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9 ABSTRACT: A small library of pentacyclic quinoid compounds, called
10 KuQuinones (KuQs), has been prepared through a one-pot reaction.
11 KuQuinones complex structure is made up by two naphthoquinone units
12 connected by a five-membered ring. Due to KuQs structural features, keto−
13 enol tautomerization in solution likely occurs, leading to the generation of
14 four different species, i.e., the enol, the enolate, the external enol and the
15 diquinoid species. The interchange among KuQ tautomers leads to
16 substantial spectral variations of the dye depending on the experimental
17 conditions used. The comprehension of tautomeric equilibria of this new
18 class of quinoid compounds is strongly required in order to explain their
19 behavior in solution and in biological environment. UV−vis, 1H NMR
20 spectroscopies, and DFT calculations resulted appropriate tools to
21 understand the nature of the prevalent KuQuinone species in solution.
22 Moreover, due to the structural similarity of KuQuinones with camptothecin
23 (CPT), a largely used anticancer agent, KuQs have been tested against Cisplatin-resistant SKOV3 and SW480 cancer cell lines.
24 Results highlighted that KuQs are highly active toward the analyzed cell lines and almost nontoxic for healthy cell, indicating a
25 high specific activity.

26 ■ INTRODUCTION

27 Nowadays the rapid expansion of chemotherapy resistance
28 mechanisms is opening new windows for drugs development
29 and it is attracting a growing number of research groups.1

30 Currently, the majority of chemotherapeutic drugs are either
31 natural substances (eventually modified)1b or synthetic
32 products, inspired by natural ones. Among them, quinones
33 derivatives have a primary role as antitumor drugs; as an
34 example, lapachol,2 its pyrano and furano naphthoquinone
35 derivatives,3−7 shikonin,8,9 as well as doxorubicin10 are
36 characterized by the highest and most selective antiproliferative
37 activity toward different human cancer cells and they also
38 exhibit a wide spectrum of anticancer activity.
39 In 2012, we described a one-pot reaction for the synthesis of
40 a new class of quinoid compounds, called KuQuinones
41 (KuQs).11 Such compounds are characterized by a pentacyclic
42 skeleton where two naphthoquinoid units are fused with a
43 central five membered ring; similar structure has been found in
44 some natural pigments with interesting sun skin properties.12

45 To the best of our knowledge, KuQs synthesis represents a
46 unique case where an entirely conjugated pentacyclic molecule
47 is prepared through a one-pot reaction. Interest in KuQuinones
48 arises from their pentacyclic and conjugated structure that
49 resulted a crucial feature for their application as dye sensitizers
50 in photoelectrochemical devices.13 Moreover, the structural

51similarity of 1-ethylKuQuinone (KuQEt) with camptothecin
52(CPT), topotecan (the water-soluble CPT analogue), and also
53 f1with other polycyclic anticancer molecules (Figure 1),
54suggested the potential application of KuQs also as antitumor
55agents.14−16

56In this context, the anticancer activity of 1-ethylKuQuinone
57(KuQEt) has been preliminary investigated and better IC50

58values than those of cis-platinum (CDDP, a common
59chemotherapeutic drug, used in the treatment of different
60cancers), together with lower side effects on healthy cells, were
61detected on SKOV3 and SW480 lines, established for ovarian
62and colon pathologies.11 As for CPT,17,18 it has been
63demonstrated that KuQEt interacts with human topoisomerase
64I (TopI) but with a different mechanism: KuQEt is able to
65inhibit the cleavage of the DNA strand and consequently to
66induce cell death.19 Additionally, previous studies highlighted
67that KuQEt showed negligible cytotoxicity on healthy human
68fibroblasts (HF).
69To further understand the KuQs species involved in the
70formation of the DNA-TopI complex inside the cells, a detailed
71study of KuQuinones equilibria in solution is however
72necessary; to this aim, the synthesis of a new KuQuinone
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73 derivative, having a triethylene glycol side chain, appropriate to
74 enhance solubility in aqueous environment, is presented. Also, a
75 screening of the antitumor activity of a series of KuQs has been
76 performed. No attempts have been made to modify the KuQ
77 core, because the pentacyclic structure is essential in binding
78 and interacting with DNA-TopI complex. Hence, structural
79 modifications were exclusively made in the side chain of KuQs
80 and such alterations lead to substantial variations of solubility,
81 hydrophobic character, geometry, and spatial arrangement of
82 the compound.

83 ■ RESULTS AND DISCUSSION
84 Synthesis. The synthetic procedure of KuQ compounds is
85 now well established and it easily occurs through a one-pot
86 process;11,13b this unusual reaction takes place in the classical
87 SN2 conditions and entails the dimerization-condensation of
88 two molecules of 2-hydroxy-1,4-naphthoquinone with an alkyl
89 bromide, to form the central five-membered ring with the loss
90 of a carbon atom. Catalytic amount of ferrocene is required, in
91 order to disfavor the otherwise prevalent SN2 reaction, thus
92 promoting KuQ formation.11 The outcome of the process
93 appears to be strictly dependent from several parameters, such
94 as the nature of the solvent, the alkyl halide, the alkyl chain
95 length, as well as the presence of other functional groups. The
96 essential role of DMSO, which is probably involved in the
97 reaction pathway, and the use of bromides as alkyl derivatives
98 source have been already discussed.11

99 In the present article, different KuQuinone derivatives,
100 suitable for biomedical applications, have been prepared with

101the purpose to optimize the corresponding antitumor activity
102and to improve their solubility in aqueous media, in order to
103 s1t1study their equilibria in solution (Scheme 1 and Table 1). The
104scope of obtaining a significant variation in the side chain of
105KuQuinones was achieved through different functional groups
106directly bound at the alkyl bromide reagent.
107In analogy with CPT,20 the synthesis of water-soluble
108KuQuinone derivatives was considered, hence in addition to
109KuQuinones 1−6 , the triethylenglycole side chain
110(TEGMe)21,22 was introduced via esterification of the starting
1116-bromohexanoic acid. Such modification led to a remarkable
112improvement of the solubility of the corresponding derivative
113in several conventional organic solvents, but KuQ-
114(CH2)3CO2TEGMe (7, hereafter KuQTEGMe) was still
115poorly soluble in aqueous media. Nonetheless, the improved
116solubility in the other solvents allowed the study of equilibria in
117solution with UV−vis and 1H NMR techniques.
118Equilibria in Solution: Spectroscopic Study. The
119pentacyclic and fully conjugated structure of KuQuinones is a
120crucial feature for their application as dye sensitizers in
121photoelectrochemical devices,13 being responsible for their
122intense and broad absorption in the visible region of the
123spectrum. However, changing solvent properties, significant
124variations affecting molar extinction coefficients and spectrum
125 f2shape were observed (Figure 2).
126Considering the structural features of KuQuinones, the
127intramolecular hydrogen bond between enol oxygen and the
128vicinal carbonyl oxygen (which was confirmed by X-ray)11 has a
129fundamental role. Since KuQuinones contains two naphtho-
130quinone units, keto−enol tautomerization could be the cause of
131such spectral variations. Specifically, four different species are
132 s2expected (Scheme 2): the enol form, stabilized by the presence
133of intramolecular hydrogen bond; the enolate form, in which
134the negative charge is delocalized over the two quinoid units;
135the external enol in which intramolecular hydrogen bond is not
136practicable; and the diquinoid species, where there is no
137conjugation across the five rings because of the formation of a
138sp3 carbon.
139In such scenario, solvent properties exert a fundamental role,
140determining the prevalence of one species in solution and
141influencing the spectral behavior. Keto−enol tautomerization of
142diketones has been previously investigated and it is established
143that keto/enol ratio is generally dependent on the solvent
144polarity.23 To note, in apolar media enol stabilization due to
145intramolecular hydrogen bond is more pronounced, since the
146solvent cannot compete in hydrogen bond formation. As a
147consequence, at large the amount of enol form is much higher
148in apolar solvents than in polar ones. Conversely the diquinoid
149form is usually prevalent in polar solvents because of the
150favorable hydrogen bond interactions.24

Figure 1. Structural analogies between 1-ethylKuQuinone and other
antitumor molecules.

Scheme 1. One-Pot Synthesis of KuQs 1-7 Using Appropriate Alkyl Bromides
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151 For this reason, to better clarify KuQuinones equilibria in
152 solution, spectroscopic experiments have been performed in
153 three solvents, differing in polarity and ability to participate in

f3 154 hydrogen bond formation (Figure 3). In particular, chloroform,
155 dimethyl sulfoxide, and methanol have been used being,
156 respectively, slightly polar, aprotic polar, and protic polar
157 solvents. Such study resulted an appropriate tool to understand
158 the nature of the prevalent KuQs species in biological media
159 that are responsible for their antitumor activity.
160 Herein, KuQTEGMe has been used as model compound
161 because, with respect to other KuQuinone derivatives, it
162 showed an improved solubility in many conventional organic
163 solvents, thanks to the triethylenglycole side chain. Never-

164theless, differences in side chain do not influence absorption
165spectrum of KuQuinones as well as their equilibria in solution.
166Regarding KuQTEGMe absorption spectra in different
167solvent, significant alterations in the shape have been observed
168in the region above 350 nm: in chloroform, the UV−vis
169spectrum is characterized by two bands between 450 and 600
170nm, with a relative maximum of absorption approximately at
171530 nm and the absolute maximum around 570 nm (red line).
172The figure recorded in chloroform can be reasonably assigned
173to the enol form of the KuQuinone derivative. Experimental
174proof can be found in the 1H NMR recorded in the same
175solvent (Figure S3 in SI) in which the enol proton is visible at
17618 ppm. The intramolecular hydrogen bond is evident from the
177characteristic chemical shift of this signal, which is strongly
178deshielded.12,25 This allows excluding the presence of the
179external enol form of the molecule in chloroform, where
180intramolecular hydrogen bond would not be possible, and the
181corresponding signal would be expected at higher fields.
182Considering the exclusive presence of the enol form of
183KuQuinone in CHCl3, the aid of an excess of a basic
184component reasonably imply deprotonation of the enol
185group, generating the enolate species. As a result, a strong
186spectral variation has been obtained (Figure S8 in SI).
187Noticeably, the obtained spectral profile, that is diagnostic of
188the enolate form, perfectly matches with the shape of the
189spectrum in DMSO. Referring to the spectra in DMSO, the
190maximum of absorption is shifted between 350 and 400 nm,
191while bands between 450 and 550 nm are inverted in relative
192intensities with respect to those in chloroform and shifted at

Table 1. Reaction Conditions for KuQ Synthesisa

Br-CH2CH2-R KuQ yield (%)b ref

1 Br-propyl KuQCH3 6 11
2 Br-butyl KuQCH2CH3 15 11
3 Br-octyl KuQ(CH2)5CH3 6 11
4 Br-(CH2)11OH KuQ(CH2)9OH 7,5 11
5 (6)c Br-(CH2)5CO2Et KuQ(CH2)3CO2Et 14 13b
7 Br-(CH2)5CO2TEGMe KuQ(CH2)3CO2TEGMe 9

a2-Hydroxy-1,4-naphthoquinone 0.26 M; alkyl bromide 0.54 M; K2CO3 0.36 M; ferrocene 1.5 × 10−2 M; time 41 h, temperature 114 °C. bAfter
purification by column chromatography and reiterated crystallizations. cCompound 6 obtained through hydrolysis of compound 5 in quantitative
yield.

Figure 2. 1-EthylKuQuinone absorption spectra in different solvents
(concentration range 2−6 μM).

Scheme 2. Possible Keto−Enol Tautomerism in
KuQuinones

Figure 3. Absorption specta of 1-(3-MeTEGcarbonylpropyl)-
KuQuinone 5.6·10−6 M in CHCl3 (red line), MeOH (blue line),
and DMSO (green line).
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193 lower wavelengths. Moreover, also 1H NMR spectrum recorded
f4 194 in DMSO-d6 (Figure 4) allows the enolate form of

195 KuQTEGMe identification: i.e., the absence of the enol proton
196 signal and the differences in the corresponding aromatic region
197 can be assigned to the negatively charged species. The presence
198 of the enolate species is probably due to water traces dissolved
199 in the solvent and also to its higher basicity in DMSO than in
200 low-polar solvent.
201 As to KuQTEGMe in MeOH, the shape of the absorption
202 spectrum was halfway to those in DMSO and in CHCl3. It
203 seems plausible that in MeOH the two species (enol and
204 enolate) can coexist in equilibrium, while they are well
205 distinguished in the other two solvents.
206 To further comprehend such behavior, absorption spectra
207 have been recorded with different concentration of KuQ-
208 TEGMe. Concerning CHCl3 and DMSO (Figures S9−S10 in
209 SI), no modifications were detected, while strong differences
210 appeared in MeOH (Figure S11 in SI). Specifically, in MeOH,
211 when KuQTEGMe concentration is lower than 1.0·10−5 M, the
212 prevalent species is the enolate, while at higher concentration
213 aggregation phenomena may occur, causing the broadening of
214 the spectrum. Namely, aggregates formation can be favored by
215 the planar, pentacyclic, and fully conjugated structure of
216 KuQuinone, where π-stacking and intermolecular hydrogen
217 bonds may easily take place.
218 In the presence of a base, i.e., water, a continuing spectral
219 modification appears, due to the progressive deprotonation of
220 the enol group, which leads to the negatively charged system

f5 221 formation (Figure 5). In this latter case, the charge is
222 delocalized across the KuQuinone core and the charge
223 repulsion inhibits the aggregation, also at high concentration.
224 To validate the assumptions, 1H NMR spectra in CD3OD
225 have been performed at different concentrations. In methanol,
226 the absence of the enol proton signal, due to the −OH
227 exchange with deuterium in the solvent, hampers the detection
228 of the enolate form. The most important difference between

f6 229 the spectra involves the aromatic region (Figure 6). In
230 particular, at low concentration, the spectrum is well resolved
231 and also the multiplicity of the signals is well-defined. At higher
232 concentrations, loss of the resolution of the spectrum is
233 observed, confirming the hypothesis that in methanol,
234 aggregation phenomena occur.
235 To summarize, experimental data suggest that in the solvents
236 used, KuQuinones undergo acid−base equilibrium on the enol

s3 237 group (Scheme 3). Indeed, the observed spectral variations are
238 easily attributed to the acid−base behavior of the enol; while
239 aggregation phenomena are more plausible in concentrated
240 solutions.

241Further, no spectroscopic evidence has been achieved to
242confirm the existence of the diquinoid species or external enol
243species in solution. For this reason, the pKa value of
244KuQTEGMe has been calculated from absorption spectra by
245dissolving KuQTEGMe in MeOH and diluting it in aqueous
246solution at different pHs (more details are given in SI). At pH
247values lower than 5.6 the obtained absorption spectra are
248typical of the enol form of the KuQuinone, while at higher pHs
249a strong variation of the spectrum appears, indicating the
250presence of the deprotonated species. The variation of the
251absorbance at 585 nm from pH describes a sigmoidal curve
252used for calculating a pKa = 4.7 ± 0.1. Such a low pKa may
253explain why in MeOH and DMSO water traces may capture the
254acid enol proton.
255Equilibria in Solution: DFT Calculations. To substantiate
256experimental data, DFT calculations have been performed,
257using hybrid functional B3LYPor PBE0 and 6-31G+dp basis set
258for geometry optimization and B3LYP 6-311G++dp basis set
259both in vacuum and using the PCM (polarized continuum
260model) with water as solvent, in single point energy calculation.
261In order to simplify the model 1-methylKuQuinone was utilized
262(Figure S16 in SI). Results point out the higher stability of the
263enol form with respect to the diquinoid and the external enol
264species. Obtained energy values for all the species are reported
265 t2in Table 2. Same calculations for the enolate species are not
266directly comparable with the other neutral species because of
267the presence of the charge.
268Experimental pKa values have been also compared with
269theoretical ones, calculated using Gaussian 0926 and Jaguar27

270programs.
271With Gaussian 09, pKa calculations with the aid of two water
272molecules have been performed. In fact, previous works have
273demonstrated that pKa determination performed using non-
274solvated species offered unsatisfactory results. Accordingly, two
275water molecules should be preferably added to both the neutral
276 f7and anionic species (Figure 7).28

277Hence, the pKa determination of a generic acid HA can be
278performed by taking into account the following proton-transfer
279reaction:

+ → +− −HA(H O) OH (H O) A (H O) H O(H O)2 2 2 2 2 2 2 2 2
280(1)

281that gives eq 1 for pKa calculation at 298.15 K:

Figure 4. Comparison between 1H NMR spectra of KuQTEGMe in
(a) CDCl3, (b) DMSO-d6.

Figure 5. Spectral variation by water titration of KuQTEGMe 10−4 M
in MeOH (from dark blue to light blue).
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= Δ −K Gp ( /2.3RT) 15.74a solv282 (2)

283 where:

284 • ΔGsolv is the solvation free energy,29 theoretically
285 calculated using integral equations formalism polarized
286 continuum model (IEF-PCM method) B3LYP 6-311G+
287 +(d,p).
288 • 15.74 is the pKa value for pure water.

289 Such calculations were applied to estimate KuQuinone pKa
290 value. In order to simplify the model, 1-methylKuQuinone is
291 still used as reference molecule. Water contribution in the
292 model can be observed in the stabilization of the negatively
293 charged molecule through the formation of hydrogen bonds,

294while in the enol species the contribution is expected to be low,
295because of the preferred intramolecular hydrogen bond (Figure
2967).
297Same calculations were performed for 2-hydroxy-1,4-
298naphtoquinone (NQ). In fact, since these systems can be
299constructed in several models, it is preferable to compare, in the
300same settings, calculated pKavalue with those of a simpler
301reference molecule. For this reason, NQ with two water
302molecules has been used as reference.
303The pKavalue for 1-methylKuQuinone (KuQMe) can be
304corrected as follows:

= − −

K

K K K

p (corrected)

p (calc) [p (calc) p (exp)]

a KuQMe

a KuQMe a NQ a NQ

= − − =Kp (corrected) 1.89 [1.58 4.50] 4.81a KuQMe

305Thus, pKa = 4.81 has been calculated using Gaussian 09, which
306is well in line with the experimental one (4.7 ± 0.1).
307Lower pKa values for both molecules have been directly
308calculated using Jaguar software:

=Kp (calc) 4.2a KuQMe

=Kp (calc) 3.1a NQ

309Equilibria in Solution: Gas-Phase Analyses. In order to
310understand acid−base equilibrium of KuQs inside the cell, MS-

Figure 6. 1H NMR spectra in MeOD: (a) 1.0·10−5 M; (b) 5.0·10−6 M; (c) 1.0·10−6 M.

Scheme 3. Acid−Base Equilibrium of KuQuinone

Table 2. Calculated Energy of 1-MethylKuQuinone in
Vacuum and in Water (PCM)

ΔE (kcal·mol−1) enol external enol diquinoid

vacuum 0 16.0 20.0
water 0 11.0 10.5

Figure 7. Optimized geometries (B3LYP 6-31G+dp basis set) for 1-methylKuQuinone with two water molecules (enol form on the left and enolate
species on the right).26
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311 ESI gas-phase analyses have been performed, considering that
312 gas-phase could be a model of the lipophilic region of the cell.
313 In this experiment, proton affinities, defined as the negative
314 of the enthalpy change (−ΔH) for the reaction30

+ →− +A H HA

315 are available by measuring the equilibrium constant for a
316 reverse proton-transfer reaction to a second base, as a function
317 of the temperature.31,32

318 Also in the MS-ESI gas phase analysis, 2-hydroxy-1,4-
319 naphtoquinone has been used as the reference compound.
320 Specifically, the anions KuQMe− and NQ− have been readily
321 formed upon electrospray ionization of a CH2Cl2-MeOH (1:4)
322 solution containing equimolar amounts (10−3 M) of both
323 KuQMe and NQ. The experiment involves the competitive
324 fragmentation of proton-bound dimers composed by a proton

s4 325 and the two ionized compounds under examination (Scheme
s4 326 4).

327 Collision induced dissociation of [KuQ---H---NQ]− likely
328 results in the observation of both anions. If the relative
329 abundance of the peak pertaining to KuQ− is higher than that

f8 330 of NQ−, as in the experiment shown in Figure 8, it retains a
331 lower proton affinity with respect to NQ−, and therefore a
332 higher gas-phase acidity.
333 In order to establish a more precise comparison of proton
334 affinities of KuQ and NQ anions, gas-phase reactivity of both
335 KuQMe and NQ has been compared with that of compounds
336 with known anion proton affinity, namely two benzoic acid
337 derivatives.33

338 The experiments unambiguously indicated the proton affinity
s5 339 order reported in Scheme 5, assessing the higher acidity in gas-

340phase of KuQuinone with respect to the structurally related
341compound NQ.
342DFT calculations also confirmed these data. In particular,
343following geometry optimization of anionic and neutral species
344of both NQ and KuQ (using B3LYP 6-31G+dp basis set), zero
345point energies have been calculated using B3LYP 6-311G++dp
346level of theory. The energy difference (ΔE) between the
347anionic and the neutral species of NQ in the vacuum (thus
348simulating the gas-phase analysis) was almost 0.5 kcal/mol
349higher than that of KuQ. Such result indicates a lower stability
350of the anionic NQ species in the vacuum and consequently a
351higher proton affinity, confirming the lower acidity of NQ than
352 t3KuQ in the gas-phase analysis (Table 3).
353To conclude, it has been observed that acidity trends for
354KuQuinones and 2-hydroxy-1,4-naphtoquinone in the gas
355phase and aqueous solvent (both experimentally and
356theoretically calculated) are divergent: in particular as expected
357aqueous solvation has a key role in determining stability and
358acidity of the studied molecules. Specifically, NQ anion is
359smaller than KuQ anion and in NQ− the negative charge is
360delocalized over two rings instead of five. For these reasons, the
361energy gain due to solvation in water should be higher with
362respect to KuQ−. Hence, solvation implies higher stability of
363NQ− than KuQ− and lower proton affinity in aqueous solution.
364Conversely, no solvation effect can be expected in the gas-phase
365where the negative charge is more delocalized in KuQ− than in
366NQ−. Such extended delocalization implies higher stability of
367KuQ− and consequently higher acidity than NQ in the gas
368phase.
369Cytotoxic Activity Against Human Cell Lines. Inhibition
370of growth in SW480 and SKOV3 cell lines by the new KuQs
371was evaluated by the colorimetric MTT assay, which provides a
372quantitative estimation of the number of viable and
373 t4metabolically active cells in a culture. As reported in Table 4,
374all the compounds show an efficient antiproliferative activity, in
375agreement with previous results.
376Referring to SW480, all the IC50 values are lower than, or
377equal to 21 μM, suggesting that this experimental setting is
378more sensitive than the previous one (Figure S17). Results
379indicate that compounds 2, 3, 5, and 7 have an IC50 value lower
380than 10 μM. This result is likely correlated to the presence of

Scheme 4. Competitive Fragmentation of Proton-bound
Dimers of Ionized KuQ and NQ in the Presence of a Proton

Figure 8. Obtained MS-ESI spectra for gas-phase proton affinity analysis.
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381 apolar or low polar side chains, but further studies are still
382 necessary to confirm such hypothesis. Interestingly, compound
383 5 has an IC50 value only double than that of CDDP (≈ 8 and
384 ≈4 μM, respectively) while compound 7 is four times more

f9 385 effective than the reference molecule, as shown in Figure 9.
386 TEG modification may help compound 7 cellular uptake,
387 changing the interactions with the lipophilic and hydrophilic
388 parts of the cells, thus allowing the molecule to easily cross the
389 membrane. These results suggest that the modification in alkyl
390 side chain significantly affects the antitumor activity of KuQs on
391 SW480 cellular line. Indeed, IC50 ranges among a very low

392value (as for compound 7 ≈ 1,5 μM) to high ones (≈ 21 μM
393for compound 4). This evidence supports the hypothesis that
394the nature of the side chain strongly affects the cellular uptake,
395rather than trigger the mechanism of drug resistance. A less
396clear trend has been observed with SKOV3 cells: here a wide
397variation in IC50 values has been observed. They fluctuate from
398≈5 μM (that is a very promising value, being two times lower
399than that of CDDP) up to ≈52 μM. Compounds 2 and 3,
400having hydrophobic chains, are the most efficient ones, and the
401dose that caused the 50% of growth inhibition is lower than
402 f10that of CDDP (Figure 10). Compounds 1, 4, and 5 have similar

403IC50 values ≈26 μM while compound 7 has an IC50 value close
404to 35 μM, suggesting a cellular membrane composition for
405SKOV3 very different from that of SW480.
406To note, compounds 2 and 3 show a toxic dose only 2 orders
407of magnitude higher than CPT (the IC50 values for CPT on
408SKOV3 is in the nanomolar range),34 but their cytotoxic
409activity toward healthy HF confirms the appealing of the KuQ
410library as antitumor agents (Table 4 and Figure S19). In fact,
411results highlight that compounds 3, 4, and 5 have the highest
412IC50 values against HF, larger than 200 μM, and compounds 6
413and 7 show an IC50 lower than 100 μM (≈ 93 and ≈72 μM,
414respectively). This is a very promising result, in particular
415considering that CPT usually shows high toxicity on healthy
416cells. Moreover, further modifications on the side chain of
417KuQs may still improve these values.
418Overall, the KuQ analogues tested, with the exception of 1 in
419SW480 and 1, 6, and 7 in SKOV3, showed very high SI values.
420In fact, compounds 3 and 5 demonstrate an antitumor activity
421toward SW480 slightly higher than that of CDDP, but they
422have significantly lower toxicity against human fibroblasts.
423Among the tested KuQ derivatives, the most efficient one was
424compound 3, i.e., 1-hexylKuQuinone, that showed the best
425result in terms of IC50 for both cancer cell lines. In detail,
426compound 3 exhibits promising antiproliferative activity and a
427selectivity index greater than 44 and 25 for SW480 and SKOV3,

Scheme 5. Proton Affinity Order for the Analyzed Molecules

Table 3. Calculated Energy Difference (ΔE) between
Anionic and Neutral Species in the Vacuum

ΔE (kcal·mol−1)

KuQMe 327.031
NQ 327.517

Table 4. Growth Inhibition Concentrations in SW480 and
SKOV3 Cell Lines and in Healthy Human Fibroblasts (HF)
by KuQanaloguesa

IC50(μM)
SW480

IC50(μM)
SKOV3 IC50(μM)

SIb

SW480
SIb

SKOV3 logPc

1 20.4 ± 3 27.8 ± 3 24 ± 3 1.2 0.86 0.63
2 8.5 ± 3 4.8 ± 2 37 ± 5 4.4 7.7 1.05
3 9.6 ± 5 5.5 ± 4 245 ± 8 25.5 44.5 2.72
4 21.5 ± 2 24.8 ± 3 >400 >20 >20 2.77
5 7.8 ± 2 25.7 ± 3 380 ± 7 48.7 14.8 1.08
6 19.3 ± 2 52.2 ± 6 92.5 ± 6 4.8 1.8 0.48
7 1.5 ± 2 35 ± 6 72.3 ± 6 48.2 2.1 0.28
CDDP 4.2 ± 1 10.4 ± 2 25 ± 4 5.9 2.4

aAll the compounds were incubated with cells for 72 h and tested by
MTT assay. Results were determined from the dose−response curves
and are expressed as average of three independent experiment ± SD.
bCalculated values: IC50 healthy cells/IC50 cancer cells. cSoftware
calculations.

Figure 9. Antiproliferative activity of 5(blue line), 7 (red line), and
CDDP (black line) against SW480 cell line after 72 h. Average of three
independent experiments ± SD.

Figure 10. Antiproliferative activity of 2 (blue line), 3 (red line), and
CDDP (black line) against SKOV3 cell line after 72 h. Average of
three independent experiments ± SD.
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428 respectively. To note, cytotoxicity for human fibroblast is higher
f11 429 than 200 μM (Figure 11).

430 In order to correlate physical and chemical properties with
431 the cytotoxic activities, we used the logP values for the KuQ
432 compounds, as obtained by software calculations (see
433 Experimental Section for details). This parameter relates to
434 the lipophilicity of a molecule and represents a key parameter
435 to describe the ability to cross biological membranes and
436 therefore the pharmacokinetic processes. It is usually defined as
437 the partition of the compound between aqueous and
438 nonaqueous phases, namely between water and 1-octanol
439 (logPo/w). In addition it is possible to estimate the logP through
440 software calculations and/or appropriate chromatographic
441 methods.35−37 Introduction of different alkyl chains and/or
442 functional groups allowed to obtain significant variations of the
443 logP value (Table 4), as well as a remarkable difference in
444 geometry. The lowest value of logP has been shown for the
445 KuQ derivative containing the triethylene glycol mono methyl
446 ether chain (7), while the most hydrophobic compound is the
447 one with a γ-hydroxynonyl chain (4). A simple correlation
448 between logP calculated values and the corresponding
449 antiproliferative activities is not observable, probably because
450 several factors are involved in the structure−activity relation-
451 ships of KuQs compounds. In fact, besides the compounds
452 diffusion across cellular membranes, which is generally well
453 described by logP parameter, the ability to react with target
454 biological macromolecules should also be considered (polar-
455 izability, molecular volume, etc.).38

456 All the reported results suggest to investigate KuQs
457 derivatives further as antitumor drugs on the basis of the
458 toxic effect on treated tumor cells. However, the toxic power of
459 each molecule is strictly associated with the cellular line.
460 Compound 7 is the most promising drug against SW480, even
461 if its IC50 in human fibroblast is not negligible. Instead,
462 compounds 3 and 5 show IC50 values double than that of
463 CDDP and very promising behavior on healthy cells. Referring
464 to SKOV3, compounds 2 and 3 have the highest toxicity, but
465 only compound 3 is nontoxic toward human healthy cells. As
466 wide-ranging antitumor agent with high activity toward
467 different tumor cells and negligible effect on healthy ones,
468 molecule 3 should be the choice.

469■ CONCLUSIONS
470In this article, a detailed investigation of KuQuinones behavior
471in solution has been performed in order to recognize their role
472as antitumor agent.
473In particular, UV−vis and 1H NMR studies have been carried
474out in different organic solvents in order to understand the
475nature of the species in solution. To date, experimental
476evidence suggests that the enol and the enolate forms of
477KuQuinones, caused by the acid−base reaction at the enolic
478group, are the only species in solution. Same behavior can be
479expected in biological environment. Theoretical calculations
480wholly support the mentioned experimental evidence, demon-
481strating that other possible tautomers (i.e., the external enol
482and the diquinoid species) are energetically unfavored.
483Such acid−base equilibrium in KuQuinones is likely the
484driving force that is responsible of the KuQs antitumor activity,
485allowing it to strongly interact with the DNA-TopI complex.
486In this context, the activity of diverse KuQs (differing in side
487chain length and functional groups) has been tested to further
488improve their performances as antitumor agents. Results
489highlighted that KuQs are highly active toward the analyzed
490cell lines. In particular, for SW480 line, compound 7 shows the
491highest efficiency while compounds 2, 3, and 5 are toxic at a
492dose double than that of CDDP. Similar results were obtained
493also for SKOV3, with compounds 2 and 3 being the most
494efficient ones. Calculation of SI helps the identification of the
495most promising compound and in this context molecule 3
496resulted almost nontoxic for healthy cell, indicating high
497specific activity toward tumor cell.

498■ EXPERIMENTAL SECTION
499Materials and Methods. Instrumentation. The purity of the
500synthesized compound was checked by HPLC analysis using a UV−vis
501detector, equipped with an Ascentis Express F5 150 × 4.6 mm column
502and CH3CN/H2O 3:2 as eluent; all the compounds were ≥99% pure.
503High-resolution mass and NMR spectrometry were used to character-
504ize and confirm the structure of all the synthesized compounds; in
505particular, NMR spectra were recorded in saturated CDCl3 solutions
506with a spectrometer operating at 300.13 MHz for 1H and at 75.43
507MHz for 13C. The NMR peak assignments were confirmed by DQF-
508COSY at 600.013 MHz. GC/MS were performed using a Supleco
509SLB-5MS column. DFT calculations (geometry optimization and
510single point energies) have been performed with Gaussian 09 rev.
511A02.26 Theoretical pKa determination has been performed using
512Gaussian 09 and Jaguar. logP calculations were performed using
513SPARTAN’10 Wave function, Inc., Irvine, CA, at B3LYP level with 6-
51431 G* basis set.
515Synthesis. The optimized synthetic procedure for KuQs1−6 was
516recently reported.11,13b Reagents were purchased and used without
517further purification. Spectrophotometric grade DMSO was kept over
518anhydrous K2CO3 overnight prior to use. Glassware was dried under
519N2.
520Synthesis of Methoxy Triethylene Glycolyl 6-Bromohexanoate. 6-
521Bromohexanoic acid (4.9 g, 25 mmol) was dissolved in 25 mL of
522triethylene glycol monomethyl ether and 150 μL of 37% HCl have
523been added. The reaction mixture was kept under stirring at 40 °C for
5243 days. It was then diluted with 100 mL of dichloromethane and
525extracted with small portions of water and brine (6 × 30 mL). Organic
526phase was dried over Na2SO4, filtered, and the solvent was evaporated
527under reduced pressure. Afterward, it was dried at the vacuum pump
528to eliminate residual water. A pale yellow liquid was obtained (8.5 g;
529yield >99%) and it was characterized by 1H NMR analysis. 1H NMR
530(CDCl3, 300 MHz): δ 4.26−4.22 (m, 2H), δ 3.72−3.64 (m, 8H), δ
5313.57−3.54 (m, 2H), δ 3.44−3.41 (t, J = 6.30 Hz, 2H), 3.39 (s, 3H), δ
5322.39−2.34 (t, J = 7.34, 2H), δ 1.91−1.86 (m, 2H), δ 1.70−1.64 (m,
5332H), δ 1.52−1.46 (m, 2H). 13C NMR (CDCl3, 300 MHz): δ 172.9 (C

Figure 11. Comparison between KuQHex (3, green bars) and
Cisplatin (CDDP, black bars) antiproliferative and cytotoxic activities.
Average of three independent experiments ± SD.
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534 = O), 71.5, 70.2, 70.10, 68.7, 63.0, 58.6 (MeTEG carbons), 33.5, 33.0,
535 31.9, 27.2, 23.6 (aliphatic carbons). GC/MS pure 99% m/z: 220.85
536 (100%), 222.81 (98%) [M-C5H11O3]

+. Anal. Calcd for C13H25BrO5:
537 C, 45.76; H, 7.38. Found: C, 45.82; H, 7.76.
538 Synthesis of 1-(3-MeTEGcarbonylpropyl)KuQuinone (KuQTEGMe)
539 (7). The reaction was carried out using methoxy triethylene glycolyl 6-
540 bromohexanoate as alkyl bromide and according to the general
541 procedure.11 12 mmol of the alkyl bromide were added to 2.5 g (8
542 mmol) of anhydrous Cs2CO3, 1 g (5.75 mmol) of 2-hydroxy-1,4-
543 naphthoquinone, and 62 mg (0.33 mmol) of sublimated ferrocene in
544 22 mL of DMSO. The brown powder obtained was purified by plug
545 chromatography (SiO2, CH2Cl2 and MeOH 1% as eluent). Isolated
546 product was repeatedly crystallized from dichloromethane-hexane and
547 washed with pentane. A purple powder was obtained (146 mg, yield:
548 9%) and was characterized. 1H NMR (CDCl3, 300 MHz): δ 18.12 (s,
549 1H), δ 8.22−8.15 (m, 4H), δ 7.76−7.65 (m, 4H), δ 4.25−4.22 (t, J =
550 5.04 Hz, 2H), δ 3.71−3.64 (t, J = 5.04 Hz, 2H), δ 3.59−3.52 (m, 6H),
551 δ 3.48−−3.37 (m, 4H), δ 3.34 (s, 3H), δ 2.53−2.51 (t, J = 7.80 Hz,
552 2H), δ 2.10−2.05 (m, 2H). 13C NMR: δ 180.5, 177.7, and 173.1 (C
553 O); 148.8, 135.3, 134.7, 132.7, 132.3, 131.5, 127.4, 126.8, and 125.2
554 (aromatic carbons); 71.5, 70.2, 68.8, 63.0, 58.6, 33.7, 26.0, and 24.0
555 (aliphatic carbons). HRMS (ESI-) m/z: [M−H]−calcd. for C32H29O9
556 557.1817; found 557.1839. Anal. Calcd for C32H30O9 · H2O: C, 66.70;
557 H, 5.60. Found: C, 67.38; H, 5.70. mp 77−80 °C.
558 Experimental pKa Determination. pKavalue of KuQTEGMe has
559 been determined from absorption spectra as a function of pH. To this
560 aim aqueous solutions at different pH have been prepared using HCl
561 and NaOH. pKa value was determined using the inflection point of the
562 obtained curve.
563 pKa for 2-Hydroxy-1,4-naphtoquinone (NQ). NQ (5.4 mg) was
564 dissolved in 5 mL of spectrophotometric grade methanol ([NQ] = 6.2·
565 10−3 M). Thirty microliters of this solution was added in a cuvette
566 containing 1.8 mL of water (at the different pH values). Concentration
567 of NQ in the cuvette was 1.0·10−4 M. UV−vis absorption spectrum of
568 the resulting solution was recorded and, in particular, the absorbance
569 of the band centered at 453 nm was followed in order to calculate the
570 pKa value for NQ.
571 pKa for KuQTEGMe. KuQTEGMe (1.2 mg) was dissolved in 5 mL
572 of spectrophotometric grade MeOH ([KuQTEGMe] = 4.3·10−4 M).
573 Ninety microliters of this solution was added in a cuvette containing
574 1.8 mL of water (at the different pH values). Concentration of NQ in
575 the cuvette was 2.0·10−5 M. UV−vis absorption spectrum of the
576 resulting solution was recorded and the behavior of the band centered
577 at 585 nm was followed for pKa determination.
578 Theoretical pKa Determination. Theoretical pKa determinations
579 were performed using Gaussian 09 (following previously reported
580 literature procedures)26,28 and Jaguar27 programs.
581 Gas-Phase Analyses. ESI mass spectra were obtained in negative-
582 ion mode, by introducing a 1:1 mixture of two selected compounds
583 dissolved in CH2Cl2-MeOH (1:4). Instrumental parameters: capillary
584 voltage −10 V, spray voltage 4.50 kV, capillary temperature of 160 °C,
585 mass scan range was from m/z 100 to 1000 amu, for 30000 ms scan
586 time; N2 was used as sheath gas. MS/MS mass spectra of hetero
587 proton-bound dimers were performed upon isolation of the selected
588 dimeric species and application of normalized collision energies from
589 10 to 25% of the instrument maximum. The samples were injected
590 into the spectrometer by a syringe pump at a constant flow rate of 8
591 mL·min−1.
592 Cell Lines and Culture. The colon cancer cell line SW480 and the
593 ovarian cancer cell line SKOV3 were obtained from ATCC (Manassas,
594 VA) and maintained in RPMI 1640, supplemented with 10% fetal
595 bovine serum (FBS), penicillin (100 U mL−1), streptomycin (100 μg
596 mL−1), and glutamine (2 mM). Human fibroblast cells were
597 maintained in DMEM, supplemented with 10% fetal bovine serum,
598 penicillin (100 U mL−1), streptomycin (100 μg mL−1), and glutamine
599 (2 mM). The pH of the medium was 7.2 and incubation was
600 performed at 37 °C in a 5% CO2 atmosphere. Cells were routinely
601 passaged at 70% of confluence using 0.05% trypsin-EDTA (Lonza).
602 The antiproliferative activity of compounds was tested with MTT
603 assay.39

604MTT Assay. The MTT test was used to study the antiproliferative
605activity of compounds. In a typical experiment, cells were seeded in
606triplicate in 96-well, keeping initial density of 5 × 103 for both cancer
607cells and human fibroblasts. Each compound was dissolved in DMSO,
608obtaining a stock solution (20 mM) that was diluted in RPMI or
609DMEM medium, according to cells type, to achieve different final
610concentrations (10, 50, 100, 200, 300, and 400 μM, respectively). As
611controls, cells were treated with the same contents of DMSO alone.
612According to the protocol, cells were exposed to each compound at
613fixed concentration for 72 h, after that the colorimetric assay was
614performed. Briefly, cells were filled using a total media volume of 100
615μL, containing the selected drug at the aforementioned concentrations,
616and then 25 μL of 3-(4,5 dimethylthiozol-2-yl)2,5-diphenyltetrazolium
617bromide solution (MTT) (12 mM) were added to each well. Plates
618were incubated at 37 °C and 5% CO2. After 2 h, the MTT medium
619was removed, the cells were rinsed with PBS, and 100 μL of DMSO
620was applied. The plates were shaken on a microtiter plate shaker for 20
621min to extract and solubilize the MTT violet colored formazane
622crystals from the cells and form a homogeneous solution. The solution
623absorbance, proportional to the number of live cells, was measured
624using a spectrophotometer at 570 nm and converted into % of growth
625inhibition.40 Compounds inhibition, that caused the 15% of cells death
626(IC50), was established fitting data using Prims6 (GraphpadSowftwer
627Prims6, SanDiego, CA). Each value represents the mean of three
628independent experiments and data were analyzed using the dose−
629response curve-stimulation. In the graphs, compounds concentration
630were expressed as Log of drug amounts by relating with the
631absorbance of MTT test. Data were normalized to the untreated
632control, which contained the same quantity of DMSO without drugs,
633and reported as the value that arouses the corresponding growth
634inhibition. Because of compounds are poor soluble in water media,
635even if the predilutions in DMSO, the curves were forced to 100% of
636cells death to settle the IC50 values.
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