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The photophysical properties and photochemical reactivities of a series of bis-naphthols 4a–4e and bis-

anthrols 5a and 5e were investigated by preparative irradiation in CH3OH, fluorescence spectroscopy and

laser flash photolysis (LFP). Methanolysis taking place via photodehydration (bis-naphthols: ΦR =

0.04–0.05) is in competition with symmetry breaking charge separation (SB-CS). The SB-CS gave rise to

radical ions that were detected for 4a and 4e by LFP. Photodehydration gave quinone methides (QMs)

that were also detected by LFP (λmax = 350 nm, τ ≈ 1–2 ms). In the aqueous solvent, excited state proton

transfer (ESPT) competes with the abovementioned processes, giving rise to naphtholates, but the

process is inefficient and can only be observed in the buffered aqueous solution at pH > 7. Since the de-

hydration of bis-naphthols delivers QMs, their potential antiproliferative activity was investigated by an

MTT test on three human cancer cell lines (NCI-H1299, lung carcinoma; MCF-7, breast adenocarcinoma;

and SUM159, pleomorphic breast carcinoma). Cells were treated with 4 or 5 with or without irradiation

(350 nm). An enhancement of the activity (up to 10-fold) was observed upon irradiation, which may be

associated with QM formation. However, these QMs do not cross-link DNA. The activity is most likely

associated with the alkylation of proteins present in the cell cytoplasm, as evidenced by photoinduced

alkylation of bovine and human serum albumins by 4a.

Introduction

Quinone methides (QMs) are important intermediates in the
chemistry and photochemistry of phenols.1 The interest in the
chemistry of QMs was primarily initiated owing to their bio-
logical activity,2,3 and there is growing interest in the appli-
cations of QMs in organic syntheses.4–8 It has been demon-
strated that QMs react with amino acids,9 proteins,10 and

nucleosides11–14 and induce alkylation of DNA.15–18

Furthermore, Freccero et al. demonstrated the ability of QMs
to alkylate the G4 regions of DNA,19–21 whereas Rokita et al.
used the reversible alkylation ability of QMs leading to
“immortalization of QM” by DNA as a nucleophile22–24 poten-
tially leading to a number of biomedical applications.25 In par-
ticular, the cross-linking of DNA by metabolically formed QMs
is linked to the mechanism of anticancer activity of some anti-
biotics such as mitomycin.26–28

QMs are reactive species that mostly have to be generated
in situ since they have short lifetimes ranging from nano-
seconds to seconds. Photochemical reactions represent mild
methods for their generation, particularly in biological
systems when spatial and temporal control is required.29,30

The most commonly employed photochemical method is
photodeamination of suitably substituted phenols.9,31,32

However, photodehydration of hydroxybenzyl alcohols,33,34

although taking place with a lower quantum yield than deami-
nation, is even more appealing since the hydration of photo-
chemically generated QMs regenerates the active species. An
on-going study in our group involves the generation of QMs by
photodehydration from suitable precursors, and investigation
of their biological effects.35–38 Recently we have demonstrated
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that photogenerated QM1 formed from anthrol 1 exhibits
higher cytotoxicity on cancer stem cell lines than on normal
cancer cells.39 However, monofunctional QM formed from 1
could only alkylate biological molecules. To enhance the bio-
logical activity of QMs our next idea was to prepare bi-func-
tional molecules that could induce cross-linking. Therefore, we
designed bis-phenol molecules 2 (Fig. 1) and investigated their
biological effects upon F− induced QM formation.40 That is,
DNA cross-linking by bi-functional molecules is known to be
the most cytotoxic event leading to cell death.41 Unfortunately,
bis-phenols did not cross-link DNA and did not exhibit anti-
proliferative activity with or without the treatment with F−, and
the lack of the effect was connected with the inability to form
bi-functional QM2. Instead of QM2 formation, faster hydro-
lysis of QM took place leading to the destruction of the active
molecules.

Herein we report an investigation of the photochemical
generation of bi-functional QMs, which are derived from
naphthol 342 and anthrol 1 QM precursors,39 and are antici-
pated to cross-link DNA (Fig. 2). The main advantage com-
pared to bis-phenols 2 is the fact that hydration of the corres-
ponding QMs regenerates the precursor molecules enabling re-
photoactivation and re-generation of QMs. Investigation of the
photochemical reactivity of 4 and 5 was particularly interesting
in view of the recent findings by Vauthey et al. that bichromo-
phoric systems in polar solvents undergo symmetry breaking
charge separation (SB-CS).43 Thus, we report on the compe-
tition among SB-CS, photodehydration and excited state
proton transfer (ESPT). The photochemical reactivity was inves-
tigated by preparative irradiation and the photophysical pro-

perties of the molecules by fluorescence spectroscopy.
Formation of reactive intermediates was probed by laser flash
photolysis (LFP). Our main finding is that photodehydration,
which is an ultrafast reaction,34 competes well with the SB-CS,
but the ESPT is significantly hampered. Furthermore, the anti-
proliferative activity of 4 and 5 was investigated in vitro against
three human cancer cell lines NCI-H1299 (lung carcinoma),
MCF-7 (breast adenocarcinoma) and SUM159 (pleomorphic
breast carcinoma), combined with irradiation. Enhanced anti-
proliferative activity was ascribed to the intracellular formation
of QMs that however do not cross-link DNA, but induce alkyl-
ation of proteins.

Results and discussion
Synthesis

Synthesis of bis-QM precursors was based on the one pot
double Grignard reaction with an appropriately protected car-
baldehyde, as recently described for bis-phenols.40 Thus, bis-
naphthols were prepared from TBDMS-protected aldehyde 6
giving TBDMS-protected naphthols 7 as a mixture of diastereo-
mers that were transformed to diastereomeric bis-naphthols 4
(Scheme 1).

Synthesis of bis-anthrols 5 followed the same strategy as
described for bis-naphthols, by the double Grignard reaction
of TBDMS-protected anthrol carbaldehyde 8, and subsequent
F− induced silyl deprotection from the TBS-protected bis-
anthrols 9. However, bis-anthrols 5 were obtained in lower
yields then bis-naphthols, and many problems were encoun-
tered during their purification due to their low solubility in
most solvents. Therefore, only two derivatives 5 were prepared.

Photomethanolysis

Irradiation of bis-naphthols 4 or bis-anthrols 5 in the presence
of CH3OH is expected to give rise to photomethanolysis via
QM intermediates.38,42 Therefore, to show that 4 and 5
undergo photodehydration, we first performed preparative
irradiation of selected bis-naphthols 4a, 4b and 4e. After 1 h
irradiation (20 mg, 10 × 8 W, 300 nm) in CH3OH–H2O (4 : 1),
the conversion to products was >95%, whereupon mono- and
bis-adducts 10 and 11 were formed, which were isolated by
HPLC and characterized by NMR (Scheme 2).

The efficiency of the photomethanolysis for all bis-
naphthols was measured by using a KI/KIO3 actinometer
(Φ254 = 0.74).44,45 Irradiation was performed with mono-
chromatic light at 254 nm in CH3OH–H2O (4 : 1), and the com-
position of the irradiated solution was analyzed by HPLC and
UPLC/MS. The UPLC/MS analysis after photolysis showed the
presence of molecular ions for reactants 4, and photomethano-
lysis products 10 only, particularly important for molecules 4c
and 4d whose preparative photolysis were not conducted. In
addition to bis-naphthols 4, the quantum yield for the photo-
methanolysis was measured for 3-hydroxymethyl-2-naphthol
(3). Similar quantum yields for photomethanolysis were
obtained for all derivatives 4, as well as for 3 (Table 1). The

Fig. 1 Precursors for the QM generation from a literature precedent.

Fig. 2 Structures of bifunctional QM precursors.
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result indicates that additional naphthol chromophores in
molecules 4 do not affect the naphthol photoreactivity in the
dehydration, and suggests that the photomethanolysis takes
place via the same reaction mechanism as reported for the
monochromophoric molecule 3,42 via a QM intermediate.

Due to the very low solubility of anthrols 5 in most
common organic solvents except DMSO, the irradiation of 5a
and 5e was performed in 1% DMSO/CH3OH. After 10 min
irradiation (1 mg, 1 × 8 W, 350 nm), the conversion to products

was 70% and 40%, respectively. Due to problems with solubi-
lity, photochemical reactions on a larger scale and chromato-
graphic separations to isolate products were not conducted.
Instead, ether 13e was prepared by a thermal acid-catalyzed
methanolysis (see the Experimental section) and used for
characterization. UPLC-MS analysis of 13e, and a comparison
with the irradiated mixtures indicated that ethers were formed
in the photochemical reaction. Products 12 and 13 were formed
in the total 5% yield from 5a and the total 10% yield from 5e
(Scheme 3). In addition, irradiation gave a complex mixture of
unidentified products in 65% yield from 5a and 30% yield from
5e. Since the photomethanolysis reactions were not clean, the
reaction quantum yields for bis-anthrols 5 were not measured.

Absorption and fluorescence measurements

Photodehydration of naphthols is known to take place via a
singlet excited state.37,42 To obtain more information on the
singlet excited state properties of bis-naphthols, and their reac-
tivities, we performed absorption and fluorescence measure-
ments (for all absorption and fluorescence spectra see Fig. S1–
S13 in the ESI†). Due to their low solubility, spectroscopic
investigation of anthrols 5 was not conducted. The absorption
spectra of bis-naphthols are characterized by three absorption
bands, at ≈220, 270 and 330 nm, the typical pattern for
2-naphthol (Fig. 3). Regardless of the alkyl spacer chain length

Scheme 1 Synthesis of bis-naphthol QM precursors.

Scheme 2 Photomethanolysis of bis-naphthols 4.

Table 1 Quantum yields of photomethanolysis (ΦR) of 4
a

Comp. ΦR

4a 0.05 ± 0.01
4b 0.05 ± 0.01
4c 0.04 ± 0.01
4d 0.04 ± 0.01
4e 0.04 ± 0.01
3 0.04 ± 0.01b

aDetermined by using the KI/KIO3 actinometer (Φ254 = 0.74).44,45

Irradiation performed in CH3OH–H2O (4 : 1). The measurement was
performed in triplicate and the average value is reported. The quoted
error corresponds to the standard deviation. b The quantum yield for
the photoelimination of ethanol from 3-ethoxymethyl-2-naphthol is Φ
= 0.17.42

Scheme 3 Photomethanolysis of bis-anthrols 5.
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the compounds have similar absorptivities, which is about
double compared to 3-hydroxymethyl-2-naphthol (3, see
Fig. S11 in the ESI†). The finding suggests that two chromo-
phores do not interact intramolecularly in the ground state.

Fluorescence spectra were recorded in CH3CN and CH3CN–
H2O (Fig. 4), where differences were anticipated due to excited
state proton transfer (ESPT) pathways,46 which are only poss-
ible in the presence of proton accepting solvents.47–50 That is,
2-naphthol is a well-known example of a photoacid that exhi-
bits dual fluorescence due to emission from the naphthol and
naphtholate.51 Interestingly, the fluorescence spectra for bis-

naphthols 4 did not differ in these two solvents suggesting
that bis-naphthols do not undergo ESPT. Furthermore, the
fluorescence quantum yields (Φf ) were measured in CH3CN
and CH3CN–H2O (Table 2) by using quinine sulfate in 1.0 N
H2SO4 (Φf = 0.546).52 The same values of Φf in both solvents
indicate that the ESPT nonradiative deactivation pathway from
S1 in the protic solvent for 4 does not exist or is very inefficient,
in contrast to the typical photophysics of simple naphthols.

Prompted by the non-observation of the naphtholate emis-
sion from 4 in the aqueous solvent, we investigated the effect
of pH on the fluorescence properties of 4a. The spectra were
recorded in CH3CN–H2O (1 : 1) without buffer and in the pres-
ence of sodium phosphate buffer (0.05 M) at different pH
values (Fig. 5). Upon addition of the buffer, at pH values >6.9
we detected a shoulder in the spectrum at ≈430 nm that can
be assigned to the naphtholate emission. Indeed, upon further
addition of a base (at pH > 9.5), the typical dual emission of
the naphthol and naphtholate can be seen (see Fig. S13 in the
ESI†). Attempts to process the fluorescence data by nonlinear
regression analysis and calculate the pKa* failed due to too
small changes in the fluorescence spectra in the near-neutral
region. However, from the maxima of the emission of the
naphthol and naphtholate (Fig. 5 and Fig. S13 in the ESI†), the
use of the Förster cycle53 and the value of pKa = 9.5,46 the pKa*
can be approximated as pKa* ≈ 0 (the reported value for

Fig. 3 Absorption spectra of bis-naphthols 4 in CH3OH–H2O (4 : 1).

Fig. 4 Normalized fluorescence spectra (λex = 310 nm) of bis-naphthols
4 in CH3CN (top) and 4c in CH3CN and CH3CN–H2O (3 : 1) (bottom).

Table 2 Fluorescence quantum yields for bis-naphthols 4 in CH3CN
and CH3CN–H2O (3 : 1)a

Φf (CH3CN) Φf (CH3CN–H2O)

4a 0.27 ± 0.03 0.27 ± 0.03
4b 0.24 ± 0.03 0.26 ± 0.02
4c 0.22 ± 0.03 0.25 ± 0.02
4d 0.25 ± 0.03 0.27 ± 0.03
4e 0.24 ± 0.02 0.25 ± 0.02

aMeasured by using quinine sulfate in 1.0 N H2SO4 (Φf = 0.546).52 One
fluorescence measurement was performed by exciting the sample at
three different wavelengths (300, 310 and 320 nm), and the average
value was calculated. The quoted error corresponds to the standard
deviation.

Fig. 5 Normalized fluorescence spectra (λex = 310 nm) of 4a in
CH3CN–H2O (1 : 1) at different pH values (0.05 M sodium phosphate
buffer was used).
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2-naphthol pKa* = 2.8).46 Note that the Förster analysis gives
inaccurate values of the pKa*. Nevertheless, the difference of
the emission maxima for the naphthol and naphtholate indi-
cate a significant increase of the acidity of bis-naphthols in S1.
Non-observation of the naphtholate emission is an indication
that ESPT takes place very inefficiently. That is, ESPT is in com-
petition with the other nonradiative pathway from S1, presum-
ably SB-CS.

Single photon counting measurements were conducted for
bis-naphthol derivatives 4a and 4e to measure singlet excited
state lifetimes, and to verify if ESPT in the aqueous solvent
takes place. The samples were excited at 267 nm and the decay
was measured in CH3CN or in CH3CN–H2O (1 : 1) in the pres-
ence of sodium phosphate buffer (0.05 M, pH = 7.0) where a
difference was anticipated due to ESPT taking place in the
aqueous solvent. The fluorescence decay in CH3CN for both 4a
and 4e was fit to a single exponential function revealing the S1
lifetime (Table 3 and Fig. S14 in the ESI†). The similar S1 life-
times, which do not depend on the alkyl chain length, are in
accord with the similar values of quantum yields of fluo-
rescence for all derivatives 4. On the other hand, in buffered
aqueous solution the decay was fit to a sum of two exponen-
tials where the contribution of the decay time depended on
the detection wavelength (see Fig. S15 in the ESI†). Most
importantly, at wavelengths >460 nm where the naphtholate
emits, the pre-exponential factor attributed to the shorter
decay time was negative, indicating the formation of the
species in S1. Therefore, this shorter decay time was assigned
to the emission of naphthol, whereas the longer decay com-
ponent was assigned to the emission of naphtholate (Table 3).

Laser flash photolysis

LFP experiments were conducted to detect QMs and other
plausible intermediates formed upon excitation of 4 (for all
LFP data see Fig. S16–S38 in the ESI†). Similar to the fluo-
rescence measurements, the transient spectra were collected in
CH3CN or in buffered CH3CN–H2O (1 : 1) where the differences
were anticipated due to proton transfer to the solvent.
Moreover, prior to the measurements, the solutions were
purged with Ar or O2, and it was anticipated that O2 would
quench the plausible triplet excited state, radicals and radical
anions, but not radical cations and QMs.

In the N2-purged CH3CN solution of 4a we detected two
short-lived transients absorbing practically over the whole

visible spectral region (Fig. S17 in the ESI†), with a maximum
at ≈450 nm: τAr = 320 ± 20 ns and at ≈350 and 550 nm: τAr =
54 ± 1 ns (Fig. S19 in the ESI†). In addition, more persistent
transient absorption was detected at ≈350 nm which was fit to
a sum of two exponents with the decay times of τAr = 26 ± 2 μs
and 280 ± 10 μs (Fig. S20 in the ESI†). Purging the solution
with O2 did not change the spectra (Fig. 6), but it changed the
decay kinetics. Thus, the transient with a maximum at 450 nm
was quenched by O2 (τO2

= 130 ± 10 ns), whereas the transient
absorbing at 550 nm had a similar lifetime to the one detected
in Ar-purged solution (τO2

= 48 ± 1 ns). The decay kinetics for
the long-lived transient absorbing at 350 nm was fit to a sum
of two exponents with decay times of τO2

= 60 ± 2 μs and 720 ±
70 μs. Based on the anticipated SB-CS and observed quenching
by O2, we tentatively assigned the short-lived transient at
450 nm to the naphthol radical anion, whereas the transient
absorbing at 350 and 550 nm was tentatively assigned to the
naphthol radical cation. The assignment is based on the
quenching by O2 and the comparison with the published
spectra for naphthalene radical cations54 and radical anions,55

which generally overlap.56,57 The transient absorbing at
350 nm whose absorption stretches to a longer wavelength
with the lifetime in tens of microseconds was assigned to the
naphthoxyl radical (τO2

= 60 ± 2 μs), based on a comparison
with the precedent spectra in the literature58 and the fact that
phenol radical cations deprotonate giving phenoxyl radicals.59

The longest lived transient with a lifetime of 720 μs was
assigned to quinone methide, based on a comparison with the
precedent spectra.42 However, the lifetime of 720 μs is only a
lower limit, and the precise lifetime could not be determined
with the set-up used.

In the Ar- and O2-purged aqueous buffered solution of 4a
we detected similar spectra to those in CH3CN solution with
the short-lived transient absorbing over the whole visible part
of the spectrum (Fig. S22 and S23 in the ESI†). At ≈350 nm
and λ > 550 nm a very short-lived transient was detected with a
lifetime at the limits of detection (5–10 ns) that were assigned
to the radical cation. Fast decay in aqueous solution is in

Table 3 Decay times measured by SPC

Compound τ (CH3CN)/ns τ (CH3CN–H2O)
a/ns

4a 7.0 ± 0.3 4.9 ± 0.4
2.1 ± 0.2b

4e 6.7 ± 0.3 4.5 ± 0.4
3.0 ± 0.3b

aMeasurements were performed in CH3CN–H2O (1 : 1) in the presence
of sodium phosphate buffer (0.05 M, pH = 7.0). bDecay time corres-
ponding to naphthol with a negative pre-exponential factor for decay
measured at >460 nm where the naphtholate formed in S1 emits.

Fig. 6 Transient absorption spectra of 4a (c = 5.05 × 10−5 M) in O2-
purged CH3CN.
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accord with the deprotonation to the phenoxyl radical in that
solvent. In addition, we detected a transient absorbing at
400–500 nm that was quenched by O2 and assigned to the
radical anion with the lifetimes τAr = 120 ± 10 ns and τO2

= 83 ±
3 ns (Fig. S24 in the ESI†). At longer delays after the laser
pulse, at 350 nm we detected the QM that decayed with unimo-
lecular kinetics and approximate lifetime values of τAr = 2.1 ±
0.6 ms and τO2

= 2.8 ± 0.8 ms (Fig. S25 in the ESI†). The assign-
ment is additionally corroborated by a quenching with NaN3 (c
= 0.010 M) when the decay was faster (τ = 230 ± 80 μs). A
proper quenching plot could not be obtained due to the very
low intensity of the signal at a long time-scale, at the limits of
detection of the set-up used. However, from two decay times,
an approximate value of the quenching constant with an azide
is kq ≈ 4 × 105 M−1 s−1, which is about 10 times that reported
by Popik,42 and about ten times lower than that reported by us
for sterically congested naphthalene QMs.37

The transient absorption spectra of 4e are similar to those
measured for 4a at the long time-scale, but at the short time-
scale we observed some differences (Fig. S28 and S29 in the
ESI†). In Ar and O2-purged CH3CN solution we detected only
one short-lived transient absorbing over the whole spectrum
with the maximum at ≈350 nm and the lifetime of τ ≈ 10 ns. It
probably corresponds to radical ions, but we cannot unam-
biguously say if it corresponds to the radical cation, the radical
anion, or both species. On the other hand, in aqueous
buffered solution, under Ar, the transient absorbance was fit
to a single exponential function (e.g. 470 nm τAr ≈ 23 ± 1 ns),
whereas in O2-purged solution, depending on the detection
wavelength the decay of the transient absorbance was fit to a
single exponential (at 450 nm, τO2

≈ 24 ± 1 ns) or two-exponen-
tial function (τ550 ≈ 6 ± 1 ns and 43 ± 1 ns). The short-lived
transient, which can be detected at higher wavelengths
(>550 nm, τ < 10 ns), probably corresponds to the radical
cation, whereas the longer-lived transient probably corres-
ponds to the radical anion (τ ≈ 20–40 ns). That is, deprotona-

tion of the radical cation in aqueous solvent should be fast
and give naphthoxyl radicals.58 On the other hand, we antici-
pate that radical anions should not be very basic and prone to
protonation since the protonation would form unstable
carbon-centered radicals with the loss of aromaticity from the
naphthalene. After the decay of short-lived transients, at a long
delay after the laser pulse we detected the QM with the
maximum of absorption at 350 nm. It decayed with unimole-
cular kinetics and the lifetime of τO2

≈ 1–2 ms. Due to the very
low intensity of the transient assigned to the QM we could not
perform the quenching experiment. Consequently, LFP experi-
ments allowed for the detection of radical ions formed in the
SB-CS process, as well as the QM formed from the
photodehydration.

Photochemical reaction mechanism

Based on the preparative irradiation experiments, and UV-vis,
fluorescence and LFP study, we can propose plausible reaction
pathways for the bis-naphthol derivatives, which are also prob-
ably similar for bis-anthrols. Light absorption excites one
naphthol chromophore moiety, which undergoes three com-
petitive photochemical pathways. The SB-CS43 and photodehy-
dration34 probably take place in an ultrafast manner delivering
radical ions 4-RIP and 4-QM, respectively (Scheme 4). On the
other hand, the ESPT to the solvent giving the naphtholate is
much slower (plausible rate constant for deprotonation k = 7 ×
107 s−1),46 and, therefore, takes place inefficiently. Thus,
naphtholate emission (4O−) can be detected only at pH > 7,
even though pKa* is probably close to 0, as estimated from the
Förster cycle. After the population of 4-RIP, the plausible path-
ways are back electron transfer (beT), which recovers the start-
ing bis-naphthols 4 and probably represents the major
pathway due to which all other processes take place ineffi-
ciently. The other plausible pathway for 4-RIP is deprotonation
giving naphthoxyl radicals, which were detected by LFP. Even
though radical anions are generally basic, their protonation in

Scheme 4 Plausible photochemical reaction pathways for bis-naphthols.
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this case is less probable since it would deliver the less stable
C-centered radical.

We imply that photodehydration in 4 probably takes place
in an ultrafast manner, since it has to compete with SB-CS.
Ultrafast dehydration has been described for phenol deriva-
tives.34 The dehydration delivers 4-QM, which was detected by
LFP. However, formation of 4-bisQM is not a probable pathway
since it would require absorption of light by an intermediate
4QM and a secondary dehydration reaction. More probable is
a hydration of 4QM, a ubiquitous decay pathway of QMs,60

recovering 4.
In conclusion, we have demonstrated that bis-naphthols 4

undergo dehydration and deliver QMs. The analogous
mechanistic scheme can tentatively be proposed for bis-
anthrols 5, although the only evidence we have is photometha-
nolysis. Furthermore, it should be noted that bis-anthrols 5
undergo additional photochemical pathways since they form
many photochemical products and these pathways are not dis-
closed here.

Non-covalent binding to bovine and human serum albumin
(BSA and HSA)

Serum albumins are proteins that are known to bind different
hydrophobic guest molecules.61 Furthermore, it has recently
been demonstrated that human serum albumin (HSA) binds
naphthalene QM precursors, which then leads to the alkyl-
ation at Lys residues.62 To probe for the noncovalent binding
of bis-naphthols 4 to BSA and HSA we performed fluorescence
titrations for 4a with both proteins in (1 : 1) CH3CN–aqueous
sodium phosphate buffer, c = 0.05 M, pH = 7.0. Upon addition
of protein to the solution of bis-naphthol 4a, the fluorescence
was quenched (for BSA see Fig. 7, and for HSA see Fig. S39–
S43 in the ESI†). Multivariate nonlinear regression analysis by
using the Specfit program and the model based on the 1 : 2
(protein : 4a) stoichiometry provided the best fit with the
complex stability constant log K12 values of 8.10 ± 0.04 for BSA
and 8.13 ± 0.03 for HSA. At a higher protein concentration, in
the fluorescence spectra of 4a the bend at ≈450 nm becomes
more visible indicating that 4a undergoes more efficient ESPT
in the protein complex. The finding can be rationalized by the
well-known binding of naphthols in the hydrophobic pockets of
the protein,63 which contain H2O molecules to enable ESPT, but
a less polar environment reduces the quantum yield of SB-CS.

To initiate the photodehydration of bis-naphthols in the
presence of proteins, the irradiation was performed in a
reactor equipped with lamps with the maximum of emission
at 350 nm. These lamps provide excitation in the range
320–400 nm and allow for the selective excitation of bis-
naphthols 4, with the minimal absorption of light by the
protein. Irradiation of the solutions containing the protein
complexes resulted in further fluorescence quenching,
suggesting that molecule 4a reacts photochemically with the
proteins (see Fig. S40 and S43 in the ESI†). Analysis of the
solution after the irradiation by MALDI-TOF/TOF mass spec-
trometry indicated that the photochemical alkylation of the
proteins took place. The observed molecular weight of BSA

and HSA was increased by 325 and 390, respectively. The MS
analyses indicated covalent biding of one molecule 4a (mole-
cular weight: 402) to the proteins, with the observed increases
in the molecular weight within the acceptable error of the
method.64

Photocytotoxicity study

The antiproliferative effect of the photogenerated QMs on
three cancer cell lines H1299 (lung carcinoma), MCF-7 (breast
adenocarcinoma) and SUM159 (pleomorphic breast carci-
noma), was investigated with bis-naphthols and bis-anthrols. A
psoralen derivative was used as a positive reference compound
which is known to exhibit antiproliferative activity after photo-
activation.18 Cells were incubated with the compounds and
kept in a cell incubator in the dark for 3 days, or irradiated
each day (at 350 nm for 5 min for naphthols or at 420 nm for
10 min for anthrols). The activities expressed as GI50 (concen-
tration that causes 50% inhibition of the cell growth) are com-
piled in Table 4. Without the irradiation, all compounds exert
mild antiproliferative activity in a micromolar concentration
range, without a specific effect with respect to the cell type.
Irradiation induced up to a 10-fold enhancement of the
activity. Bis-naphthol derivative 4a with the shortest spacer
length between the chromophores exerts the highest cyto-

Fig. 7 Fluorescence spectra (λex = 320 nm) of 4a (c = 1.49 × 10−5 M) in
aqueous sodium phosphate buffer (c = 0.05 M, pH 0 7.0) : CH3CN 1 : 1,
in the presence of an increasing concentration of BSA (c = 0–1.63 ×
10−4 M) (top); and dependence of the fluorescence intensity at 360 nm
on the BSA concentration (bottom); the dots correspond to the experi-
mental values, whereas the red line is the calculated fluorescence inten-
sity by using the Specfit program and complex stoichiometry model 1 : 2
(protein : 4a).
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toxicity upon irradiation toward all three cell lines tested.
Similarly, bis-anthrol derivative 5a experiences the most pro-
nounced enhancement of the antiproliferative activity upon
irradiation of cells, particularly on H1299 and SUM159.

Conclusions

Upon photoexcitation, bis-naphthols 4 undergo competitive
processes, with the SB-CS giving rise to radical ions and photo-
dehydration delivering QMs. The intermediates in these pro-
cesses were detected by LFP. The ESPT takes place, but it is
inefficient since it takes place slower. The antiproliferative
activity of bis-naphthols 4 and bis-anthrols 5 upon irradiation
was investigated on human cancer cell lines, which were kept
in the dark or irradiated. An enhancement of the antiprolifera-
tive activity upon irradiation was observed and may be con-
nected to the photochemical formation of QMs. However,
these QMs do not induce DNA cross-linking. A more plausible
mechanism of the enhancement of antiproliferative activity is
alkylation of proteins in the cell cytoplasm. The mechanistic
investigation presented herein is particularly important since
it unravels the plausible pathways for bis-chromophoric
systems that could be used in the development of agents for
phototreatment of cancer.

Experimental
General

Chemicals for the synthesis were purchased from the usual
suppliers. Solvents for the synthesis and chromatographic sep-
arations were used as received (p.a. grade). The solvent (ether)
for Grignard reactions was dried over sodium and freshly dis-
tilled. 1H and 13C NMR spectra were recorded on Bruker
Avance III 600, Bruker Avance DRX 500, Bruker Avance DPX
300 (equipped with a 5 mm BBI probe) and Bruker Avance
AV400 (equipped with a 5 mm BBO probe) spectrometers using
standard Bruker pulse sequences. All samples were recorded at
25 °C using DMSO-d6 and CDCl3 as solvents and TMS as the
internal standard. For the sample analysis a Waters Acquity
UPLC coupled with an SQD mass spectrometer with an
Acquity UPLC BEH C18 (50 × 2.1 mm, 1.7 μm packing) column
was used. Mobile phase was A: 10 mM aqueous solution of

ammonium bicarbonate (adjusted to pH 10 with ammonia),
mobile phase B: acetonitrile. The gradient was 0.0 min, 97% A,
3% B; 1.5 min, 100% B; 1.9 min, 100% B; 2.0 min, 97% A, 3%
B, the flow rate was 0.9 mL min−1 and the column temperature
was 40 °C. UV detection was performed from 210 nm to
350 nm. MS conditions: Ionization mode was alternate-scan
positive and negative electrospray (ES+/ES−); scan range: 100 to
1000 AMU. Alternatively, a Shimadzu HPLC system equipped
with a diode-array detector and a Phenomenex Luna 3u C18(2)
column was used. The mobile phase was 75% CH3OH and
15% H2O and the flow rate was 1.0 mL min−1. The chromato-
graphic separations were performed on a flash chromatography
apparatus using commercially available Interchim, prepacked
silica cartridges. Analytical thin layer chromatography was per-
formed on Silica Gel 60 F254 aluminium sheets (Merck). For
preparative HPLC purification a Waters Mass Directed
Autopurification System consisting of a Waters 2767 Sample
Manager, a Waters Column Fluidic Organizer, a Waters 515
HPLC Pump, a Waters 2525 Binary Gradient Module, a Waters
Pump Control Module II, a Waters 2996 PDA Detector and a
Waters Micromass ZQ was used. The column for separation
processes was XBridge Prep. C18 (150 × 30 mm, 5 μm packing).
The mobile phases for the separation processes were A: 10 mM
aqueous solution of ammonium bicarbonate (adjusted to pH
10 with ammonia) and mobile phase B: acetonitrile. The gradi-
ent for the separation processes was 0.0 min, 70% A, 30% B;
10 min, 35% A, 65% B; 10 min, 0% A, 100% B; 15 min, 0% A,
100% B; flow rate: 50 mL min−1. MS conditions: Ionization
mode – positive and negative electrospray (ES+/ES−); scan
range: 105 to 1000 AMU. Melting points were determined
using a Mikroheiztisch apparatus and were not corrected.
HRMS was performed on an Applied Biosystems Voyager DE
STR MALDI-TOF/TOF instrument. In the irradiation experi-
ments, CH3OH and CH3CN were of HPLC grade, and ultrapure
water (Milli-Q H2O, Millipore) was used. ct-DNA was purchased
from Aldrich. The preparation of precursor molecules, carbal-
dehydes 6 and 8 is fully described in the ESI.†

Preparation of bis-naphthol 7 and bis-anthrol 9 derivatives –
general procedure

In a two neck flask (50 mL), equipped with a condenser and a
septum, under an inert N2 atmosphere, Mg (4.5 mmol), dry
diethyl ether (4.5 mL) and a crystal of iodine were added. A

Table 4 GI50 values (in μM)a induced with compounds 4, 5 and psoralen derivative with and without irradiation

Comp. H1299 H1299 irr SUM159 SUM159 irr MCF-7 MCF-7 irr

4a 14.7 ± 0.7 3 ± 2 13.9 ± 0.5 1.79 ± 0.01 13 ± 1 2.0 ± 0.5
4b 15.2 ± 0.3 9 ± 4 14.84 ± 0.02 5 ± 1 14.5 ± 0.7 11 ± 1
4c 16.0 ± 0.3 8 ± 5 15.74 ± 0.05 4.1 ± 0.4 15 ± 1 7 ± 4
4d 11.72 ± 0.03 5 ± 1 7 ± 2 3.6 ± 0.3 1.4 ± 0.4 3.2 ± 0.5
4e 15 ± 3 13 ± 1 10 ± 4 4.4 ± 0.3 13 ± 3 4 ± 1
5a 23 ± 12 0.7 ± 0.2 15 ± 5 0.2 ± 0.04 16± 5 1 ± 1
5e 40 ± 20 3 ± 1 9 ± 2 1.6 ± 0.4 3 ± 2 1 ± 1
Psoralen >100 <0.01 >100 <0.01 3 ± 2 <0.01

a Concentration that causes 50% inhibition of tumor cell growth (entries commented on in the text are marked in bold).
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small quantity of the solution of 1,n-dibromoalkane
(2.25 mmol) in ether (11 mL) was added dropwise through the
septum via a syringe. When the reaction was initiated by
heating, the remaining dibromoalkane solution was added at
rt or with moderate heating. After the addition was complete,
the reaction mixture was heated at the reflux temperature for
1 h, cooled to rt, and a solution of the protected carbaldehyde
(6 or 8, 1 mmol) in dry ether (5 mL) was added dropwise. After
2 h of stirring at rt, the reaction mixture was quenched with
saturated aqueous NH4Cl solution (15 mL). The mixture was
transferred to a separation funnel, the layers were separated
and the aqueous layer was extracted with ethyl acetate (3 ×
15 mL). The organic extracts were dried over anhydrous MgSO4

and filtered, and the solvent was removed on a rotary evapor-
ator. The residue was subjected to chromatography on a
column of silica gel using the gradient method from 0 to 13%
of ethyl acetate/cyclohexane as the eluent.

1,6-Bis[3-(tert-butyldimethylsilyloxy)-2-naphthyl]hexane-
1,6-diole (7a)

According to the general procedure, the Grignard reagent was
prepared from 1,4-dibromobutane (0.37 mL, 3.06 mmol) and
Mg (0.15 g, 6.13 mmol) in dry ether. In the reaction with the
protected aldehyde (6, 390 mg, 1.36 mmol) the product
(217 mg, 51%) was obtained in the form of a colorless solid.

Mp 44–45 °C; 1H NMR (CDCl3, 400 MHz) δ/ppm: 7.80 (s,
2H), 7.74 (d, 2H, J = 7.9 Hz), 7.64 (dd, 2H, J = 8.2 Hz, J = 0.4
Hz), 7.39 (dt, 2H, J = 8.3 Hz, J = 1.3 Hz), 7.31 (dt, 2H, J = 8.2
Hz, J = 1.2 Hz), 7.11 (s, 2H), 5.05 (br. s, 2H), 2.30 (br. s, 2H),
1.95–1.72 (m, 4H), 1.67–1.58 (m, 2H), 1.52–1.43 (m, 2H), 1.03
(s, 18H), 0.33 (s, 6H), 0.32 (s, 6H); 13C NMR (CDCl3, 100 MHz)
δ/ppm: 151.2, 136.4, 133.5, 128.9, 127.7, 126.2, 125.9, 125.8,
123.9, 113.1, 70.4, 70.3 37.5, 26.9, 26.2, 26.2, 25.9, 18.3, −3.9,
−4.1.

1,7-Bis[3-(tert-butyldimethylsilyloxy)-2-naphthyl]heptane-
1,7-diole (7b)

According to the general procedure, the Grignard reagent was
prepared from 1,5-dibromopentane (1.07 mL, 7.86 mmol) and
Mg (382 mg, 15.71 mmol) in dry ether. In the reaction with the
protected aldehyde (6, 300 mg, 1.05 mmol) the product
(736 mg, 65%) was obtained in the form of a colorless solid.

Mp 57–58 °C; 1H NMR (CDCl3, 400 MHz) δ/ppm: 7.80 (s,
2H), 7.74 (d, 2H, J = 8.0 Hz), 7.64 (d, 2H, J = 8.3 Hz), 7.39 (dt,
2H, J = 8.0 Hz, J = 1.2 Hz), 7.31 (dt, 2H, J = 8.0 Hz, J = 1.1 Hz),
7.11 (s, 2H), 5.10–4.99 (m, 2H), 2.30 (d, 2H, J = 4.7 Hz),
1.92–1.68 (m, 4H), 1.57–1.49 (m, 2H), 1.42–1.31 (m, 2H), 1.04
(s, 18H), 0.34 (s, 6H), 0.33 (s, 6H); 13C NMR (CDCl3, 100 MHz)
δ/ppm: 151.2, 136.5, 133.5, 128.9, 127.7, 126.2, 125.9, 125.7,
123.9, 113.1, 70.4, 37.6, 29.8, 26.9, 26.2, 25.8, 18.3, −3.9, −4.1.

1,8-Bis[3-(tert-butyldimethylsilyloxy)-2-naphthyl]octane-
1,8-diole (7c)

According to the general procedure, the Grignard reagent was
prepared from 1,6-dibromohexane (0.36 mL, 2.36 mmol) and
Mg (115 mg, 4.71 mmol) in dry ether. In the reaction with the

protected aldehyde (6, 1.00 g, 3.49 mmol) the product
(267 mg, 78%) was obtained in the form of a colorless solid.

Mp 41–42 °C; 1H NMR (CDCl3, 400 MHz) δ/ppm: 7.80 (s,
2H), 7.75 (dd, 2H, J = 7.9 Hz, J = 0.5 Hz), 7.65 (d, 2H, J = 8.2
Hz), 7.39 (dt, 2H, J = 8.0 Hz, J = 1.4 Hz), 7.31 (dt, 2H, J = 8.0
Hz, J = 1.4 Hz), 7.11 (s, 2H), 5.09–5.00 (m, 2H), 2.29 (d, 2H, J =
4.7 Hz), 1.92–1.69 (m, 4H), 1.57–1.48 (m, 2H), 1.41–1.26 (m,
6H), 1.03 (s, 18H), 0.34 (s, 6H), 0.33 (s, 6H); 13C NMR (CDCl3,
100 MHz) δ/ppm: 151.2, 136.5, 133.5, 128.9, 127.7, 126.2,
125.9, 125.7, 123.9, 113.1, 70.4, 37.6, 29.7, 29.7, 26.9, 26.1,
25.9, 18.3, −3.9, −4.1.

1,9-Bis[3-(tert-butyldimethylsilyloxy)-2-naphthyl]nonane-
1,9-diole (7d)

According to the general procedure, the Grignard reagent was
prepared from 1,7-dibromoheptane (0.67 mL, 3.93 mmol) and
Mg (191 mg, 7.86 mmol) in dry ether. In the reaction with the
protected aldehyde (6, 500 mg, 1.75 mmol) the product
(370 mg, 63%) was obtained in the form of a colorless solid.

Mp 42–43 °C; 1H NMR (CDCl3, 400 MHz) δ/ppm: 7.81 (s,
2H), 7.75 (dd, 2H, J = 8.0 Hz, J = 0.5 Hz), 7.64 (dd, 2H, J = 8.2
Hz, J = 0.4 Hz), 7.42–7.35 (m, 2H), 7.35–7.29 (m, 2H), 7.11 (s,
2H), 5.09–5.00 (m, 2H), 2.28 (d, 2H, J = 4.7 Hz), 1.92–1.68 (m,
4H), 1.55–1.46 (m, 2H), 1.42–1.19 (m, 8H), 1.04 (s, 18H), 0.34
(s, 6H), 0.33 (s, 6H); 13C NMR (CDCl3, 100 MHz) δ/ppm: 151.3,
136.6, 133.5, 128.9, 127.7, 126.2, 125.9, 125.7, 126.9, 113.1,
70.4, 37.7, 29.7, 29.6, 26.1, 25.9, 18.3, −4.0, −4.1.

1,10-Bis[3-(tert-butyldimethylsilyloxy)-2-naphthyl]decane-1,10-
diole (7e)

According to the general procedure, the Grignard reagent was
prepared from 1,8-dibromooctane (0.56 mL, 3.06 mmol) and
Mg (149 mg, 6.13 mmol) in dry ether. In the reaction with the
protected aldehyde (6, 390 mg, 1.36 mmol) the product
(227 mg, 49%) was obtained in the form of a colorless solid.

Mp 40–41 °C; 1H NMR (CDCl3, 400 MHz) δ/ppm: 7.81 (s,
2H), 7.75 (dd, 2H, J = 8.0 Hz, J = 0.5 Hz), 7.64 (dd, 2H, J = 8.2
Hz, J = 0.4 Hz), 7.42–7.35 (m, 2H), 7.35–7.29 (m, 2H), 7.11 (s,
2H), 5.09–5.00 (m, 2H), 2.28 (d, 2H, J = 4.8 Hz), 1.92–1.68 (m,
4H), 1.55–1.46 (m, 2H), 1.42–1.23 (m, 10H), 1.05 (s, 18H), 0.35
(s, 6H), 0.33 (s, 6H); 13C NMR (CDCl3, 100 MHz) δ/ppm: 151.3,
136.6, 133.5, 128.9, 127.7, 126.2, 125.9, 125.7, 123.9, 113.1,
70.4, 37.7, 29.7, 29.6, 26.1, 25.9, 18.3, −3.9, −4.1.

1,6-Bis[3-(tert-butyldimethylsilyloxy)-2-anthryl]hexane-1,6-diole
(9a)

According to the general procedure, the Grignard reagent was
prepared from 1,4-dibromobutane (0.24 mL, 2.01 mmol) and
Mg (98 mg, 4.01 mmol) in dry ether. In the reaction with the
protected carbaldehyde (8, 300 mg, 0.89 mmol) the product
(129 mg, 40%) was obtained in the form of a beige solid.

Mp 77–78 °C; 1H NMR (CDCl3, 500 MHz) δ/ppm: 8.35 (s,
2H), 8.23 (s, 2H), 8.04–7.83 (m, 6H), 7.50–7.37 (m, 4H), 7.29 (s,
2H), 5.16–5.06 (m, 2H), 2.06–1.80 (m, 5H), 1.78–1.50 (m, 5H),
1.07 (s, 18H), 0.41 (s, 6H), 0.40 (s, 6H); 13C NMR (CDCl3,
125 MHz) δ/ppm: 151.1, 137.3, 131.9, 131.8, 130.6, 128.2,
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128.1, 127.5, 126.1, 125.8, 125.3, 124.4, 123.6, 111.5, 70.6, 37.4,
26.25, 26.21, 25.8, 18.3, −3.9, −4.1.

1,10-Bis[3-(tert-butyldimethylsilyloxy)-2-anthryl]decan-
1,6-diole (9e)

According to the general procedure, the Grignard reagent was
prepared from 1,8-dibromooctane (0.37 mL, 2.01 mmol) and
Mg (98 mg, 4.01 mmol) in dry ether. In the reaction with the
protected carbaldehyde (8, 300 mg, 0.89 mmol) the product
(152 mg, 43%) was obtained in the form of a beige solid.

Mp 70–71 °C; 1H NMR (CDCl3, 500 MHz) δ/ppm: 8.33 (s,
2H), 8.23 (s, 2H), 7.97 (s, 2H), 7.93 (dd, 4H, J = 13.0 Hz, J = 8.2
Hz), 7.45–7.34 (m, 4H), 7.23 (s, 2H), 5.11–5.02 (m, 2H), 2.13
(br. s, 2H), 1.96–1.86 (m, 2H), 1.85–1.75 (m, 2H), 1.64–1.49 (m,
4H), 1.38–1.24 (m, 8H), 1.06 (s, 18H), 0.40 (s, 6H), 0.38 (s, 6H);
13C NMR (CDCl3, 125 MHz) δ/ppm: 151.2, 137.5, 131.9, 131.8,
130.6, 128.2, 128.1, 127.5, 126.1, 125.7, 125.3, 124.4, 123.6,
11.4, 70.7, 37.5, 29.7, 26.9, 26.1, 25.8, 18.3, −3.9, −4.1.

Removal of the TBDMS protective group – general procedure

A flask (25 mL) equipped with a septum was charged with
TBDMS-protected bis-naphthol 7 or bis-anthrol 9 (1 mmol)
and THF (10 mL) under an inert N2 atmosphere. The mixture
was cooled to 0 °C, and a solution of TBAF in THF (2.2 mmol,
1 M) was added dropwise. The stirring was continued at 0 °C
for 20 min, and then at rt for 30 min. To the reaction mixture,
water (15 mL) was added and extraction with ethyl acetate (3 ×
15 mL) was carried out. The combined extracts were dried over
anhydrous MgSO4 and filtered, and the solvent was removed
using a rotary evaporator. The crude residue was subjected to
chromatography on a silica gel column using the gradient
method from 0 to 10% of ethyl acetate/cyclohexane as the
eluent. In the case of bis-anthrol compounds, purification was
performed by trituration of the crude product with several por-
tions of cold ethyl acetate and ether.

1,6-Bis(3-hydroxy-2-naphthyl)hexane-1,6-diol (4a)

According to the general procedure from 7a (217 mg,
0.34 mmol) the reaction furnished the product (92 mg, 66%)
in the form of a colorless solid.

Mp 178–180 °C; 1H NMR (DMSO-d6, 500 MHz) δ/ppm: 9.75
(br. s, 2H), 7.80 (s, 2H), 7.73 (d, 2H, J = 7.5 Hz), 7.63 (d, 2H, J =
7.5 Hz), 7.35–7.28 (m, 2H), 7.25–7.19 (m, 2H), 7.08 (s, 2H), 5.12
(br. s, 2H), 4.97–4.88 (m, 2H), 1.79–1.66 (m, 2H), 1.59–1.29 (m,
6H); 13C NMR (DMSO-d6, 125 MHz) δ/ppm: 152.9, 135.8, 135.7,
133.2, 127.7, 127.4, 125.4, 125.3, 124.9, 122.6, 108.3, 67.29,
67.26, 37.9, 25.6; HRMS (MALDI TOF/TOF) calcd for C26H26O4

[M + Na]+ 425.1723 found 425.1729.

1,7-Bis(3-hydroxy-2-naphthyl)heptane-1,7-diol (4b)

According to the general procedure from 7b (730 mg,
1.13 mmol) the reaction furnished the product (425 mg, 90%)
in the form of a colorless solid.

Mp 168–170 °C; 1H NMR (DMSO-d6, 400 MHz) δ/ppm: 9.73
(s, 2H), 7.80 (s, 2H), 7.74 (d, 2H, J = 8.3 Hz), 7.62 (d, 2H, J = 7.9
Hz), 7.35–7.28 (m, 2H), 7.25–7.19 (m, 2H), 7.08 (s, 2H), 5.10 (d,

2H, J = 4.3 Hz), 4.98–4.89 (m, 2H), 1.79–1.64 (m, 2H), 1.58–1.45
(m, 2H), 1.45–1.17 (m, 6H); 13C NMR (DMSO-d6, 100 MHz) δ/
ppm: 152.8, 135.8, 133.2, 127.7, 127.4, 125.4, 125.3, 124.9,
122.6, 108.3, 67.2, 37.9, 29.2, 25.6; HRMS (MALDI TOF/TOF)
calcd for C27H28O4 [M + Na]+ 439.1880 found 439.1860.

1,8-Bis(3-hydroxy-2-naphthyl)octane-1,8-diol (4c)

According to the general procedure from 7c (267 mg,
0.41 mmol) the reaction furnished the product (170 mg, 97%)
in the form of a colorless solid.

Mp 162–163 °C; 1H NMR (DMSO-d6, 400 MHz) δ/ppm: 9.74
(br. s, 2H), 7.80 (s, 2H), 7.74 (d, 2H, J = 8.2 Hz), 7.62 (d, 2H, J =
7.9 Hz), 7.36–7.28 (m, 2H), 7.26–7.18 (m, 2H), 7.08 (s, 2H), 5.11
(br. s, 2H), 4.98–4.89 (m, 2H), 1.77–1.64 (m, 2H), 1.58–1.45 (m,
2H), 1.45–1.12 (m, 8H); 13C NMR (DMSO-d6, 100 MHz) δ/ppm:
152.8, 135.8, 133.2, 127.7, 127.4, 125.4, 125.3, 124.9, 122.5,
108.3, 67.2, 37.9, 29.2, 25.5; HRMS (MALDI TOF/TOF) calcd for
C28H30O4 [M + Na]+ 453.2036 found 453.2039.

1,9-Bis(3-hydroxy-2-naphthyl)nonane-1,9-diol (4d)

According to the general procedure from 7d (370 mg,
0.55 mmol) the reaction furnished the product (200 mg, 82%)
in the form of a colorless solid.

Mp 112–113 °C; 1H NMR (DMSO-d6, 400 MHz) δ/ppm: 9.73
(s, 2H), 7.81 (s, 2H), 7.73 (d, 2H, J = 7.9 Hz), 7.62 (d, 2H, J = 8.0
Hz), 7.36–7.28 (m, 2H), 7.26–7.19 (m, 2H), 7.08 (s, 2H), 5.11
(br. s, 2H), 4.98–4.86 (m, 2H), 1.79–1.64 (m, 2H), 1.58–1.44 (m,
2H), 1.45–1.15 (m, 10H); 13C NMR (DMSO-d6, 100 MHz) δ/
ppm: 152.8, 135.8, 133.2, 127.7, 127.4, 125.4, 125.3, 124.9,
122.6, 108.3, 67.2, 37.8, 29.2, 29.1, 25.4; HRMS (MALDI TOF/
TOF) calcd for C29H32O4 [M + Na]+ 467.2192 found 467.2190.

1,10-Bis(3-hydroxy-2-naphthyl)decane-1,10-diol (4e)

According to the general procedure from 7e (226 mg,
0.33 mmol) the reaction furnished the product (129 mg, 85%)
in the form of a colorless solid.

Mp 152–155 °C; 1H NMR (DMSO-d6, 400 MHz) δ/ppm: 9.73
(s, 2H), 7.81 (s, 2H), 7.73 (d, 2H, J = 7.9 Hz), 7.61 (d, 2H, J = 7.8
Hz), 7.35–7.27 (m, 2H), 7.26–7.18 (m, 2H), 7.08 (s, 2H), 5.11
(br. s, 2H), 4.98–4.88 (m, 2H), 1.77–1.64 (m, 2H), 1.58–1.46 (m,
2H), 1.45–1.16 (m, 12H); 13C NMR (DMSO-d6, 100 MHz) δ/
ppm: 152.8, 135.8, 133.2, 127.7, 127.4, 125.4, 125.3, 124.9,
122.5, 108.3, 67.2, 37.8, 29.1, 29.0, 25.4; HRMS (MALDI TOF/
TOF) calcd for C30H34O4 [M + Na]+ 481.2349 found 481.2332.

1,6-Bis(3-hydroxy-2-anthryl)hexane-1,6-diol (5a)

According to the general procedure from 8a (120 mg,
0.16 mmol) the reaction furnished the product (42 mg, 50%)
in the form of a beige solid.

Mp > 350 °C (decomposition); 1H NMR (DMSO-d6,
600 MHz) δ/ppm: 9.96 (br. s, 2H), 8.38 (s, 2H), 8.21 (s, 2H),
7.98 (s, 2H), 7.96 (d, 2H, J = 8.0 Hz), 7.93 (d, 2H, J = 8.4 Hz),
7.40 (t, 2H, J = 7.3 Hz), 7.35 (t, 2H, J = 7.3 Hz), 7.19 (s, 2H),
5.21–5.13 (m, 2H), 4.99–4.92 (m, 2H), 1.85–1.75 (m, 2H),
1.61–1.36 (m, 6H); 13C NMR (DMSO-d6, 150 MHz) δ/ppm:
153.0, 137.6, 131.9, 131.2, 129.4, 128.0, 127.4, 127.3, 125.5,
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125.0, 124.9, 123.8, 122.2, 106.3, 67.48, 67.44, 37.8, 25.63,
25.60; HRMS (MALDI TOF/TOF) calcd for C34H30O4 [M − H]−

501.2066 found 501.2043.

1,10-Bis(3-hydroxy-2-anthryl)decane-1,10-diol (5e)

According to the general procedure from 8e (142 mg,
0.18 mmol) the reaction furnished the product (75 mg, 74%)
in the form of a beige solid.

Mp 250–252 °C; 1H NMR (DMSO-d6, 400 MHz) δ/ppm: 9.96
(s, 2H), 8.39 (s, 2H), 8.21 (s, 2H), 7.99 (s, 2H), 7.96 (d, 2H, J =
8.4 Hz), 7.93 (d, 2H, J = 8.3 Hz), 7.43–7.31 (m, 4H), 7.20 (s, 2H),
5.21–5.14 (m, 2H), 5.00–4.91 (m, 2H), 1.83–1.71 (m, 2H),
1.59–1.47 (m, 2H), 1.48–1.33 (m, 4H), 1.33–1.17 (m, 8H); 13C
NMR (DMSO-d6, 100 MHz) δ/ppm: 153.0, 137.6, 131.9, 131.2,
129.4, 128.0, 127.4, 127.3, 125.5, 125.0, 124.9, 123.8, 122.2,
106.2, 67.3, 37.7, 29.1, 29.0, 25.4; HRMS (MALDI TOF/TOF)
calcd for C38H38O4 [M − H]− 557.2692 found 557.2689.

Preparative irradiation experiments – general

A quartz vessel was filled with a solution of bis-naphthol
(0.05 mmol) in CH3OH (80 mL) and H2O (20 mL). The solution
was purged with Ar for 15 min and irradiated for 1 h in a
Rayonet photochemical reactor equipped with 10 lamps with
the output at 300 nm (1 lamp: 8 W). During the irradiation the
solution was continuously purged with Ar and cooled with a
tap-H2O finger-condenser. The course of the reaction was fol-
lowed by UPLC-MS/UV. The solvent was removed on a rotary
evaporator and the residue purified using a preparative
HPLC-MS/UV system.

Irradiation of 4a

According to the general procedure, after irradiation of 4a
(20 mg, 0.05 mmol) and chromatography, products 10a (6 mg,
28%) and 11a (15 mg, 67%) were isolated in the form of yellow-
ish solids.

3,3′-(1-Hydroxy-6-methoxyhexane-1,6-diyl)bis(2-naphthol) (10a).
A diastereoisomer mixture; mp 63–65 °C; 1H NMR (CDCl3,
400 MHz) δ/ppm: 7.99 (d, 1H, J = 5.5 Hz), 7.84 (br. s, 1H),
7.72–7.62 (m, 4H), 7.44–7.35 (m, 4H), 7.33–7.26 (m, 2H),
7.23–7.19 (m, 2H), 4.99–4.90 (m, 1H), 4.38 (q, 1H, J = 6.8 Hz),
3.37 (d, 3H, J = 7.6 Hz), 2.61 (br. s, 1H), 2.06–1.90 (m, 2H),
1.90–1.71 (m, 2H), 1.55–1.42 (m, 2H), 1.40–1.24 (m, 2H); 13C
NMR (CDCl3, 125 MHz) δ/ppm: 153.5, 153.4, 134.4, 134.2,
129.7, 128.1, 127.8, 127.7, 127.5, 127.3, 126.3, 126.3, 126.2,
123.6, 111.6, 111.4, 86.0, 85.9, 76.09, 76.07, 57.3, 36.8, 36.7,
35.7, 35.6, 25.5; HRMS (MALDI TOF/TOF) calcd for C27H28O4

[M + Na]+ 439.1885, found 439.1885.
3,3′-(1,6-Dimethoxyhexane-1,6-diyl)bis(2-naphthol) (11a).

Mp 48–49 °C; 1H NMR (CDCl3, 400 MHz) δ/ppm: 7.90–7.77 (m,
2H), 7.58–7.45 (m, 4H), 7.25–7.20 (m, H), 7.17–7.08 (m, 2H),
7.06 (s, 2H), 4.20 (q, 2H, J = 6.9 Hz), 3.22 (s, 3H), 3.20 (s, 3H),
1.90–1.74 (m, 2H), 1.66–1.53 (m, 2H), 1.36–1.24 (m, 2H),
1.19–1.07 (m, 2H); 13C NMR (CDCl3, 100 MHz) δ/ppm: 153.4,
134.4, 128.0, 127.79, 127.76, 127.38, 127.35, 126.3, 126.2,
123.5, 111.3, 86.0, 85.9, 57.3, 35.7, 35.6, 25.58, 25.52; HRMS

(MALDI TOF/TOF) calcd for C28H30O4 [M + Na]+ 453.2042
found 453.2037.

Irradiation of 4b

According to the general procedure, after irradiation of 4b
(20 mg, 0.05 mmol) and chromatography, products 10b (2 mg,
10%) and 11b (9 mg, 42%) were isolated in the form of yellow-
ish solids.

3,3′-(1-Hydroxy-7-methoxyheptane-1,7-diyl)bis(2-naphthol) (10b).
A diastereoisomer mixture; mp 45–47 °C; 1H NMR (CDCl3,
500 MHz) δ/ppm: 8.03 (br. s, 2H), 7.73–7.63 (m, 4H), 7.46–7.34
(m, 4H), 7.32–7.26 (m, 2H), 7.23–7.17 (m, 2H), 4.97–4.87 (m,
1H), 4.39 (t, 1H, J = 7.0 Hz), 3.38 (s, 3H), 2.03–1.89 (m, 2H),
1.88–1.70 (m, 2H), 1.51–1.39 (m, 2H), 1.38–1.20 (m, 4H); 13C
NMR (CDCl3, 125 MHz) δ/ppm: 134.2, 129.9, 128.0, 127.7,
127.5, 127.3, 126.3, 126.2, 126.1, 123.5, 111.5, 111.3, 86.1, 76.1,
57.3, 36.9, 35.7, 29.0, 15.7, 25.6; the signals of two quaternary
C-atoms were not observed; HRMS (MALDI TOF/TOF) calcd for
C28H30O4 [M + Na]+ 453.2042 found 453.2038.

3,3′-(1,7-Dimethoxyheptane-1,7-diyl)bis(2-naphthol) (11b).
Mp 39–40 °C; 1H NMR (CDCl3, 500 MHz) δ/ppm: 8.01 (br. s,
2H), 7.72–7.65 (m, 4H), 7.45–7.35 (m, 4H), 7.32–7.26 (m, 2H),
7.22 (s, 2H), 4.38 (t, 2H, J = 6.8 Hz), 3.39 (s, 3H), 3.38 (s, 3H),
2.05–1.91 (m, 2H), 1.80–1.69 (m, 2H), 1.49–1.37 (m, 2H),
1.36–1.18 (m, 4H); 13C NMR (CDCl3, 125 MHz) δ/ppm: 153.5,
134.4, 128.1, 127.8, 127.5, 127.3, 126.3, 123.5, 111.3, 86.1, 57.3,
35.8, 29.1, 25.7; HRMS (MALDI TOF/TOF) calcd for C29H32O4

[M + Na]+ 467.2198 found 467.2201.

Irradiation of 4e

According to the general procedure, after irradiation of 4e
(20 mg, 0.04 mmol) and chromatography, products 10e (3 mg,
13%) and 11e (8 mg, 38%) were isolated in the form of yellow-
ish solids.

3,3′-(1-Hydroxy-10-methoxydecane-1,10-diyl)bis(2-naphthol)
(10e). A diastereoisomer mixture; mp 44–45 °C; 1H NMR
(CDCl3, 500 MHz) δ/ppm: 8.06 (s, 1H), 7.94 (br. s, 1H),
7.73–7.64 (m, 4H), 7.47–7.42 (m, 2H), 7.42–7.36 (m, 2H),
7.32–7.27 (m, 2H), 7.23 (s, 2H), 4.98 (t, 1H, J = 6.6 Hz), 4.41 (t,
1H, J = 7.0 Hz), 3.40 (s, 3H), 2.63 (br. s, 1H), 2.04–1.90 (m, 2H),
1.89–1.79 (m, 1H), 1.79–1.72 (m, 1H), 1.50–1.35 (m, 2H),
1.34–1.14 (m, 10H); 13C NMR (CDCl3, 125 MHz) δ/ppm: 129.7,
128.1, 127.8, 127.5, 127.3, 126.34, 126.30, 126.2, 123.58,
123.53, 111.6, 111.3, 86.3, 76.4, 57.3, 37.0, 35.8, 29.2, 25.7, the
signals of two quaternary C-atoms and two tertiary C-atoms
were not observed; HRMS (MALDI TOF/TOF) calcd for
C31H36O4 [M + Na]+ 495.2511 found 495.2509.

3,3′-(1,10-Dimethoxydecane-1,10-diyl)bis(2-naphthol) (11e).
Mp 32–35 °C; 1H NMR (CDCl3, 500 MHz) δ/ppm: 8.09 (s, 2H),
7.74 (t, 4H, J = 8.7 Hz), 7.49 (s, 2H), 7.45 (t, 2H, J = 7.4 Hz),
7.34 (t, 2H, J = 7.4 Hz), 7.27 (s, 2H), 4.44 (t, 2H, J = 7.2 Hz),
3.44 (s, 6H), 2.08–1.94 (m, 2H), 1.86–1.74 (m, 2H), 1.53–1.39
(m, 2H), 1.37–1.19 (m, 10H); 13C NMR (CDCl3, 125 MHz)
δ/ppm: 153.6, 134.4, 128.1, 127.8, 127.6, 127.4, 126.3, 123.5,
111.3, 86.3, 57.3, 35.9, 29.3, 29.2, 25.8; HRMS (MALDI TOF/
TOF) calcd for C32H38O4 [M + Na]+ 509.2668 found 509.2678.
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Preparation of 3,3′-(1,10-dimethoxydecane-1,10-diyl)
bis(2-anthrol) (12e)

A flask (50 mL) was charged with 5e (18 mg, 0.03 mmol) and
methanol (20 mL). To the suspension concentrated sulfuric
acid (w = 98%, 0.1 mL) was added. After 16 h of stirring at rt,
the reaction mixture was diluted with water (20 mL) and care-
fully neutralized with saturated aqueous NaHCO3 solution
(≈4 mL). The mixture was transferred to a separation funnel,
and extracted with ethyl acetate (3 × 15 mL). The organic
extracts were dried over anhydrous MgSO4 and filtered, and
the solvent was removed on a rotary evaporator. The pure
product 12e (8 mg, 43%) was isolated by preparative HPLC-MS/
UV in the form of a beige solid.

Mp 65–68 °C; 1H NMR (CDCl3, 600 MHz) δ/ppm: 8.29 (s,
2H), 8.23 (s, 2H), 8.09 (s, 2H), 7.96–7.90 (m, 4H), 7.62 (s, 2H),
7.44–7.36 (m, 4H), 7.34 (s, 2H), 4.44 (t, 2H, J = 7.2 Hz), 3.43 (s,
3H), 3.43 (s, 3H), 2.07–1.96 (m, 2H), 1.84–1.75 (m, 2H),
1.48–1.39 (m, 2H), 1.31–1.21 (m, 10H); 13C NMR (CDCl3,
150 MHz) δ/ppm: 153.1, 132.5, 132.2, 130.3, 129.0, 128.1,
128.0, 127.6, 127.4, 125.9, 125.4, 124.4, 123.6, 109.6, 86.4, 57.3,
35.8, 29.3, 29.2, 25.9.

Quantum yield of photomethanolysis

The quantum yield of the photomethanolysis reaction was
determined by using KI/KIO3 (Φ254 = 0.74)44,45 as an actin-
ometer. The solutions of compounds 4 in CH3OH–H2O (4 : 1)
were prepared in concentrations corresponding to absorbances
in the range 0.5–0.9 at 254 nm. The solutions were purged
with an Ar stream (15 min each) and then sealed with a cap.
The solutions of compounds and the actinometer were irra-
diated in quartz cuvettes, at the same time with one lamp
(254 nm, 8 W). Yields on products 10, formed from 4, were
determined by UPLC-MS/UV and the obtained values were
used for the calculation of quantum yields (eqn (S6) in the
ESI†). Measurements were carried out three times in three
independent experiments, and the average value is reported.

Photochemical alkylation of BSA and HSA with 4a

A solution (2 mL) containing 4a (c = 5.60 × 10−5 M) and BSA (c
= 1.20 × 10−4 M) or HSA (c = 1.42 × 10−4 M) in aqueous sodium
phosphate buffer (c = 0.05 M, pH 0 7.0) : CH3CN 1 : 1 was irra-
diated in a Luzchem reactor (8 lamps, 350 nm, 1 lamp: 8 W)
for 10 min. The irradiated solution was diluted in CH3CN and
0.05 M phosphate buffer (1 : 1; v/v) at a concentration of 10−4

M and analyzed by MALDI-TOF mass spectrometry. Prior to
the analysis, 100 μL of the irradiated solution was purified
using Aspire RP30 Desalting Tips (Thermo Fisher Scientific,
MA, USA). After the purification, the solvent was evaporated in
a Speed-Vac (Eppendorf, Switzerland) and re-constituted in
10 μL of the sinapinic acid matrix (5 mg mL−1 of sinapinic
acid in 1 : 1, CH3CN : 0.1% TFA, v/v). The mixture of the
analyte and the matrix was deposited onto the MALDI plate
(1 μL) and dried slowly in a stream of cold air. MALDI mass
spectra were recorded on an AB SCIEX MALDI-TOF/TOF 4800+
(MA, USA). It was operated in linear ion mode with the follow-

ing parameters: delay time: 1500 ns, laser power: 4550 and
mass range: 20 000–150 000 Da, with a 66 600 mass center.
Applied calibration was external, performed with AB SCIEX
BSA and an IgG1 mass standard kit. Minimum ten spectra
were averaged to obtain the average molecular mass (see
Tables S1 and S2 in the ESI†).

Absorption and fluorescence measurements

UV-Vis spectra were recorded on a Varian Cary 100 Bio spectro-
photometer at rt. Fluorescence measurements were performed
on an Agilent Cary Eclipse fluorometer by using slits corres-
ponding to a bandpass of 2.5 nm for the excitation and 5.0 nm
for the emission. Fluorescence quantum yields were deter-
mined by using quinine sulfate in 1.0 N H2SO4 (Φf = 0.546) as
a reference.32 One fluorescence measurement was performed
by exciting the sample at three different wavelengths (300, 310
and 320 nm), and the average value was calculated (see eqn
(S1)–(S5) in the ESI†). Prior to the measurements, the solutions
were purged with Ar for 15 min. The measurement was per-
formed at rt (25 °C).

For the investigation of noncovalent binding to BSA and
HSA, stock solutions of bis-naphthol 4a in CH3CN (c = 7.45 ×
10−4 M), and BSA (c = 5.71 × 10−4 M) or HSA (c = 5.80 × 10−4 M)
in sodium phosphate buffer (pH = 7.0, c = 0.05 M) were pre-
pared, which were further diluted. The titrations were per-
formed by adding aliquots of the protein stock solution to the
solution of 4a (c = 1.49 × 10−5 M) in aqueous sodium phos-
phate buffer (pH = 7.0, c = 0.05 M) : CH3CN = 1 : 1. The sample
was excited at 320 nm, and the fluorescence spectra were
recorded by using slits corresponding to the band pass of
5 nm.

Single photon counting

The SPC set-up consisted of a PicoQuant (Berlin, Germany)
PLS 267 nm pulsed LED with a repetition rate of 10 MHz and a
Becker&Hickl (Berlin, Germany) SPC630 MCA card was
applied. The detector, an R5600A-U04 from Hamamatsu
(Herrsching, Germany), was used with a HP 6110A power
supply from HP at 900 V and an amplifier HF02 (+20 dB, 2 ×
5828A, 70 kHz to 14 GHz from PicoSecond Pulse Labs,
Boulder, CO, USA), together with a 6.5 GHz power limiter HTZ,
93346 MIC3171-1 (AEL via C. Plath GmbH, Hamburg,
Germany). To reduce the dark signal the detector was cooled
with a Peltier Cooler Model 350 (Light Control Instruments
Inc.) to 15 °C. The IRF of this set-up is 250 ps. The fluo-
rescence signal was separated with different band-pass filters
to assure almost monochromatic detection. The time traces
(4096 channels) were analyzed by the PicoQuant FluoFit
(Version 4.6.6) software and fit to eqn (S7) in the ESI.†

Laser flash photolysis

The measurements were performed on a LP980 Edinburgh
Instruments spectrometer. For the excitation the fourth har-
monic of a Qsmart Q450 Quantel YAG laser was used. The
energy of the laser pulse at 266 nm was set to 20 mJ and the
pulse duration was 7 ns. Absorbances at the excitation wave-
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length were set to 0.3–0.4. The static cells were used and they
were frequently exchanged to ensure no absorption of light by
the photoproducts. The solutions were purged for 15 min with
Ar or O2 prior to the measurements.
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