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Abstract 

A series of novel oxime esters based on 4-nitrobenzaldehyde and 9,10-anthraquinone-2-carboxaldehyde 

templates have been synthesized. In addition to aroyl esters, isobutanoyl and 2-phenylpropanoyl moieties 

were introduced, yielding alkyloyl-esters capable of photocleaving DNA. Binding studies with DNA and serum 

albumin (BSA and HSA) revealed strong affinity for these biomolecules. Furthermore, protein photocleavage 

experiments demonstrated that both BSA and HSA undergo significant disruption upon UV-A irradiation (365 

nm). These results highlight the potential of nitrobenzaldehyde- and anthaquinone-2-carboxaldehyde-derived 

oxime esters as promising candidates for photodynamic applications, including cancer therapy and microbial 

inactivation. 
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Introduction 

 

Aldoxime or ketoxime carboxylic esters and ethers (R-R’C=N-O-R’’), represented as Ia-c (Figure 1A), serve as 

valuable synthons in organic chemistry. These compounds undergo N-O bond homolysis (Figure 1B), 

generating iminyl radical intermediates (R-R’C=N˙), which participate in diverse chemical transformations. 

Their synthetic versatility has been demonstrated in the formation of 5- and 6-membered azaheterocycles and 

azahelicenes,1–5 the production of γ-functionalized ketones1,2,6 and their involvement in the synthesis of chiral 

amines and [2+2] cycloaddition reactions.7 

Cyclic oxime lactones (II, isoxazolin-5(4H)-ones, Figure 1A) are known to yield alkynes,8 whereas exocyclic 

oxime derivatives (III, Figure 1A) can undergo selective β-carbon scission relative to the iminyl radical, leading 

to the synthesis of aliphatic nitriles from specific substrates.1,2,9,10 Depending on the structure of R and R’, the 

iminyl radical may undergo rearrangement into a carbon-centered radical, enabling the formation of new C-C, 

C-O, C-N, C-S, C-X bonds.11 Additionally, intermolecular syntheses of 3-, 4-, 5- and 6-membered heterocycles 

via metal-catalyzed processes involving oxime esters and ethers have been reported.12,13 

Overall, oximes have been extensively utilized in the synthesis of amides, amines, nitriles, aromatic and 

non-aromatic heterocycles. In addition to their role in these transformations, they also facilitate the mild 

esterification of carboxylic acids and acylation of alcohols under neutral conditions,14 further highlighting their 

significance as indispensable tools in organic synthesis. 

 

 

 
Figure 1. A: Structure and different categories of oximes (I) and their carboxylic and sulfonic esters (Ia, Ib), and 

ethers (Ic), oxime lactones (II) and exocyclic oximes (III); B: The way oxime esters are homolyzed to give 

radicals and their applications. 

 

The fate of the oxygen-centered radical (˙O-C(=O)-R’’), however, has been less frequently explored in 

chemical synthesis.15 The decarboxylation efficiency of acyloxyl radicals allow the formation of aryl and alkyl 

radicals (R-R’C=N-O-C(=O)-R’’ → ˙O-C(=O)-R’’ → ˙R’’), which participate in the initiation of polymer reactions. In 

this process, the substrate of the oxime moiety serves as the light photosensitizer (PS) that absorbs irradiation 

of a specific wavelength, most preferably visible light (Figure 1B).16 
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The fruitful photochemistry of oxime esters 1a has similarly led to chemical and photobiological 

applications, particularly in DNA photodamage, a process known as DNA-photocleavage. As shown in Figure 1, 

bond homolysis of 1a generates, in addition to the chemically useful iminyl radical (vide supra), an oxygen-

centered radical. The work of Theodorakis et al., has demonstrated that this radical is most probably, though 

not exclusively, responsible for the DNA-attack. Aroyloxyl radicals are capable of reacting with DNA in a 

manner resembling hydroxyl radical-mediated damage, whereas alkyloxyl radicals were inactive towards 

DNA.17 In the literature, the vast majority of oxime esters Ia (Figure 1B) featured aryl or heteroaryl R’’ 

fragments and were efficient DNA-photocleavers, with their photoexcitation dependent on the light 

absorption of the oxime template (R-R’C=N-O). 

Oxime template molecules containing simple p-NO2-Ph moieties play important role at UV-A excitation 

(Figure 2A, IVa).18 o-, m- and p-pyridine aldoximes, ethenone oxime, amidoxime,19 and quinolines20 (Figure 2A, 

IVb,c, respectively), as well as pyrenes,21 tricyclic fussed aromatics and heteroaromatics,22–24 and anthracene-

9,10-diones (Figure 2A, V) bearing both Ar and HetAr conjugates,24,25 were efficient DNA photocleavers at 312 

and 365 nm. 

Αnthracene-9,10-dione represents a class of natural products and synthetic derivatives known for their 

activity as reactive oxygen species (ROS) regulators26 and as chemotherapeutics.27 These compounds also 

serve as organic PS that are easily excited to their triplet state, making them useful for photocatalysis,28 and 

photodynamic therapy (PDT).29,30 PDT is a cancer treatment that uses light as co-factor in combination with a 

photoactive compound and oxygen to induce cell damage.31 Additionally, the application of this method has 

been extended to photoinactivation of bacteria.32,33 

 

 

 
 

Figure 2. Oxime esters as DNA-photocleavers at various wavelengths; A: aryl, pyridine and quinoline oxime 

esters (IVa,b,c, respectively) and anthracene-9,10-dione 10-oxime esters (V); B: Derivatives holding 4-

nitrophenyl and 9,10-anthraquinone as novel oxime substrates with Ar and alkyl ester conjugates (VI and VII, 

respectively). 
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We have a strong interest in studying the photodegradation of DNA using small molecules, such as 

diacylhydrazine-bridged anthranilic acids,34 quinazolinones35,36 and their metal complexes,37 as well as 

quinazolines and transition metal complexes38,39 or arylazosulfones.40 Our studies on oxime carboxylic esters 

have identified pyridine and 4-nitrophenyl amidoximes as =N-OH containing templates that efficiently 

photocleave DNA, similar to their aldoximes and ketoxime analogues.18,19 Interestingly, oxime sulfonic alkyl 

and aryl ester conjugates were more photoreactive towards DNA than their related carboxylates.41,42 Notably, 

oxime carbamate esters exhibited total chemoselectivity, with p-Cl-Ph carbamates (and, to a lesser extent, 

other halogenated derivatives) being the only active compounds.43,44 One of these derivatives demonstrated 

insecticidal activity specifically in adult insect populations under controlled pesticide activation driven by UV-A 

irradiation.44 

Although DNA-binding, photocleavage, and protein binding (Bovine and Human Serum Albumin, BSA and 

HSA, respectively) induced by small molecules are frequently reported in publications of this kind, protein 

photocleavage has been much less studied. One approach involves molecules containing photocleavable 

linkers, such as the nitrobenzyl group,45 which, upon light exposure, provide a “turn on-off” mechanism for 

protein degradation through the release of active drugs.46,47 Another approach utilizes photosensitizers that 

bind to specific protein sites and, upon light irradiation, cleave the proteins at those sites.48,49 Identified 

photocleaving small molecules have also been incorporated into hybrids with larger species, serving as 

specialized photosensitizing agents. Significant work in the field has focused on substrates such as 2-hydroxy-

1-naphthoic acids,50 2-phenylquinolines,51–53 anthracenes,54,55 pyrenes,56–58 and both natural59 and synthetic 

antraquinones.54,60–64 

It appears that the potential of oxime ester substrates for DNA photocleavage might also be applicable to 

protein photodegradation. To the best of our knowledge, no oxime ester has been used in such experiments 

to date. Therefore, we have designed novel derivatives based on the photoactive substrates 4-nitro-

benzaldehyde and 9,10-anthraquinone (Figure 2B, VI and VII, respectively). These derivatives, in addition to 

aromatic ester conjugates, incorporate alkyl moieties that generate stable alkyl radicals during the homolysis 

of the N-O bond and subsequent decarboxylation. This manuscript discusses their synthesis, DNA-binding and 

photocleavage properties, as well as their BSA- and HSA-binding and photocleavage activities. 

 

 

Results and Discussion 
 

Synthesis 

For the new oxime scaffolds (4-nitrophenyl and 9,10-anthraquinone-2-), along with the aromatic ester 

frameworks, the design incorporated two novel residues: the isobutanoyl and the 2-phenyl-propanoyl groups. 

These were included to explore their reactivity. It is expected that, in contrast to alkyl ester residues, which do 

not photocleave DNA due to possible decarboxylation,17,19 the aforementioned groups may facilitate the 

formation of the oxygen-centered radicals (IXa and Xa) upon irradiation. Possible decarboxylation is 

anticipated to generate secondary carbon-centered radicals (IXb and Xb; Figure 3A and 3B, respectively) with 

Xb further stabilized through resonance forms. 
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Figure 3. The isobutanoyl and the 2-phenyl-propanoyl groups. 

 

Commercially available 4-nitrobenzaldehyde (1) has been treated with hydroxylamine hydrochloride (2), 

to give aldoxime (3) in 91% yield. The corresponding aldoxime has been employed under inert atmosphere in 

reaction with acyl halides 4 and triethylamine to produce oxime esters 5a-c in good yields. Due to the 

sensitivity of 3, the reaction with p-nitrobenzoyl chloride was not successful, on the contrary to its related 4-

nitrobenzamidoxime.18 

 

 
 

Scheme 1. Synthesis of aldoxime 3 and oxime esters 5a-c. 

 

For the synthesis of compound 5d (Scheme 2), the use of 2-phenylpropanoic acid (4d) which was 

commercially available was found more suitable. Its transformation to a reactive form with coupling reagents 

(EDC65–67 and DCC68–70) and optimization of the reaction conditions led to the use of DCC, DMAP in anhydrous 

DCM under argon for this particular reaction. 

 

 
 

Scheme 2. Synthesis of 5d with coupling reagent DCC. 

  

Contrary to 4-nitrobenzalhyde which was rather straightforward to use and could easily produce most of 

the esters when paired with halides and acid, the formation of anthraquinone-2-carbaldehyde (7) was rather 

troublesome. The initial thought was to obtain 7 through the corresponding alcohol using oxidation protocols 

which in turn could be derived from 2-methylanthraquinone (6) after halogenation71 and nucleophilic 

substitution to the bromine holding carbon. However, attempting to synthesize the bromide intermediate 

using radical reactions under reflux conditions, a mixture of three distinct products (most probably mono-, di-, 

and trisubstituted bromo-derivatives) has been produced, where neither the mono- or the di-bromo 

derivative72 could be isolated. Attempts to produce 7 directly from oxidation of 6 using IBX as an oxidizing 

agent73 and microwave irradiation were found to be unsuccessful to this substrate. Finally, in an effort to get 

intermediate 7, SeO2 has been used in order for the benzylic methyl group74,75 of 2-methylanthraquinone to be 

oxidized. Indeed, those attempts using H2SO4 and heating the mixture for 5 min at 185 °C provided 7 in low 
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yields (25-42%). However, the starting material 6 was recovering and upon recycling and laboring column 

chromatography separations an efficient amount of 7 has been obtained (Scheme 3). The desired aldoxime 876 

was easily formed using hydroxylamine hydrochloride and K2CO3 in EtOH. 

 

 
 

Scheme 3. Two step synthesis of aldoxime 8. 

 

In continuation, using the same acid halides and acid as with 3, formation of 9a in good yield has been 

realized (Scheme 4). Treatment of aldoxime 8 individually with 4c and 4d gave a mixture of two products 

where in each case one of them was in greater yield. However, separation of the main product either by 

column chromatography or by recrystallization was not possible, as the product seemed to decompose inside 

the column or not to crystallize.  

 

 
 

Scheme 4. Synthesis of 9,10-dioxo-9,10-dihydroanthracene-2-carbaldehyde O-(4-bromobenzoyl) oxime 9a. 

 

Having at hand a group of derivatives bearing the p-nitrophenyl chromophore with a variation of ester 

substituents (compounds 5a-d) and one derivative with a planar anthraquinone photosensitive substrate 9a 

closely related to 5a (NMR spectra, Supplementary Material (SM): Figures S1-S12) we proceeded to the 

interactions and photocleavage experiments of DNA, BSA and HSA. 

 

Affinity studies with calf-thymus DNA 

The interaction between calf-thymus (CT) DNA and the oxime esters 5a-d and 9a has been studied using UV-

vis spectroscopy, viscometry experiments and competitive studies with ethidium bromide (EB).  

In the UV-vis spectra of compounds 5a-d and 9a, one (for 5a-d) or two (for 9a) bands appeared in the range 

319-350 nm. The addition of incremental amounts of CT DNA into a DMSO solution of compounds 5a-d and 9a 

(Supplementary Material, Figure S13) resulted in hyperchromism or hypochromism of these bands 

accompanied by a slight (of 1 nm) blue- or red-shift (Table 1) illustrating their interaction with CT DNA. The 

Wolfe-Shimer equation77 and the corresponding plots [DNA]/(εA−εf) versus [DNA] (Supplementary Material, 

Figure S14) were employed in order to determine the DNA-binding constants (Kb) of the compounds as shown 

in Table 1. The Kb values of the compounds are of the 106 M-1 magnitude, suggesting their tight interaction 

with CT DNA. 
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Table 1. UV–vis spectroscopic features from the interaction of compounds 5a-d and 9a with CT DNA. UV-band 

(λmax, nm) (percentage of the observed hyper-/hypo-chromism (ΔΑ/Α0, %), blue-/red-shift of the λmax (Δλ, nm)), 

and DNA-binding constants (Kb, in M-1). 

 

Oxime ester λmax (nm) (ΔΑ/Α0 (%) a, Δλ (nm)) Kb (M-1) 

5a 325 (+24 a, 0) 2.30(±0.06)×106 

5b 327 (+17, 0) 3.09(±0.08)×106 

5c 319 (+9, -1 b) 7.14(±0.10)×106 

5d 320 (-23 a, +1 b) 5.27(±0.06)×106 

9a 329 (-14, 0), 350 (-12, +1) 5.53(±0.05)×106 
a “+” denotes hyperchromism, “-“ denotes hypochromism;  
b “+” denotes red-shift, “-“ denotes blue-shift; 

 

In an endeavor to shed light into the interaction mode of the compounds with CT DNA, the changes of the 

relative viscosity of a solution of CT DNA (0.1 mM) were monitored in the presence of increasing amounts of 

aldoxime esters 5a-d, 9a (up to the value of r = 0.27, Figure 4, SM: B2). More specifically, non-classical 

intercalation (groove-binding or electrostatic interactions) can be attributed to a stable or slightly decreased 

viscosity of the solution due to partial bending of DNA helix, while an intercalative mechanism is suggested 

upon increase of viscosity due to the lengthening of distance between base pairs at the binding region and the 

lengthening of the biomolecule.78–80 Based on the changes of DNA-viscosity observed for compounds 5a-d, 

initially (i.e. at low concentrations and up to r = [compound]/[DNA] = 0.1) the relative viscosity decreases or 

remains practically stable revealing an external interaction with CT DNA (probably groove-binding) whereas 

upon higher concentrations, the increase of relative viscosity is due to an intercalation mechanism (Figure 4). 

On the other hand, the anthraquinone derivative 9a (Figure 4) appears to be the only one to interact 

exclusively through intercalation with DNA obviously via its extended planar tricyclic aromatic system. 
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Figure 4. Relative viscosity (η/η0)1/3 of CT-DNA (0.1 mM) in buffer solution (150 mM NaCl and 15 mM trisodium 

citrate at pH 7.0) in the presence of increasing amounts of compounds 5a-d and 9a (r = [compound]/[DNA] = 

0-0.27). 

 

EB is a useful indicator of intercalation since it is a fluorescent compound and, when bound with linear 

DNA, presents an intense emission band at 592-593 nm (upon excitation at 540 nm) attributed to the insertion 
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of its phenanthridine group in-between the bases of DNA. A compound that is antagonistic to EB for the DNA-

intercalation sites can induce a quenching of this emission band. Since the DNA-binding constants of 

compounds 5a-d and 9a are higher than that of ethidium bromide (EB) (1.23(±0.07)×105 M-1)81, the 

compounds may afford the displacement of the EB as a result of their DNA-intercalative potency. To study EB-

displacing ability of compounds 5a-d and 9a, the changes in the fluorescence emission spectra of EB-DNA 

solution upon addition of compounds 5a-d and 9a are depicted in Figures 5(A) and S15 (Supplementary 

Material). 
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(A) (B) 

Figure 5. (A) Fluorescence emission spectra (λexcitation = 540 nm) for EB–DNA ([EB] = 40 μM, [DNA] = 45 μM) in 

buffer solution (150 mM NaCl and 15 mM trisodium citrate at pH 7.0) in the absence and presence of 

increasing amounts of compound 5c. The arrow shows the changes of intensity upon increasing amounts of 

the compound. (B) Plot of relative EB–DNA fluorescence intensity at λemission = 592 nm (I/Io, %) versus r (r = 

[compound]/[DNA]) in the presence of compounds 5a-d and 9a (up to 57.7% of the initial EB–DNA 

fluorescence emission intensity for 5a, 65.7% for 5b, 55.6% for 5c, 52.2% for 5d, and 55.4% for 9a). 

 

As shown in Figure 5(B) and Table 2, a significant quenching of the EB-DNA band was observed (up to 

47.8% for compound 5d). The Stern-Volmer constants (KSV) were calculated with Stern-Volmer equation 

(Equation S2)82 and plots (Figure S16) and attest to a medium affinity for CT DNA. Finally, the EB-DNA 

quenching constants (kq) were calculated with equation S3 (lifetime of EB-DNA (τ0) is 23 ns)83) and are higher 

than the value of 1010 M-1s-1, indicating that a static quenching mechanism82 occurs through energy transfer 

between orbitals of each compound and the fluorophore and confirming thus the interaction of the 

compounds with EB-DNA.  

 

Table 2. Fluorescence features of the EB–displacement studies for compounds 5a-d and 9a: Percentage of EB-

DNA fluorescence quenching (ΔI/Io, in %), Stern–Volmer constants (KSV, in M−1) and quenching constants of 

the EB–DNA fluorescence (kq, in M−1s−1). 

 

Oxime ester ΔI/I0 (%) KSV (M-1) kq (M-1 s-1) 

5a 42.3 3.23(±0.11)×103 1.40(±0.05)×1011 

5b 34.3 2.10(±0.06)×103 9.15(±0.25)×1010 
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5c 44.4 7.00(±0.18)×103 3.04(±0.08)×1011 

5d 47.8 1.33(±0.06)×104 5.80(±0.25)×1011 

9a 44.6 6.14(±0.22)×103 2.79(±0.10)×1011 

 

Affinity studies with BSA and HSA 

After the promising results derived from the CT DNA-affinity studies, we endeavored to examine if this could 

be repeated for bovine (BSA) and human serum albumin (HSA) as well. Serum albumins represent the highest 

protein fraction in plasma and serve various physiological roles. Importantly, serum albumins serve as carrier 

proteins for a wide range of compounds, such as fatty acids, hormones and drugs.84 In addition, they share 

several features that make them suitable for drug delivery.85 Both albumins are often utilized as models in 

studies and have many applications in recent years.86–88 

The interactions between serum albumins and drugs/ligands have been studied via several methods.89 

Both BSA and HSA, when excited at 295 nm, display an fluorescence emission band with λmax at 345 and 340 

nm, respectively (SM: Section D1). The fluorescence emission spectra of the albumins (3 mM) in buffer 

solution were recorded in the range 300–500 nm for λexcitation = 295 nm upon incremental addition of the 

compounds (Figures S17 and S20). The presence of the compounds resulted in a moderate quenching of the 

albumin band which, on average, was more pronounced in the case of BSA (Figure 6). The inner–filter effect 

was also checked with equation S4,90 and was found to be negligible to affect the measurements. The 

observed quenching is assigned to changes of the secondary structure of the albumins (re–arrangement or 

modifications) as a result from their interaction with the compounds.82,91 
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(A) (B) 

Figure 6. (A) Plot of % relative BSA fluorescence emission intensity (I/Io, %) at λemission,max = 345 nm versus r (= 

[compound]/[BSA]) for compounds 5a-d and 9a (up to 65.4% of the initial BSA fluorescence for 5a, 49.4% for 

5b, 59.1% for 5c, 50.2% for 5d, and 52.1% for 9a). (B) Plot of % relative HSA fluorescence emission intensity 

(I/Io %) at λemission,max = 340 nm versus r (= [compound]/[HSA]) for compounds 5a-d and 9a (up to 78.7% of the 

initial HSA fluorescence for 5a, 39.1% for 5b, 83.9% for 5c, 60.1% for 5d, and 54.2% for 9a).  

 

The values of the corresponding KSV and the kq of the compounds for both albumins were calculated with 

the Stern–Volmer equations (equations S2 and S3) and the corresponding plots (Figures S18 and S21). All 



Arkivoc 2024 (1) 202412348  Soultas, S. et al. 

 

 Page 10 of 21 ©AUTHOR(S) 

calculated kq values (Table 3) are higher than the value of 1010 M−1s−1 and confirm the interaction of the 

compounds with both albumins.82 

 

Table 3. The albumin (HSA/BSA)–quenching constants (kq), binding constants (K) and number of binding sites 

for compounds 5a-d and 9a. 

 

Compound kq(BSA) (M-1 s-1) K(BSA) (M-1) n(BSA) kq(HSA) (M-1 s-1) K(HSA) (M-1) n(HSA) 

5a 9.20(±0.12)×1012 5.34(±0.15)×105 0.38 9.46(±0.37)×1011 1.34(±0.16)×105 0.28 

5b 3.01(±0.18)×1012 3.58(±0.15)×105 0.52 3.81(±0.27)×1012 7.75(±0.35)×105 0.59 

5c 1.84(±0.06)×1012 2.50(±0.12)×105 0.47 1.35(±0.03)×1012 6.11(±0.09)×105 0.31 

5d 5.80(±0.34)×1012 1.54(±0.05)×105 0.65 1.97(±0.15)×1012 3.79(±0.19)×105 0.44 

9a 8.99(±0.11)×1012 4.49(±0.21)×105 0.52 6.37(±0.08)×1012 3.35(±0.14)×105 0.51 

 

The albumin–binding constants (K) of the compounds were determined with the Scatchard equation 

(equation S5) and the corresponding plots (Figures S19 and S22). Compounds 5a and 5b present the highest 

BSA-binding (KBSA,5a = 5.34(±0.15)×105 M-1) and HSA-binding constants (KHSA,5b = 7.75(±0.35)×105 M-1), 

respectively, among the compounds (Table 3). The K values of the compounds (Table 3) are relatively high, of 

the magnitude 105 M–1, and indicate a rather tight and reversible binding to albumins (having the ability to get 

released at the potential targets), when compared to the strongest non–covalent interactions which have a 

binding constant of 1015 M–1.92 
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Photocleavage activity studies 

The purpose of such studies is multifaceted; in general, any alteration to DNA or proteins can point to possible 

anti-tumor or anti-microbial activity, respectively. Furthermore, photocleavage of such proteins can be 

exploited to study their interactions with small molecules, participate in SAR studies or even develop novel 

drugs through docking studies. Our photocleavage studies were carried on with a UV-A lamp (365 nm, 

broadband lamp) at 10 cm distance from our samples for 2 or 4 h (4 h is the case with albumins) and 

concentrations of the compounds determined by our findings as we saw fit. For all the sample solutions, 

DMSO and pBluescript KS II plasmid DNA (pDNA) were used. 

All carboxylic oxime esters have been tested at 500 μΜ and exhibited great photocleavage activity with 

the highest being attributed to 9a (up to 96%), next being 5a (57%) (Figure 7). Evidently, the hypothesis of the 

possible reactivity of both isobutanoyl and the 2-phenyl-propanoyl conjugates on derivatives 5c and 5d turned 

out to be a plausible scenario, since those derivatives appeared to have similar photocleavage activity with an 

aryloyl derivative 5b.  

 

 
Figure 7. pDNA photocleavage with UV-A irradiation (365nm) for 1h. From left to right: control DNA, neat, 

irradiated (lane 1); lanes 2-6: DNA solution at 500μΜ with esters 9a, 5a, 5c, 5d and 5b, respectively.  

 

As for derivatives 5b-d the cleavage of pDNA appeared below 50%, the focus turned to the effective 

concentration where compounds 9a and 5a would cause damage up to 50% of the supercoiled pDNA. The 

photocleavage activity at both 250 μΜ and 100 μΜ for 9a turned out to be 85% and 80%, respectively 

(formation of nicked pDNA, Form II, Figure 8A, lanes 2 and 3), while for compound 5a it dropped to 39% and 

25% (Figure 8A, lane 4 and Figure 8B, lane 5, respectively). It appeared that 9a has been efficiently 

photocleaving pDNA with an effective concentration as low as 50 μΜ (Figure 8B, lane 2). The obvious 

superiority of 9a is most probably attributed to the flatness of the tricyclic system of anthraquinone that 

provides better intercalation to pDNA. 

 

A   B   

Figure 8A and 8B. pDNA photocleavage with UV-A irradiation (365 nm) for 1 h. Figure 8A: from left to right: 

control DNA, neat, irradiated (lane 1); lanes 2-3: DNA with 9a at concentration 250 and 100 μΜ, respectively; 
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lane 4: DNA with 5a (250 μΜ). Figure 8B: from left to right: control DNA, neat, irradiated (lane 1); lanes 2-4: 

DNA with 9a at concentration 50, 25 and 10 μΜ, respectively; lane 5: DNA with 5a (100 μΜ).  

 

The photocleavage activity of all esters on BSA and HSA has also been examined. As far as BSA is 

concerned, the presence of protein fragments almost in every tested compound has been evidenced through 

gel electrophoresis, upon irradiation at 365 nm for 2 h. p-Nitro-benzoyl derivative 5a showed better 

photocleavage activity than its corresponding p-MeO-benzoyl derivative 5b (Figure 9A). Interestingly, the 

isobutanoyl derivative 5c showed a photodigestion which seemed to be in reverse analogy to its 

concentration, as the new fragments which appear in Figure 9A, 5c progressively faint by decreasing the 

concentration from 500 to 400, 300, 200 and 100 μM (Figure 9A, lanes 3-7, respectively). In all experiments 

and in the lack of a compound, both BSA and HSA controls non-irradiated and irradiated samples seemed to 

be the same (Figure 9A and 9B: lane 1: non-irradiated; lane 2: irradiated). 

Comparing the two aroyl derivatives 5a and 5b, 5a seemed to be more powerful, whereas 5b and 5d were 

not harmful to BSA. The anthraquinone derivative 9a, however, was superior to all (Figure 9A), similarly to the 

case with the pDNA photocleavage, Figure 8. Interestingly, HSA seemed to be more photosensitive, and all 

new photosensitizers 5a-d and 9a photocleaved the protein. The reverse analogy to the concentration is 

evidenced at the gels with the lowest concentration of 100 μM to cause the less damage (Figure 9B, lane 7). 

The encouraging results prompted us to exhaustingly irradiate the two best compounds 5a and 9a with 

the proteins for a 4 h period (Figure 10). These harsh conditions showed that the damage was analogous to 

the irradiation time. Checking lane 3, 5a (Figure 9), and the respective lane 3, 5a (Figure 10), it is more than 

obvious that without changing the concentration (500 μM) the damage caused in 2 h and 4 h is in favor of the 

prolonged time irradiation. The same is obvious for the rest of the concentrations. Nevertheless, the effect 

was less pronounced at lower concentrations. 

 

 
Figure 9. Irradiation of BSA (left) and HSA (right) solution in the presence of esters 5a-d, 9a for 2 h. In every 

case lane 1 and lane 2 are control samples, the first being irradiated albumin solution in the absence of ester, 
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lane 2 was non-irradiated albumin solution with DMSO, lanes 3, 4, 5, 6 and 7 are irradiated albumin solution 

with each ester at concentration 500 μΜ, 400 μΜ, 300 μΜ, 200 μΜ, 100 μΜ, respectively. 

 

 
Figure 10. Irradiation of BSA (left) and HSA (right) solution in the presence of esters 5a and or 9a for 4 h. In 

every case lane 1 and lane 2 are control samples, the first being irradiated albumin solution in the absence of 

ester, lane 2 was non-irradiated albumin solution with DMSO, lanes 3, 4, 5, 6 and 7 are irradiated albumin 

solution with each ester at concentration 500 μΜ, 400 μΜ, 300 μΜ, 200 μΜ, 100 μΜ, respectively. 

 

Once again, the best photosensitizer, derivative 9a, had an impressive impact on BSA in all concentrations 

showing reverse analogy to the concentration and analogy to the irradiation time (Figure 10, left, picture 9a). 

In the case of HSA, anthraquinone 9a was further examined in a 4 h irradiation protocol, where the cleavage 

effect was more pronounced than BSA. Based on these results, the stronger effect on the higher molecular 

fraction and the non-visible molecular weight fragment is speculated to be rather of non-specific 

binding/cleavage. 

 

 

Conclusions 
 

Novel oxime esters based on 4-nitrobenzaldehyde and 9,10-anthraquinone-2-carboxaldehyde templates have 

been synthesized. Specifically, the monocyclic aromatic aldoxime 3 was conjugated with two aromatic and two 

aliphatic carboxylic residues to yield derivatives 5a-d. The isobutanoyl and 2-phenylpropanoyl moieties were 

selected as ester conjugates to provide stable aliphatic or benzylic type radicals upon possible 

decarboxylation. Additionally, 9,10-anthraquinone-2-carboxamidoxime 8 was transformed into its p-Br-phenyl 

ester 9a. 

All five tested compounds exhibited strong interactions with CT DNA. Compounds 5a-d demonstrated an 

initial groove-binding interaction followed by intercalation with CT DNA, while compound 9a interacted 

exclusively through intercalation of its planar aromatic anthraquinone system between DNA bases. 

Furthermore, the compounds showed tight and reversible interactions with BSA and HSA, indicating their 

potential for transport to biological targets. 

Among the four derivatives 5a-d, the p-nitrobenzoyl derivative 5a displayed superior DNA-photocleavage 

activity, while the aliphatic derivatives 5c and 5d exhibited activity similar to the p-MeO-benzoyl compound 

5b. Compounds 5a and 5c caused BSA-photodegradation, and all 4-nitrobenzaldehyde oxime esters 5a-d 

photocleaved HSA upon irradiation at 365 nm. The tricyclic, planar anthraquinone scaffold with an oxime ester 

at position 2, 9a, served as the basis for comparison with its relative 5a. Anthraquinone derivatives 

consistently demonstrated superior activity in DNA, BSA and HSA photocleavage experiments. Notably, 9a 
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photocleaved pDNA at a concentration of 50 μΜ, while 5a required concentrations >250 μΜ. Similarly, 9a 

exhibited stronger BSA-photodegradation activity. In all experiments, BSA was more resistant than HSA, with 

anthraquinone completely fragmenting HSA after four hours of irradiation at 365 nm. 

These findings highlight 4-nitrobenzaldehyde and 9,10-anthraquinone-2-carboxaldehyde oxime esters as 

novel photosensitizers, positioning them as promising lead compounds for photobiological applications in 

cancer treatment and microbial photo-inactivation studies. 

 

 

Experimental Section 
 

General. All reagents including raw materials were commercially available and used without further 

purification. The 1H NMR and 13C NMR spectra were recorded with Agilent 500 (1H: 500 MHz, 13C: 126 MHz), 

obtained at room temperature using either CDCl3 or DMSO-d6 as solvent and analyzed with the software 

MestReNova (see Supplementary Material, Figures S1-S12). FTIR analysis was performed using an IROS 05 FTIR 

spectrometer (Ostec Enterprise Ltd, Moscow, Russia) equipped with ATR (Attenuated Total Reflectance) 

crystal or Thermo Scientific Nicolet iS20 FT–IR ATR spectrometer in the range 400–4000 cm−1. Irradiation 

protocols were executed with a UV-A lamp distanced 10 cm from the samples. Gel electrophoresis 

experiments were performed using 1% agarose and 15% polyacrylamide while the CT DNA used was 

pBluescript KS II. Gels were analyzed under visible light with MiniBIS Pro. 

 

Study of the biological profile of the compounds. All the procedures and relevant equations used in the in 

vitro study of the biological activity (interaction with CT DNA, plasmid DNA, HSA and BSA) of the compounds 

can be found in the Supplementary Material (Sections B-C). DNA and BSA-HSA photocleavage SM: Section D-E. 

 

Synthesis. Reaction progress was monitored using TLC chromatography and during every reaction, a magnetic 

stirrer was used at all times. Removal of excess solvent was achieved through a rotary evaporation instrument 

under reduced pressure. 

 

4-Nitrobenzaldehyde O-(4-bromobenzoyl) oxime (5a). Under inert atmosphere, 4-nitrobenzaldehyde oxime 

318 (100 mg, 1 eq.) is added in a round-bottom flask, anhydrous DCM (25 mL), DMAP (0.05%), Et3N (0.092 mL, 

1.1 eq.) and 4-bromobenzoyl chloride (145 mg, 1.1 eq.) is transferred to the reaction mixture under stirring. 

After a 2 h timeline has elapsed, the crude product is extracted (3 × 50 mL) and after recrystallization 

(DCM/PS) yellow crystals, mp 170−171 °C, were obtained in 75% yield. IR (neat): 1740 cm-1; 1H NMR (500 MHz, 

CDCl3, 25 oC): δH: 7.83 (d, J = 8.5 Hz, 2H), 8.00 (d, J = 8.5 Hz, 2H), 8.08 (d, J = 8.9 Hz, 2H), 8.37 (d, J = 8.9 Hz, 2H), 

9.11 (s, 1H); 13C NMR (125 MHz, DMSO-d6, 25 oC): δC: 124.3, 127.0, 128.2, 129.5, 131.3, 132.2, 136.1, 149.2, 

156.7, 162.3; HRMS (ESI) m/z [2M+Na]+: C28H18Br2N4NaO8
+, calc: 718.9384; found: 718.9378. 

4-Nitrobenzaldehyde O-(4-methoxybenzoyl) oxime (5b). Under inert conditions through the use of argon 

balloon, 4-nitrobenzaldehyde oxime (100 mg, 1 eq.), anhydrous DCM (25 mL), DMAP (0.05%), Et3N (0.092 mL, 

1.1 eq.) and 4-methoxybenzoyl chloride (113 mg, 1.1 eq.) is transferred to a round-bottom flask under stirring. 

After 4 h, the reaction mixture is subjected to extraction (3 × 50 mL) and after recrystallization (DCM/PS) pale 

yellow crystals, mp 180−183 °C, were obtained in 82% yield. IR (neat): 1730 cm-1; 1H NMR (500 MHz, CDCl3, 25 

oC): δH: 3.87 (s, 3H), 7.12 (d, J = 8.9 Hz, 2H), 8.03 (d, J = 8.8 Hz, 2H), 8.07 (d, J = 8.8 Hz, 2H), 8.36 (d, J = 8.9 Hz, 

2H), 9.06 (s, 1H); 13C NMR (125 MHz, DMSO-d6, 25 oC), δC: 55.7, 114.5, 119.7, 124.3, 129.4, 131.7, 136.4, 149.1, 

156.0, 162.1, 163.8; HRMS (ESI) m/z [2M+Na]+: C30H24N4NaO10
+, calc: 623.1385; found: 623.1389. 
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4-Nitrobenzaldehyde O-isobutanoyl oxime (5c). Under inert conditions, 4-nitrobenzaldehyde oxime (180 mg, 

1 eq.), anhydrous DCM (25 mL), DMAP (0.05%), Et3N (0.092 mL, 1.1 eq.) is added to the reaction mixture. 

Isobutanoyl chloride (0.125 mL, 1.1 eq.) is transferred dropwise and under stirring. By the end of 3 h, the 

crude product is extracted (3 × 50 mL) and recrystallized (DCM/PS) to give colorless crystals, mp 138−140 °C, 

80% yield. IR (neat): 1756 cm-1; 1H NMR (500 MHz, CDCl3, 25 oC): δH: 1.19 (d, J = 7.0 Hz, 6H), 2.76 (hept, J = 6.9 

Hz, 1H), 8.02 (d, J = 8.8 Hz, 2H), 8.33 (d, J = 8.8 Hz, 2H), 8.67 (s, 1H); 13C NMR (125 MHz, DMSO-d6, 25 oC): δC: 

18.7, 32.0, 124.2, 129.4, 136.4, 149.1, 155.5, 173.4; HRMS (ESI) m/z [M+Na]+: C11H12N2NaO4
+, calc: 259.0689; 

found: 259.0698. 

4-Nitrobenzaldehyde O-(2-phenylpropanoyl) oxime (5d). Under inert atmosphere, anhydrous DCM (25 mL), 

DCC (422 mg, 2 eq.), DMAP (0.05%) and 2-phenylpropanoic acid (0.28 mL, 2 eq.) is added in dropwise motion. 

After 1.5 h, 4-nitrobenzaldehyde oxime (180 mg, 1 eq.) is added as well. The reaction mixture is subjected to 

extraction (3 × 50 mL) and recrystallization to isolate colorless crystals, mp 168−170 °C, in 84% yield. IR (neat): 

1756 cm-1; 1H NMR (500 MHz, CDCl3, 25 oC): δH: 1.49 (d, J = 7.1 Hz, 3H), 4.04 (q, J = 7.1 Hz, 1H), 7.35-7.38 (m, 

5H), 8.00 (d, J = 8.8 Hz, 2H), 8.32 (d, J = 8.9 Hz, 2H), 8.82 (s, 1H); 13C NMR (125 MHz, DMSO-d6, 25 oC): δC: 18.5, 

43.2, 124.1, 127.3, 127.4, 128.8, 129.4, 136.2, 139.9, 149.1, 155.7, 171.0; HRMS (ESI) m/z: Could not be found 

under the ESI conditions. 

9,10-Dioxo-9,10-dihydroanthracene-2-carbaldehyde (7). Contrary to the method presented in literature 

where a photochemical process is preferred,93 our procedure involved the addition of SeO2 (333 mg, 3 eq.) 

and H2SO4 (0.45 mL) in a pear-shaped flask under mild stirring. 2-Methyl anthraquinone (222 mg, 1 eq.) was 

added and the mixture is heated at 185 oC for 5 min with an oil bath. The excess of acid is neutralized with 

Na2CO3 and the reaction mixture is filtered through celite to remove inorganic compounds and wash with EA. 

Drying the crude product with Na2SO4, separation with column chromatography and condensation leads to a 

yellow product in 25-42% yield. The material was used crude at the next step. 1H NMR (500 MHz, CDCl3, 25 oC): 

δH: 7.84-7.89 (m, 2H), 8.31 (dd, J = 8.0, 1.6 Hz, 1H), 8.32-8.40 (m, 2H), 8.49 (d, J = 8.0 Hz, 1H), 8.80 (d, J = 1.7 

Hz, 1H), 10.25 (s, 1H). 

9,10-Dioxo-9,10-dihydroanthracene-2-carbaldehyde oxime (8). In a manner similar to the one described in 

literature94 the synthesis is conducted in a round-bottom flask where 9,10-dioxo-9,10-dihydroanthracene-2-

carbaldehyde (50 mg, 1 eq.), K2CO3 (43 mg, 1.5 eq.) is added along with hydroxylamine hydrochloride (22 mg, 

1.5 eq.) in CH3CH2OH:H2O = 4:1 under reflux conditions at 70 oC for 2 h. The reaction mixture is concentrated 

in vacuo, extracted (3 × 200 mL) to get a yellow solid in 88% yield. 1H NMR (500 MHz, CDCl3, 25 oC): δH: 7.93-

7.96 (m, 2H), 8.12 (dd, J = 8.1, 1.7 Hz, 1H), 8.20-8.24 (m, 3H), 8.41 (brs, 2H), 11.84 (s, 1H). 

9,10-Dioxo-9,10-dihydroanthracene-2-carbaldehyde O-(4-bromobenzoyl) oxime (9a). The aldoxime is 

transferred to a round-bottom flask and is azeotropically dried with toluene. Then anhydrous DCM is added 

(10 mL) along with DMAP (0.05%) and Et3N (0.085 mL, 1.1 eq.) under inert conditions. 4-bromobenzoyl 

chloride (48 mg, 1.1 eq.) is added under stirring and after 30 min, the mixture is extracted with DCM (3 × 50 

mL), condensed and washed with EA to procure a bright green solid, mp 200−201 °C, in 79% yield. IR (neat): 

1741 cm-1; 1H NMR (500 MHz, CDCl3, 25 oC): δH: 7.66 (d, J = 8.5 Hz, 2H), 7.80-7.88 (m, 2H), 8.01 (d, J = 8.5 Hz, 

2H), 8.32-8.36 (m, 2H), 8.38 (dd, J = 8.1, 1.6 Hz, 1H), 8.41 (d, J = 8.1 Hz, 1H), 8.59 (d, J = 1.6 Hz, 1H), 8.72 (s, 

1H); 13C NMR (125 MHz, DMSO-d6, 25 oC): δC: 127.5, 127.8, 128.5, 128.5, 129.4, 131.7, 132.5, 132.8, 133.7, 

133.8, 134.4, 134.9, 134.9, 135.7, 135.9, 155.6, 163.3, 182.7, 182.8; HRMS (ESI) m/z [M+Na]+: C22H12BrNNaO4
+, 

calc: 455.9842; found: 455.9842. 
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