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ABSTRACT
Two series of novel T-shaped 8-substituted psoralen derivatives bearing (hetero)aryl and arylethynyl substituents were synthe-

sized via Suzuki and Sonogashira coupling starting from 8-methoxypsoralen (8-MOP). Predominantly, electron-donating substitu-

ents such as anisyl and phenothiazine were introduced at the 8-position of the psoralen for increasing the electron density in

comparison to 8-MOP. Photophysical properties were studied by absorption and emission spectroscopy in solution and in the solid

state. Increasing the donor strength of the substituent causes a bathochromic shift of both absorption and emission maxima. The

absorption behavior can be correlated with Hammett substituent parameters of remote substituents at the p-aryl moieties that are

directly or by ethynyl spacing positioned at the 8-position of psoralen. In most cases, fluorescence in the solid state is more

pronounced than in solution. One derivative also displays significant aggregation-induced emission. For two amino-substituted

psoralen derivatives, positive emission solvatochromism was observed and associated with a considerable change of dipole

moment upon photonic excitation according to Lippert–Mataga analysis. Furthermore, the pKa value of the T-shaped dimethy-

laminophenyl psoralen derivative was determined from absorption spectra. In addition, emission quenching is caused by pro-

tonation on the nitrogen atom. TD-DFT (time-dependent density functional theory) calculations are in good agreement with

experimental data and rationalize the electronic structure.

1 | Introduction

Psoralens, which occur naturally in the plant Psoralea corylifolia
[1], have long been applied in traditional medicine [2] and remain
clinically relevant for the treatment of skin diseases such as vitiligo
[3, 4], psoriasis [5], and certain lymphomas [6, 7]. Well-known
representatives in clinical application include 8-methoxypsoralen
(8-MOP), 5-methoxypsoralen (5-MOP) and 4,5 0,8-trimethylpsora-
len (TMP) (Figure 1) [8]. In clinical PUVA (psoralen+UV-A light)
therapy, psoralens are administered orally or topically [9]. The
mode of action begins with intercalation of psoralen molecules
into the DNA helix. Upon irradiation with UV light, they undergo
photoinduced [2+ 2] cycloaddition, preferably with adjacent
thymine bases [10], at the furan or pyrone double bonds of the
psoralen molecule [11]. The formation of monoadducts and

cross-links between the DNA strands leads to inhibition of
DNA replication and thus leads into apoptosis [12]. In addition
to this well-studied PUVA mechanism, recent studies have
revealed competing photophysical pathways. For instance, a pho-
toinduced electron transfer (PET) between guanine as an electron
donor and psoralen as an electron acceptor in competition to the
cycloaddition was reported by the Gilch group [13, 14]. Thus,
exploring further synthetic pathways is essential to generate fur-
ther psoralen derivatives whose photophysical and electronic
properties can be tailored through suitable substituents. In partic-
ular, increasing the electron density of the psoralene scaffold
beyond the one of 8-MOP should increase the HOMO level and
thereby suppress the competing PET between guanine and the
psoralene derivative in favor of [2+ 2] cycloaddition.
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We have previously established synthetic strategies for the
derivatization of psoralen in the 5- and 8-positions by catalytic
strategies and presented the photophysical and electronic char-
acteristics of these psoralene cruciforms [15, 16]. Here, based on
these results, we report the synthesis of predominantly novel
T-shaped psoralen derivatives, predominantly with electron-
donating substituents in 8-position, accessible from 8-methoxyp-
soralen in a few steps via various cross-coupling reactions. The
photophysical properties were investigated in solution, in the
solid state, and upon embedding in a PMMA matrix, including
solvatochromism as well as effects of induced aggregation.

2 | Results and Discussion

2.1 | Synthesis

The synthetic strategy employs 8-methoxypsoralen (1) as a
starting material. Demethylation to the phenol 2 with boron tri-
bromide [17], followed by triflation using trifluoromethanesul-
fonic acid anhydride (3) [18] affords the target compound
8-triflato psoralen 4 in two steps with an overall yield of 71%
(Scheme 1). This versatile precursor for subsequent cross-
coupling reactions allows for efficient introduction of diverse
substituents at 8-position.

Following previously reported conditions, triflate 4 undergoes
Suzuki cross-coupling with various boronic acids and boronates
5 employing Pd(dba)2 as a catalyst, Sphos as the ligand, and
potassium phosphate as a base [16]. Both electron-deficient
and electron-rich substituents can be successfully introduced,
affording a total of eight 8-aryl-substituted psoralen derivatives
6 in moderate to excellent yields (Scheme 2).

The introduction of a phenothiazine moiety is achieved via a
bromine–lithium exchange borylation-Suzuki (BLEBS) sequence
starting from compound 7, where the bromine atom of phenothi-
azine is initially replaced by lithium and subsequently transme-
tallated into the corresponding boronate [19]. Subsequent Suzuki
conditions with triflate 4 give rise to the formation and isolation
of compound 6i in 80% yield in a one-pot fashion (Scheme 3).

In addition, various terminal alkynes 8 can be coupled to the
8-position of the psoralen core under Sonogashira conditions

employing Pd(PPh3)4 as catalyst and triethylamine as the base
[16]. One example containing an electron-withdrawing group
and four examples with electron-donating substituents of alkyny-
lated derivatives 9 are obtained in good to excellent yields
(Scheme 4).

The structure of the (hetero)aryl substituted psoralens 6 and
arylethynyl-substituted psoralens 9 was unambiguously assigned
via extensive NMR studies, mass spectrometry, and IR spectros-
copy, and its molecular composition by combustion analysis or
HRMS. As a representative example, the structure of derivative
6c was elucidated by 2D NMR spectroscopy (see Supporting
Information).

2.2 | Photophysical Properties

The photophysical properties of all derivatives 6 and 9 were
investigated in dichloromethane solution and in the solid state.

FIGURE 1 | Selected psoralen compounds.

SCHEME 1 | Synthesis of 8-triflato psoralen 4.

SCHEME 2 | Synthesis of 8-aryl-substituted psoralens 6 by Suzuki

coupling.

SCHEME 3 | One-pot BLEBS synthesis of phenothiazine-substituted

psoralen 6i.
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The aryl-substituted derivatives 6 exhibit intense absorptionmax-
ima between 271 and 303 nm with extinction coefficients ranging
from 10 900 to 34 000M−1 cm−1. The longest wavelength absorp-
tion bands are predominantly observed as shoulders between
334 and 375 nm with extinction coefficients between 3100 and
12 900M−1 cm−1. A bathochromic shift of the longest-
wavelength absorption maximum is observed with increasing
donor strength of the substituents, a trend that becomes even
more pronounced in the emission maxima, which appear in a
range from 433 to 646 nm. The shift of the emission maximum
from p-anisyl dye (6d) to p-(dimethylamino)phenyl dye (6e)
accounts to 4700 cm−1. This is consistent with previous findings
on 5,8-diaryl-substituted psoralen cruciform dyes, where the
change from p-anisyl to p-(dimethylamino)phenyl groups in
the 8-position with identical substituents in 5-position leads to
a bathochromic shift of the emission maxima by 4700–
5300 cm−1 [16]. Thus, replacing the diphenylamino substituent
(compound 6f ) with the dianisylamino group (compound 6g)
results in a further redshift of the emission maximum by
2400 cm−1 (Figure 2). In addition, this bathochromic shift by
donor substitution for the series 6 is accompanied by an increase
of the fluorescence quantum yield ΦF in solution up to 0.07 for
compound 6f. However, in the solid state, the emission maxima
of all dyes 6 are hypsochromically shifted. For most derivatives,
the fluorescence quantum yield ΦF is higher in the solid state
than in solution, amounting up to 0.19 for dye 6h (Table 1).

Likewise, the photophysical properties of 8-alkynyl-substituted
derivatives 9 were investigated. Dyes 9 display intense absorption
maxima around 300 nmwith extinction coefficients ranging from
30 900 to 60 400M−1 cm−1 (Table 2). Compounds 9a–d addition-
ally exhibit shoulders at 320 and 350 nm, while the longest wave-
length absorption band appears with extinction coefficients

between 6700 and 11 200M−1 cm−1 (Figure 3). In contrast, the
amino-substituted derivatives 9e and 9f show absorption maxima
at 350 nm, with the longest wavelength absorption band appear-
ing as a shoulder at 370 and 381 nm, respectively, and extinction
coefficients of 22 400 and 27 300M−1 cm−1. In dichloromethane,
dyes 9a–d emit in a narrow range from 438 to 463 nm. However,
dyes 9e and 9f display bathochromically shifted emission maxima
at 510 and 550 nm with the highest fluorescence quantum yields
ΦF in solution, reaching up to 0.10. In the solid state, two trends
are observed. Dyes 9a–d emit at similar wavelengths as in solution
with slightly higher quantum yields. For 9e and 9f, the emission
maxima are hypsochromically shifted compared to solution. The
highest fluorescence quantum yield ΦF is observed for 9f at 0.09.
In direct comparison with previously reported donor–acceptor cru-
ciform systems bearing the same substituent in the 8-position and
an additional acceptor in 5-position [16], T-shaped psoralens dis-
play a slightly blueshifted absorption maxima, whereas the emis-
sion maxima remain within a comparable range.

In addition, derivatives 6f and 9f embedded in a PMMA (poly-
methyl methacrylate) matrix at 1 wt% were investigated. The
aryl-substituted derivative 6f exhibits an emission maximum
at 469 nm with a fluorescence quantum yield ΦF of 0.07, compa-
rable to the one in the solid state (466 nm, 0.05). In contrast, the
alkynylated derivative 9f shows a pronounced hypochromic shift.
In the PMMA film, the emission maximum is located at 466 nm
(cf. 510 nm in the solid state), while the fluorescence quantum
yield ΦF increases from 0.09 in the solid state to 0.15 in the
matrix. This behavior implies that the alkynylated derivatives
9 are considerably more sensitive to the polar environment of
the PMMA matrix than the arylated derivatives 6 (for further
details, see Supporting Information).

The longest wavelength absorption maxima λmax,abs of dyes 6a–e
and 6g correlates well against the Hammett parameter σp (λmax,abs=
29 335+ 1808 σ

p
[cm−1], r2= 0.91). Considering derivatives

6a–e, a strong correlation with the σp+ (r2= 0.93) and the σR
parameter (0.90) is also observed. In contrast, plotting λmax,abs

SCHEME 4 | Synthesis of 8-alkynyl-substituted psoralens 9 by

Sonogashira coupling.

FIGURE 2 | Normalized UV/Vis absorption (recorded in CH2Cl2,

T= 293 K, c(6)= 10−5 M, bold lines) and emission spectra (recorded in

CH2Cl2, T= 293 K, c(6)= 10−5–10−6 M, dashed lines) of compounds 6.
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of the alkynyl-substituted dyes 9a–e against σp gives a poorer cor-
relation (λmax,abs= 28 507+ 1223 σp [cm−1], r2= 0.68). Similarly,
correlations are found with the σp+ (r2= 0.75) and σR (r2= 0.74)
parameters. In contrast, σp− and σI parameters fail to show any sig-
nificant correlation (for further information, see Supporting
Information). The direct comparison of the slopes of the linear cor-
relation underlines that the transmission of the electronic substitu-
ent effect through the triple bond is expectedly less effective. For
both series, the linear Hammett correlation further manifests that
increasing donor strength of the substituent leads to a bathochro-
mic shift of the absorption maximum of the T-shaped dyes 6 and 9,
which very likely originates from the diminished energy gap of the
frontier molecular orbitals.

2.3 | Solvatochromism

For the compounds 6f and 9f, a dependence of the emission max-
imum on solvent polarity was observed. The emission color

changes upon eyesight from blue in toluene to red in acetonitrile
(Figure 4). The emission solvatochromism for both derivatives
was studied by absorption and emission spectroscopy in solvents
of varying polarity to gain information about the polar nature of
the excited state (for details on compound 6f, see Supporting
Information).

For compound 9f, the absorption maxima are only slightly
affected by solvent polarity; the longest wavelength absorption
maximum appears within a narrow range of 373–378 nm. In con-
trast, the emission maxima exhibit pronounced positive solvato-
chromism, ranging from 454 to 612 nm (Figure 5). The
appearance of single broad emission bands in solvents of differ-
ent polarity, similar band shapes—in particular for the solvents
toluene, EtOAc, THF, CH2Cl2, and acetone—and the absence of
dual emission strongly account for a dipolar relaxation as the
underlying mechanism of the observed emission solvatochromic-
ity [20]. With increasing solvent polarity, the fluorescence quan-
tum yield ΦF decreases due to the energy gap rule [21].

TABLE 1 | Selected photophysical properties (absorption maxima in CH2Cl2 with absorption coefficients (ε) and emission maxima in CH2Cl2 and in

the solid state with fluorescence quantum yields (ΦF) and Stokes shifts ( Δν̃s)) of the compounds 6.

Compound λmax,abs, nm
a (ε, M−1 cm−1)

λmax,em(solution)
b,

nm (ΦF)
c Δν̃s, cm−1d

λmax,em(solid),
nme (ΦF)

c

6a 271 (24 300), 334 (6900) 433 (<0.01) 6800 420 (0.02)

6b 294 (17 300), 339 (7200 sh) 447 (<0.01) 7100 425 (0.02)

6c 298 (10 900), 341 (4300 sh) 446 (<0.01) 6900 440 (0.03)

6d 281 (24 000), 343 (5300 sh) 458 (<0.01) 7300 449 (0.01)

6e 302 (19 100), 360 (3100 sh) 584 (0.03) 10 700 467 (0.10)

6f 303 (34 000), 330 (28 900 sh), 358 (12 900 sh) 556 (0.07) 9900 466 (0.05)

6g 298 (29 900), 323 (26 700 sh), 364 (11 400 sh) 643 (<0.01) 11 900 496 (0.14)

6h 300 (20 300), 375 (7000 sh) 646 (0.01) 11 200 529 (0.19)

6i 328 (8700), 370 (3500 sh) 476, 659 (0.01) 6000 554 (0.02)
aRecorded in CH2Cl2, T= 293 K, c(6)= 10−5 M.
bRecorded in CH2Cl2, T= 293 K, c(6)= 10−5–10−6 M.
cAbsolute quantum yields determined with an integrating sphere.
d Δν̃s = 1

λmax ,abs
− 1

λmax ,em
.

eRecorded at T= 293 K.

TABLE 2 | Selected photophysical properties (absorption maxima in CH2Cl2 with absorption coefficients (ε) and emission maxima in CH2Cl2 and in

the solid state with fluorescence quantum yields (ΦF) and Stokes shifts (Δν̃s)) of the compounds 9.

Compound λmax,abs, nm
a (ε, M−1 cm−1)

λmax,em(solution)
b,

nm (ΦF)
c Δν̃s, cm−1d

λmax,em(solid),
nme (ΦF)

c

9a 300 (39 500), 317 (33 500 sh), 348 (8300 sh) 427 (<0.01) 5300 438 (<0.01)

9b 296 (57 500), 314 (29 400 sh), 348 (6700 sh) 448 (<0.01) 6400 449 (0.01)

9c 296 (60 400), 317 (50 400 sh), 350 (11 200 sh) 442 (0.01) 5900 450 (0.04)

9d 300 (36 000), 322 (32 200 sh), 350 (8200 sh) 457 (0.01) 6700 463 (0.03)

9e 296 (30 900), 317 (31 200), 345 (32 700), 370
(22 400 sh)

586 (0.03) 10 000 550 (0.05)

9f 297 (36 200), 352 (31 400), 381 (27 300 sh) 551 (0.10) 8100 510 (0.09)
aRecorded in CH2Cl2, T= 293 K, c(9)= 10−5 M.
bRecorded in CH2Cl2, T= 293 K, c(9)= 10−5–10−6 M.
cAbsolute quantum yields determined with an integrating sphere.
dΔν̃s = 1

λmax ,abs
− 1

λmax ,em
.

eRecorded at T= 293 K.
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The highest fluorescence quantum yield is measured in THF at
0.30 (Table 3).

The observed emission solvatochromism is a consequence of the
change of dipole moment of the fluorophore upon excitation by
UV light and the associated dipole relaxation of the surrounding
solvent molecules [20]. The change of the dipole moment Δμ
can be quantified using the Lippert–Mataga model [22, 23].
First, the orientation polarizability Δf is determined according
to Equation (1).

Δf =
εr − 1
2εr + 1

−
n2 − 1
2n2 + 1

(1)

where εr is the relative permittivity and n is the refractive index
of the respective solvents. The Lippert–Mataga equation
(Equation (2)) can be used to calculate the change in dipole
moment from the electronic ground state to the excited state.

ṽa − ṽf =
2Δf

4πεohca3
μE − μGð Þ2 + const: (2)

The two variables ν̃a und ν̃f define the absorption and emission
maxima (in m−1), ε describes the vacuum permittivity constant
(8.8542× 10−12 As V−1 m−1), h represents Planck’s constant
(6.2656× 10−34 Js), and c the speed of light (2.9979× 108ms−1).
The variables μE and μG refer to the dipoles in the excited and
ground states, while the variable α (in Å) describes the radius
of the solvent cavity. Calculations for derivative 9fwere performed
using the PBE1PBE [24, 25] functional and the 6-31G* [26, 27]
basis set. In the gas phase, an Onsager radius of 6.01 Å was deter-
mined and for each solvent approximated based on the optimized
ground state structure [28]. By plotting the Stokes shiftΔν̃s against
the orientation polarizability Δf, a change of dipole moment Δμ of
19.5 D (6.49× 10−29 Cm) was determined with a goodness of fit
(r2= 0.96). Dimethylformamide as a solvent was omitted in the

FIGURE 4 | Emission solvatochromism of compound 9f (from left to

right: toluene, EtOAc, THF, CH2Cl2, acetone, DMF, MeCN; λexc= 365 nm,

c(9f )= 10−6M).

FIGURE 3 | Normalized UV/Vis absorption (recorded in CH2Cl2,

T= 293K, c(9)= 10−5 M, bold lines) and emission spectra (recorded in

CH2Cl2, T= 293 K, c(9)= 10−5–10−6 M, dashed lines) of compounds 9.

FIGURE 5 | UV/Vis absorption (bold lines) and emission (dashed

lines) spectra of compound 9f measured in seven different solvents.

TABLE 3 | UV/Vis absorption and emission maxima, absolute

fluorescence quantum yields, and Stokes shifts of compound 9f

dependent on solvent polarity.

Solvent
λmax,abs, nm

a

(ε, M−1 cm−1)
λmax,em,

nmb (ΦF)
c

Δν̃s,
cm−1

Toluene 298 (31 300), 355 (26 800),
378 (27 400)

454 (0.23) 4400

EtOAc 294 (32 600), 349 (30 700),
377 (27 400 sh)

510 (0.25) 6900

THF 296 (32 400), 352 (29 200),
373 (27 900 sh)

513 (0.30) 7300

CH2Cl2 297 (36 900), 352 (32 200),
381 (27 900 sh)

551 (0.10) 8100

Acetone 349 (29 000), 375 (25 400 sh) 580 (0.04) 9400

DMF 296 (31 400), 350 (28 600),
376 (24 700 sh)

606 (<0.01) 10 100

MeCN 294 (43 300), 348 (42 500),
377 (34 500 sh)

612 (0.01) 10 200

aRecorded in different solvents, T= 293 K, c(9f )= 10−5 M.
bRecorded in different solvents, T= 293 K, c(9f )= 10−6 M.
cAbsolute quantum yields determined with an integrating sphere.
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calculation (Figure 6). Likewise, a change of dipole moment
of 18.8 D (6.26× 10−29 Cm) was calculated for derivate 6f (for
further details, see Supporting Information). The results are com-
parable to those reported for a related, previously reported
8-(p-(dimethylamino)phenyl-substituted psoralen cruciform, where
the positive solvatochromism amounts to a change of dipole
moment of 17D [16]. The increasing expansion of the π-system
from the arylated to the alkynylated structure leads to an increase
in the dipole moment change, which indicates an increase in the
charge transfer character.

2.4 | Acidochromism

Protonation reveals another photophysical effect of derivative 6e,
which is evident in emission quenching upon addition of tri-
fluoroacetic acid. This process can be reversed by adding triethyl-
amine as a base (Figure 7).

The change in absorption can be quantified by recording absorp-
tion spectra by pH titration. Here, a decrease in the maxima at
235 and 271 nm can be observed, while there is an increase at
250.5 and 315 nm, which can be attributed to a species proton-
ated on the dimethylamino group. Plotting the absorption inten-
sities against the pH value leads to the determination of a pKa

value of 3.07, which is in good agreement with the value of
2.81 known from the literature for 5-dimethylaminophenyl-
substituted 8-methoxypsoralen (for more details, see Supporting
Information) [15].

2.5 | Emission Upon Induced Aggregation

Some psoralen derivatives are highly emissive in solid state,
whereas they are only weakly emissive in polar solvents.
Compound 6fwas investigated on its aggregation-induced emis-
sion properties [29–32]. In pure acetonitrile, hardly any emis-
sion can be measured. Upon addition of water at constant
psoralen concentration, an increase in fluorescence emission
was observed (Figure 8). At a water content of 70%, the emission
intensity increases significantly and remains nearly constant
from 90% water. The emission maximum shifts bathochromi-
cally and is located at 493 nm in 90% water. At this solvent mix-
ture, the emission intensity is approximately nine times higher
than in pure acetonitrile (Figure 9).

2.6 | Calculated Electronic Structures

TD-DFT calculations were performed to obtain a deeper under-
standing of the electronic structures of the novel 8-substituted
psoralen derivatives. The geometry of the optimized ground state
and excited state was calculated using Gaussian 16 [33] with
the PBE1PBE [24, 25] functional and the 6-31G* [26, 27] basis
set. Since all photophysical measurements were performed in
dichloromethane solution, the polarizable continuum model
(PCM) with dichloromethane as the solvent was applied [34].
All minimum structures were verified by analytical frequency
analysis. TD-DFT calculation for the dyes 6 and 9 was performed
using the optimized S0 geometries to reproduce the absorptions
and the optimized S1 geometries to describe the emission tran-
sitions. The experimental absorption and emission maxima of
derivatives 6 and 9 are in good agreement with the computed
values. The calculations indicate that the longest-wavelength
absorption maxima of all derivatives can be attributed to
HOMO→LUMO transitions. For the amino-substituted deriva-
tives 6e, 6f, 9e and 9f, a better agreement between calculated
and experimental emission maxima was obtained when the
6-311G basis set was employed (Table 4).

Within a substance class, the HOMO energies increase signifi-
cantly with increasing donor strength. In contrast, the position
of the LUMO is only slightly affected by the substituent pattern.
As a result, the HOMO–LUMO energy gap decreases notably with
increasing donor strength of the substituent in the 8-position,

FIGURE 6 | Lippert plot for compound 9f (r2= 0.96).

FIGURE 7 | Psoralen 6e unprotonated (left), protonated with tri-

fluoroacetic acid (center), and deprotonated with triethylamine (right)

under UV-lamp (λexc = 365 nm, c= 10−4 M).

FIGURE 8 | Compound 6f in different MeCN/H2O mixtures

(λexc= 365 nm, from left to right the ratio of water increases).
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which correlates with the experimentally observed bathochromic
shift of the longest-wavelength absorption maximum. For identi-
cal substitution patterns, the HOMO energy of the alkynylated
derivatives 9 is higher than that of the corresponding arylated
derivative 6. A similar trend is observed for the LUMO energies.
However, the LUMO energies of the alkynylated derivatives are
lower than those of the arylated analogs (Figure 10). The calcu-
lated frontier molecule orbitals of 6a, 9a, 6d, and 9d indicate that
the coefficient densities of the HOMOs are mainly located on the
benzofuran ring and the substituent in 8-position. The LUMOs,
however, predominantly localize coefficient density on the psora-
len unit. For the compounds 6f and 9f, the coefficient densities of
the HOMOs are preferentially localized on the amine substituent
in 8-position. In contrast, in the LUMO, these are exclusively
localized on the psoralen framework, confirming the pronounced
charge–transfer character of these T-shaped chromophores and
thereby explaining the strong emission solvatochromism.
Compound 6f is representative of the electronic structure of deriv-
atives 6e–i, which bear strong donor substituents and are charac-
terized by HOMO energies between −5.324 and −5.006 eV as well
as pronounced strong charge transfer properties (for further infor-
mation, see Supporting Information).

3 | Conclusion

Starting from 8-methoxypsoralen, novel T-shaped psoralen deriv-
atives bearing electron-deficient and electron-rich substituents at
the 8-position were synthesized via Suzuki arylation and
Sonogashira alkynylation. Expectedly, the absorption and emis-
sion properties strongly dependent on the substituent pattern. A
bathochromic shift of the absorption and emission both in solu-
tion and in the solid state was observed with increasing donor
strength of the substituents. The dependence of the absorption
maximum on the electronic nature of the para-substituent corre-
lates in a Hammett plot with σ parameters. The amino-substituted
derivatives exhibit the longest wavelength absorption maxima at
around 370 nm (i.e. close to the visible of the electronic spectrum).
Furthermore, positive emission solvatochromism was detected
and quantified according to Lippert–Mataga approach by deter-
mining the dipole moment change. The pKa value of compound
6e was determined from pH variation with absorption spectros-
copy. TD-DFT calculations with the PBE1PBE functional are in
good agreement with the experimental data, and the electronic
structure of the longest wavelength absorption maximum could
be elucidated. These findings are in line with our previous work
on 5,8-disubstituted psoralen cruciform dyes. With bathochromi-
cally shifted absorption maxima, the amino-substituted derivatives
represent promising candidates for application as PUVA reagents
at excitation in the visible. The increased HOMO energies of
amino-derivatives suggest that these dyes are more difficult to
reduce, thereby favoring photoaddition with DNA over PET.
Further investigation on the interaction of related chromophores
with DNA are currently underway.

4 | Experimental Section

All experimental details, such as preparations of starting materi-
als, typical procedures for the synthesis of compounds 6 and 9,
and all 1H and 13C NMR spectra, absorption and emission
spectra, solvatochromism, and acidochromism as well as (TD)
DFT calculations, are included in the Supporting Information.

4.1 | Typical Procedure for Synthesis of
8-Aryl-Psoralen Derivative (Compound 6a)

Under nitrogen in a Schlenk tube with magnetic stir bar,
8-triflato psoralen 4 (134 mg, 0.40 mmol, 1.00 equiv) was dis-
solved in dry THF (2.0 mL). Then, boronic acid ester 5a
(91 mg, 0.48 mmol, 1.20 equiv), potassium phosphate (340mg,
1.60 mmol, 4.00 equiv), bis(dibenzylideneacetone)palladium(0)
(46 mg, 0.08 mmol, 20 mol%), SPhos (41mg, 0.10 mmol,
25 mol%), and water were added, and the solution was then
degassed with nitrogen for 5 min. The reaction mixture was
stirred for 24 h at 80°C (oil bath temperature). After cooling,
deionized water (10mL) was added and the aqueous phase
was extracted with dichloromethane (3 ×30mL). The combined
organic phase was dried with anhydrous magnesium sulfate. The
crude product was adsorbed on Celite and purified by column
chromatography (n-hexane/ethyl acetate 1.5:1); compound 6a
(87mg, 0.263mmol, 66%) was isolated as a colorless solid. Rf (ethyl
acetate/n-hexane 1:1.5): 0.44. Mp 229°C. 1H NMR (300MHz,
CDCl3): δ 6.42 (d, J= 9.6 Hz, 1H), 6.91 (d, J= 2.3 Hz, 1H), 7.74
(s, 1H), 7.71 (d, J= 2.3 Hz, 1H), 7.74 (s, 1H), 7.80 (d, J= 8.3 Hz,

FIGURE 9 | (A) Emission spectra of compound 6f in different MeCN/

H2O mixtures (T= 293 K, c(6f )= 10−5 M, and λexc= 300 nm). (B) Change

in emission intensity with the different water fractions.
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TABLE 4 | Selected experimental and TD-DFT calculated absorption and emission maxima of compounds 6a-f and 9a-f (Gaussian 16,

PBE1PBE/6-31G*).

Compound
λmax,abs(exp), nm

a

(ε, M−1 cm−1)
λmax,abs(calcd), nm (oscillator strength),

most dominant contribution λmax,em(exp), nm
b

λmax,em(calcd), nm
(oscillator strength)c

6a 334 (6900) 328 (0.11), HOMO→LUMO (95%) 433 416 (0.16)

271 (24 300) 287 (0.33), HOMO−1→LUMO (91%)

6b 339 (7200 sh) 330 (0.09), HOMO→LUMO (96%) 447 423 (0.13)

294 (17 300) 290 (0.32), HOMO−1→LUMO (92%)

6c 341 (4300 sh) 334 (0.09), HOMO→LUMO (96%) 446 430 (0.13)

298 (10 900) 294 (0.29), HOMO−1→LUMO (91%)

6d 343 (5300 sh) 347 (0.09), HOMO→LUMO (95%) 458 452 (0.12)

281 (24 000) 302 (0.20), HOMO−1→LUMO (90%)

274 (0.25), HOMO→LUMO+1 (81%)

6e 360 (3100 sh) 406 (0.09), HOMO→LUMO (99%) 584 561 (0.08)d

302 (19 100) 317 (0.99) HOMO−1→LUMO (72%)

308 (0.48), HOMO→LUMO+1 (76%)

6f 358 (12 900 sh) 404 (0.13), HOMO→LUMO (98%) 556 535 (0.10)d

330 (28 900 sh) 332 (0.49), HOMO→LUMO+1 (93%)

303 (34 000) 321 (0.14), HOMO−1→LUMO (92%)

307 (0.02), HOMO→LUMO+2 (95%)

9a 348 (8300 sh) 351 (0.40), HOMO→LUMO (91%) 427 429 (0.38)

317 (33 500 sh) 313 (0.63), HOMO−1→LUMO (42%)

300 (39 500) 299 (0.26), HOMO−1→LUMO (46%);
HOMO→LUMO+1 (48%)

9b 348 (6700 sh) 355 (0.30), HOMO→LUMO (68%) 448 440 (0.28)

314 (29 400 sh) 309 (0.55), HOMO−1→LUMO (50%);
HOMO→ LUMO+1 (43%)

296 (57 500)

9c 350 (11 200 sh) 360 (0.33), HOMO→LUMO (94%) 442 447 (0.30)

317 (50 400 sh) 312 (0.59), HOMO−1→LUMO (43%);
HOMO→LUMO+1 (47%)

296 (60 400) 300 (0.49), HOMO−1→LUMO (46%);
HOMO→ LUMO+1 (47%)

9d 350 (8200 sh) 373 (0.34), HOMO→LUMO (95%) 457 466 (0.29)

322 (32 200 sh) 317 (0.61), HOMO→LUMO+1 (61%)

300 (36 000) 305 (0.48), HOMO−1→LUMO (59%)

9e 370 (22 400 sh) 422 (0.35), HOMO→LUMO (98%) 586 559 (0.19)d

345 (32 700) 345 (0.83), HOMO→LUMO+1 (94%)

317 (31 200) 319 (0.19), HOMO−1→LUMO (88%)

296 (30 900) 288 (0.19), HOMO−2→LUMO (85%)

9f 381 (27 300 sh) 424 (0.61), HOMO→LUMO (96%) 551 534 (0.28)d

352 (31 400) 362 (0.62), HOMO→LUMO+1 (93%)

330 (0.16), HOMO−1→LUMO (84%)

297 (36 200) 311 (0.03), HOMO→LUMO+2 (94%)

298 (0.37), HOMO−2→LUMO (56%)
aRecorded in CH2Cl2, T= 293 K, c= 10−5 M.
bRecorded in CH2Cl2, T= 293 K, c= 10−5–10−6 M.
cThe most dominant contributions are HOMO→ LUMO with a percentage of 98%–99%.
dCalculated with Gaussian 16, PBE1PBE/6-311G.
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1H), 7.83–7.94 (m, 3H). 13C NMR (75MHz, CDCl3): δ 106.9 (CH),
113.0 (Cquat), 114.9 (CH), 116.1 (Cquat), 119.9 (CH), 125.0 (Cquat),
125.5 (q, JCF= 3.9 Hz, Cquat), 128.2 (q, JCF= 319.5 Hz, Cquat), 130.7
(Cquat), 131.1 (CH), 144.5 (CH), 147.3 (CH), 148.5 (Cquat), 154.2
(Cquat), 160.6 (Cquat). MS (EI, m/z (%)): 331 (31), 330 ([M]+,
100), 303 (23), 302 (91), 273 (14), 225 (14), 205 (34), 196 (11),
177 (16), 176 (55), 175 (17), 155 (12), 151 (20), 150 (10), 127
(17), 88 (24), 87 (14), 75 (16), 74 (10), 69 ([CF3]

+, 23), 63 (10),
51 (13). IR ν̃ [cm−1]: 3129 (w), 3069 (w), 2922 (w), 2843 (w),
1717 (s), 1699 (m), 1667 (w), 1611 (m), 1591 (m), 1408 (m),
1393 (m), 1327 (s), 1290 (m), 1269 (m), 1223 (w), 1153 (m),
1113 (s), 1086 (m), 1069 (m), 1020 (m), 986 (m), 957 (w), 945
(w), 918 (m), 891 (m), 849 (s), 820 (m), 802 (w), 758 (s), 725
(m), 681 (m), 623 (m). Anal. calcd. for C18H9F3O3 [330.3]: C
65.46, H 2.75. Found: C 65.23, H 2.83.

4.2 | Typical Procedure for Synthesis of
8-Alkynyl-Psoralen Derivative (Compound 9a)

Under nitrogen in a Schlenk tube with magnetic stir bar, 8-triflato
psoralen 4 (334mg, 1.00mmol, 1.00 equiv) was dissolved in
dimethyl sulfoxide (4.5mL). The acetylene 8a (0.18mL,
1.10mmol, 1.10 equiv), triethylamine (0.21mL, 1.51mmol,
1.51 eq.), tetrakis(triphenylphosphane)-palladium(0) (23mg,
0.020mmol, 2.0 mol%), and copper iodide (7.6mg, 0.040mmol,
4.0 mol%) were added; the solution was then degassed with nitro-
gen for 5min and stirred for 24 h at 90°C (oil bath temperature).
After cooling, deionized water (10mL) was added and the aqueous
phase was extracted with dichloromethane (3× 30mL). The
combined organic phases were dried with anhydrous magnesium
sulfate, adsorbed on Celite, and purified by column chromatogra-
phy (n-hexane/ethyl acetate 1.5:1). Compound 9a (294mg,

0.830mmol, 83%) was isolated as a colorless solid. Rf (ethyl ace-
tate/n-hexane 1:1): 0.62. Mp 180°C. 1H NMR (300MHz,
CDCl3): δ 6.44 (d, J= 9.5 Hz, 1H), 6.89 (d, J= 2.3 Hz, 1H), 7.58–
7.71 (m, 3H), 7.75–7.89 (m, 4H). 13C NMR (151MHz, CDCl3):
δ 80.1 (Cquat), 97.0 (Cquat), 98.7 (Cquat), 107.0 (CH), 115.3 (CH),
115.7 (Cquat), 120.4 (CH), 124.0 (q, JCF= 272.2, Cquat), 124.5
(Cquat), 125.4 (q, J= 3.6 Hz, CH), 130.7 (q, J= 32.7 Hz, Cquat),
132.4 (Cquat), 144.0 (CH), 147.4 (CH), 152.3 (Cquat), 156.5
(Cquat), 160.3 (Cquat). MS (EI, m/z (%)): 355 (26), 354 ([M]+,
100), 335 ([M-F]+, 7), 327 (17), 326 (74), 269 (13), 200 (16). IR ν̃
(cm−1): 3422 (w), 3292 (w), 3167 (w), 3121 (w), 3076 (w), 2374
(w), 1713 (s), 1605 (m), 1589 (m), 1539 (w), 1514 (w), 1425 (w),
1402 (m), 1342 (m), 1321 (s), 1294 (m), 1277 (w), 1238 (w),
1171 (m), 1125 (s), 1105 (s), 1067 (s), 1020 (m), 115 (m), 982
(m), 959 (m), 903 (m), 876 (m), 839 (s), 822 (m), 793 (w), 779
(m), 748 (m), 719 (m), 694 (w), 669 (w), 642 (m), 625 (w). Anal.
calcd. for C17H10O3 [262.1]: C 77.86, H 3.84. Found: C 77.95, 3.69.
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