirred at rt for 2 h. The reaction mixture was then filtered 
on Celite and washed with EtOAc. The resulting solution was concen
trated under reduced pressure yielding 11b sufficiently pure to do not 
need further purification steps. Orange solid. Yield 99% (325 mg); mp 
261.2–262.5 �C. 1H-NMR (300 MHz, CDCl3): δ ¼ 8.24 (d, J ¼ 8.9 Hz, 1H, 
arom.), 8.11 (d, J ¼ 8.3 Hz, 2H, arom.), 7.94 (d, J ¼ 9.0 Hz, 1H, arom.), 
7.90 (d, J ¼ 8.5 Hz, 1H, arom.), 7.77 (m, 3H, arom.), 7.54 (t, J ¼ 8.0 Hz, 
1H, arom.), 7.05 (d, J ¼ 7.4 Hz, 1H, arom.), 4.32 (bs, 2H, NH2). 13C- 
NMR (75 MHz, DMSO): δ ¼ 161.9 (C––O), 152.1 (C, arom.), 146.2 (C, 
arom.), 136.6 (C, arom.), 136.1 (C, arom.), 130.2 (q, 2J(C,F) ¼ 32 Hz, 
1C, C-CF3), 129.6 (C, arom.), 129.0 (CH, arom.), 126.5 (CH, arom.), 
126.2 (q, 3J(C,F) ¼ 3.7 Hz, CH-C-CF3), 124.53 (C, arom.), 124.50 (q, 1J 
(C,F) ¼ 273 Hz, 1C, CF3), 124.45 (CH, arom.), 121.1 (CH, arom.), 117.8 
(C, arom.), 112.9 (CH, arom.), 112.2 (CH, arom.), 101.1 (CH, arom.). 
MS EI (þ): m/z (%) ¼ 355 [M]þ (100); C20H12F3NO2 [355.08]. Calcd for 
C20H12F3NO2: C, 67.61; H, 3.40; N, 3.94; found: C, 67.75; H, 3.32; N, 
4.12. 

4.10. Synthesis of 7-(dimethylamino)-2-(4-(trifluoromethyl)phenyl)-4H- 
benzo[f]isochromen-4-one (11c) 

Product 11c was obtained by modification of a known procedure 
[23]. To a solution of 11b (100 mg, 0.28 mmol) in anhydrous DMF 
(1 ml), K2CO3 (58 mg, 0.42 mmol) and CH3I (74 μl, 1.18 mmol) were 
added and the mixture was stirred for 4 h at 65 �C. Then, the reaction 
mixture was diluted with water (3 ml) and extracted with CH2Cl2 
(3 � 5 ml). The combined organic phases were washed with brine 
(15 ml), dried over Na2SO4 and concentrated under reduced pressure. 
The crude material was crystallized from EtOAc to give pure 11b. Yel
low solid. Yield 96% (103 mg); mp 272.8–273.2 �C. 1H-NMR (500 MHz, 
DMSO): δ ¼ 8.64 (d, J ¼ 8.5 Hz, 1H, arom.), 8.47 (s, 1H, arom.), 8.40 (d, 
J ¼ 8.1 Hz, 2H, arom.), 8.35 (d, J ¼ 9.1 Hz, 1H, arom.), 8.15 (d, 
J ¼ 9.0 Hz, 1H, arom.), 7.95 (d, J ¼ 8.4 Hz, 2H, arom.), 7.74 (t, 
J ¼ 7.9 Hz, 1H, arom.), 7.46 (d, J ¼ 7.6 Hz, 1H, arom.), 2.87 (s, 6H, 2 
CH3). 13C-NMR (125 MHz, DMSO): δ ¼ 161.9 (C––O), 152.5 (C, arom.), 
151.8 (C, arom.), 137.1 (C, arom.), 136.1 (C, arom.), 130.4 (q, 2J(C, 
F) ¼ 30 Hz, 1C, C-CF3), 131.1 (C, arom.), 129.9 (C, arom.), 128.4 (CH, 
arom.), 126.6 (CH, arom.), 126.4 (q, 3J(C,F) ¼ 4 Hz, CH-C-CF3), 125.9 
(CH, arom.), 124.5 (q, 1J(C,F) ¼ 273 Hz, 1C, CF3), 123.1 (CH, arom.), 
120.0 (CH, arom.), 118.7 (CH, arom.), 117.9 (C, arom.), 101.1 (CH, 
arom.), 45.4 (-N(CH3)2). MS ESI (þ): m/z (%) ¼ 384 [MþH]þ (100); 
C22H16F3NO2 [383.36]. Calcd for C22H16F3NO2: C, 68.93; H, 4.21; N, 
3.65; found: C, 68.80; H, 4.16; N, 3.76. 

4.11. Synthesis of 7-(diethylamino)-2-(4-(trifluoromethyl)phenyl)-4H- 
benzo[f]isochromen-4-one 11d and 7-(ethylamino)-2-(4- 
(trifluoromethyl)phenyl)-4H-benzo[f]isochromen-4-one (11e) 

Products 11d and 11e were obtained by modification of a known 
procedure [23]. To a solution of 11b (91 mg, 0.26 mmol) in anhydrous 
DMF (0.93 ml), K2CO3 (53 mg, 0.39 mmol) and CH3CH2I (89 μl, 
1.10 mmol) were added and the mixture was stirred for 4 h at 65 �C. 
After that time, an additional amount of CH3CH2I (32 μl, 0.39 mmol) 
was added and the mixture was heated at 100 �C for 4 h. Then, the re
action mixture was diluted with water (3 ml) and extracted with CH2Cl2 
(3 � 5 ml). The combined organic phases were washed with brine 
(15 ml), dried over Na2SO4 and concentrated under reduced pressure. 
The crude material was purified by flash column chromatography over 
silica gel (hexane/EtOAc 9:1 to 8:2) to yield progressively 11d (64 mg, 
60%) and a minor amount of mono-ethylated derivative 11e (20 mg, 
19%). 

4.11.1. 7-(diethylamino)-2-(4-(trifluoromethyl)phenyl)-4H-benzo[f] 
isochromen-4-one (11d) 

Yellow solid. Yield 60% (64 mg); mp 151.4–152.3 �C. 1H-NMR 
(300 MHz, DMSO): δ ¼ 8.66 (d, J ¼ 8.5 Hz, 1H, arom.), 8.45 (s, 1H, 
arom.), 8.38 (t, J ¼ 7.9 Hz, 3H, arom.), 8.11 (d, J ¼ 9.0 Hz, 1H, arom.), 
7.92 (d, J ¼ 8.4 Hz, 2H, arom.), 7.74 (t, J ¼ 8.0 Hz, 1H, arom.), 7.53 (d, 
J ¼ 7.5 Hz, 1H, arom.), 3.17 (q, J ¼ 7.0 Hz, 4H, 2 CH2), 0.98 (t, 
J ¼ 7.0 Hz, 6H, 2 CH3). 13C-NMR (75 MHz, DMSO): δ ¼ 161.8 (C––O), 
152.4 (C, arom.), 148.6 (C, arom.), 137.0 (C, arom.), 136.1 (C, arom.), 
133.5 (C, arom.), 130.3 (q, 2J(C,F) ¼ 31 Hz, 1C, C-CF3), 129.9 (C, 
arom.), 128.0 (CH, arom.), 126.51 (CH, arom.), 126.3 (q, 3J(C,F) ¼ 4 Hz, 
CH-C-CF3), 125.7 (CH, arom.), 124.5 (q, 1J(C,F) ¼ 273 Hz, 1C, CF3), 
123.2 (CH, arom.), 122.6 (CH, arom.), 120.8 (CH, arom.), 117.9 (C, 
arom.), 101.0 (CH, arom.), 47.8 (2 –NCH2), 12.5 (2 CH3). MS ESI (þ): m/ 
z (%) ¼ 412 [MþH]þ (100); C24H20F3NO2 [411.12]. Calcd for 
C24H20F3NO2: C, 70.06; H, 4.90; N, 3.40; found: C, 70.21; H, 4.79; N, 
3.36. 

4.11.2. 7-(ethylamino)-2-(4-(trifluoromethyl)phenyl)-4H-benzo[f] 
isochromen-4-one (11e) 

Orange solid. Yield 19% (20 mg); m.p. 238.7–239.9, dec. 1H-NMR 
(300 MHz, DMSO): δ ¼ 8.39–8.30 (m, 4H, arom.), 8.09 (d, J ¼ 8.3 Hz, 
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1H, arom.), 7.97 (d, J ¼ 9.1 Hz, 1H, arom.), 7.89 (d, J ¼ 8.5 Hz, 2H, 
arom.), 7.55 (t, J ¼ 8.1 Hz, 1H, arom.), 6.79 (d, J ¼ 7.8 Hz, 1H, arom.), 
6.37 (m, 1H, NH), 3.24 (m, 2H, –NCH2), 1.29 (t, J ¼ 7.1 Hz, 3H, CH3). 
13C-NMR (75 MHz, DMSO): δ ¼ 161.9 (C––O), 152.1 (C, arom.), 145.4 
(C, arom.), 136.5 (C, arom.), 136.1 (C, arom.), 136.2 (q, 2J(C,F) ¼ 31 Hz, 
1C, C-CF3), 129.5 (C, arom.), 129.3 (CH, arom.), 126.5 (CH, arom.), 
126.3 (q, 3J(C,F) ¼ 3.7 Hz, CH-C-CF3), 125.2 (C, arom.), 124.5 (q, 1J(C, 
F) ¼ 274 Hz, 1C, CF3), 123.9 (CH, arom.), 121.4 (CH, arom.), 117.9 (C, 
arom.), 112.4 (CH, arom.), 107.4 (CH, arom.), 101.2 (CH, arom.), 38.3 
(-NCH2), 14.4 (CH3). MS ESI (þ): m/z (%) ¼ 384 [MþH]þ (100); 
C22H16F3NO2 [383.37]. Calcd for C22H16F3NO2: C, 68.93; H, 4.21; N, 
3.65; found: C, 69.05; H, 4.14; N, 3.76. 

4.12. Absorption spectroscopy 

Stock solutions of isocoumarins (5 mg/mL) were prepared by dis
solving the lyophilized powders in a compatible solvent (1a,b,e and 
11c,d,f in DMSO, 1c,d in chloroform, and 1f,g in dichloromethane) and 
stored protected from light. For each absorption spectrum, 8 μL of stock 
solutions were vacuum dried and resuspended in 2 mL of different 
organic solvents (20 μg/mL, final concentration). Absorption spectra 
were recorded at 300 nm/min at 20 �C with a 1 cm path length quartz 
cuvette on a spectrophotometer equipped with a thermostated cell- 
holder. 

4.13. Fluorescent spectroscopy 

To avoid inner filter effects, dye solutions were diluted to have 
absorbance at the maximum wavelength lower than 0.1 OD. Fluores
cence spectra were collected on a Fluoromax-3 fluorimeter (HORIBA 
Jobin Yvon) recording the emission signal upon excitation at the 
maximum absorbance wavelength, with slits set at 2 nm and an inte
gration time of 0.3 s. For measuring fluorescence quantum yield (QY), 
Prodan was used as a reference (QY 0.71). Fluorescence emission spectra 
for determining QY were collected in EtOH at 380 nm excitation on 1c, 
1d and 11d in comparison with Prodan. Fluorescence lifetime mea
surements in EtOH were carried out on a FLS1000 photoluminescence 
spectrometer (Edinburg Instruments) (375 nm excitation) by time- 
correlated single-photon counting. A LUDOX® suspension was used to 
measure instrument response function (IRF). Data were fitted to a single 
exponential function. 

4.14. Fluorophore characterization 

Molecular weight and molar volume of the fluorophores were ob
tained by dedicated software (see Supplementary File). Dipole moment 
changes upon excitation were calculated by the Lippert-Mataga equa
tion, modified for spheroid prolate shaped molecules [25,26]: 

va � vf ¼
3
hc

�
ε � 1
2εþ 1

�
n2 � 1
2n2 þ 1

�
ðμ* � μÞ2

abd
þ const  

where va and vf are the wavenumbers in cm� 1 of absorption and emis
sion peaks, h is the Planck’s constant, c is the speed of light, n is the 
solvent refractive index, ε is the solvent dielectric constant, μ and μ* are 
the dipole moment of the molecule in the ground and excited state, 
respectively, and a,b,d are the molecule dimensions in angstrom, with a 
> b ¼ d. 
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