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ABSTRACT: 3-Benzylmenadiones were obtained in good yields by using a blue light-induced photoredox process in the presence 

of Fe(III), oxygen and γ-terpinene acting as a HAT agent. This methodology is compatible with a wide variety of diversely substituted 

1,4-naphthoquinones as well as various cheap, readily available benzyl bromides with excellent functional group tolerance. The 

benzylation mechanism was investigated and supports a three-step radical cascade with the key involvement of photogenerated su-

peroxide anion radical.  

INTRODUCTION 

Quinones have recently shown a re-gaining interest in medicinal 

chemistry, particularly in the field of drug discovery for new treat-

ments against neglected tropical parasitic diseases such as malaria. 

In particular, an early lead 3-benzylmenadione named plasmodione 

(i.e., 3-[4-(trifluoromethyl)benzyl]-menadione) has shown potent 

and valuable antiplasmodial activities against several Plasmodium 

falciparum strains in vitro and in Plasmodium berghei-infected 

mouse model.1 In recent years, our team has developed new syn-

thetic methodologies2a b to introduce structural and functional di-

versity for reaching more active2c and water-soluble2d antiparasitic 

analogues, or to prepare putative metabolites2b e to investigate the 

mechanism of action of these drug candidates 1b,2f. Based on a Ko-

chi-Anderson radical decarboxylation of acids3a-c, the former ex-

tensively investigated synthetic route to build 3-benzylmenadiones 

suffered from the use of silver salts and peroxodisulfate and was 

limited by the availability of phenylacetic acids used as starting ma-

terials.1a, 3d,e Since, Lee’s group developed an elegant silver-free al-

kylation of quinones (Scheme 1a)4 and a growing interest in ben-

zylated quinones, including plasmodione, has emerged, as evi-

denced by the synthetic procedures recently described by several 

groups from substituted toluenes by free-radical generation via hy-

drogen-atom abstraction using the selectfluor/Ag(I) pair5a or per-

oxides (Scheme 1b)5b,c. Finally, when carrying out the work de-

scribed here, Li et al. concomitantly demonstrated that benzyl rad-

icals could be generated at high temperature in the presence of 

iron(II) and a base to further react with quinones or coumarins 

(Scheme 1c)5d.  

Our initial goal was to overcome the limitations and drawbacks of 

silver-catalyzed radical benzylation. To increase the chemical 

space available around this promising scaffold of benzylated qui-

nones, it appeared essential to develop a simple, robust and effi-

cient strategy to generate, by an eco-friendly process, benzyl radi-

cals from cheap and easily available precursors such as benzyl bro-

mides. The latter are common building blocks in organic chemistry, 

widely available and known for their ability to generate after reduc-

tion of the C-Br bond benzyl radical intermediates5d,6, especially in 

the emerging field of photoredox catalysis.7 

Scheme 1. Reported benzylation reactions of quinones and this 

work. 

 

 

 

RESULTS AND DISCUSSION 

To this purpose, we first investigated classical benzyl radical gen-

eration via transition metal catalyzed photoredox process.7c,8 How-

ever, all attempts failed because these reactions take place under 

reducing conditions, which are not compatible with the requirement 

of keeping menadione under its oxidized state. Then, we considered 

the original work described by Melchiorre and his team.9 In this 

report, after an initial nucleophilic substitution on the electrophilic 

C-Br position of a benzyl bromide, the newly formed C-S bond was 

cleaved under blue light irradiation and mild heating to generate a 
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benzyl radical, which can readily react with a radical acceptor. 

These conditions were first applied to menadione 1a acting as a 

radical acceptor and 4-trifluoromethylbenzyl bromide 2a to form 

the targeted model plasmodione 3a. Detailed NMR analysis of the 

crude mixture showed the formation of 3a with a low yield (5%), 

together with the starting material under its oxidized (1) and re-

duced (hydroquinone) states (Table 1, Entry 1). Despite this low 

yield, this encouraged us to further optimize the experimental con-

ditions. With the purpose to limit hydroquinone formation, we were 

inspired by the putative mechanism of action of plasmodione in P. 

falciparum-parasitized red blood cells (Figure 1), whereby reduced 

naphthoquinone is continuously re-oxidized by methemoglobin 

(FeIII) (metHb(FeIII))) at the expense of NADPH.1a, 2f Conse-

quently, we introduced an iron(III) source to constantly catalyze the 

in situ re-oxidation of the hydroquinone into the quinone species 

1a. After optimization, the target 3a plasmodione was successfully 

obtained with 79% isolated yield (Table 1, Entry 2). 

 

Figure 1. Bioactivation of plasmodione upon internalization in the 

parasite: plasmodione is proposed to enter into an oxidoreductase-

mediated redox-cycle in the course of which it is metabolized in its 

key 3-benzoylmenadione metabolite (step 1). Under its oxidized 

form, plasmodione metabolite is reduced (step 2), while under its 

reduced form, it takes part in oxidoreductase-mediated redox-cy-

cling (step 3) leading to decreased methemoglobin (metHb) diges-

tion, inhibition of heme-detoxification, and ROS-induced parasite 

death. 

Several conditions were modified to study their effects and to opti-

mize the parameters of the reaction. We first demonstrated that the 

nucleophilic organic catalyst (catalyst 1) was not necessary for the 

reaction to proceed (Table 1, entry 3). In its absence, the target 

compound 3a was still obtained with an excellent yield of 73% 

(versus 81%). Afterwards, the concentration was increased up to 

0.1 M to achieve a very satisfactory yield of 84% (Table 1, Entry 

4). The iron(III) source can be substituted by any other ferric source 

such as Fe(III) chloride or Fe(III) perchlorate and even Fe(II) chlo-

ride with, however, slightly lower yields (Table 1, Entry 5-7). For 

chloride Fe(II), partial oxidation into iron(III) species in solution 

likely occurs during the reaction. On the other hand, Hantzsch ester 

(HE) also appears to be a suitable hydrogen-atom transfer (HAT) 

agent (Table 1, Entry 8). Finally, ambient oxygen was found to play 

a critical role since nearly no targeted product 3a was obtained un-

der strict oxygen-free conditions (Table 1, Entry 9). Absence of 

catalyst, light, γ-terpinene or base led to very low yields between 0 

and 20% of conversion (See Supporting Information for experi-

mental details). Finally, benzyl iodide 2a’ was also shown to react 

with menadione 1a with a comparable yield of 79%, as much as 

benzyl chloride 2a”, though with a lower yield, thus widening the 

possibilities in many synthetic applications (Table 1, Entry 10-11). 

Table 1. Optimization the experimental conditions of the benzyla-

tion reaction of menadione 1a.a 

 

Entry 
Modifica-

tion 

Catalysts 

 

Concentration 

(mol.L-1) 
Yield 

3ab (%) 

1 60°C Catalyst 1c 0.5 <5d 

2 - Fe(acac)3 / Cat-

alyst 1c 

0.05 79 

3 - Fe(acac)3 0.05 73 

4 - Fe(acac)3 0.1 84 

5 - FeCl3.6H2O 0.1 70 

6 - Fe(ClO4)3.H2O 0.1 65 

7 - FeCl2 0.1 67 

8 HEe vs. γ-

terpinene 

Fe(acac)3 0.1 72 

9 Argon atm. Fe(acac)3 0.1 <5d 

10 2a’f vs.2a Fe(acac)3 0.1 79 

11 2a”gvs. 2a Fe(acac)3 0.1 39 

aReaction conditions: 1a (1.0 equiv, 0.5 mmol), 2a (1.5 equiv), 2.6-

lutidine (1.2 equiv.), γ-terpinene (1.2 equiv.), Cat. in CH3CN at 

90°C under blue light irradiation during 24h. bIsolated yield 
cCatalyst 1 = potassium 5-bromo-1H-indole-1-carbodithioate. dDe-

termined by 1H NMR. eHE = Hantzsch ester = Diethyl 2,6‐dime-

thyl‐1,4‐dihydropyridine‐3,5‐dicarboxylate f2a’ = 4-trifluoro-

methylbenzyl iodide. g2a” = 4-trifluoromethylbenzyl chloride. 

Following this optimization stage, we then investigated the scope 

of this reaction (Scheme 2). First, we demonstrated that the trifluo-

romethyl substitution was well tolerated both in the meta, ortho or 

para positions (76-84%, 3a, 3l, 3m). Plasmodione 3a was also pro-

duced in 1 gram scale with good yield demonstrating that this reac-

tion can be scaled up to larger quantities. Various and numerous 

substitutions have been shown to be compatible with this reaction 

leading to moderate to good yields in para position (3a-3k). Mono 

(3m-o, 3u, 3w, 3x, 3y) or di-substitution (3t) in the ortho-position 

(steric interactions) does not seem to be a major drawback. On the 

other hand, a wide variety of poly-substituted benzyl radicals have 

been also successfully incorporated into menadione (3p-3ab). Fi-

nally, we observed that allyl bromide could also be a suitable sub-

strate of this reaction, affording the allylated menadione 3ac with 

satisfying yield (68%) under the same experimental conditions. 

Then, we evaluated its compatibility with the varied substitution 

pattern of the quinone unit 4 (Scheme 3). 2-Substitution in 1,4-

naphthoquinone was found to be well tolerated with moderate to 

good yields (5a-g). Substitution on the aromatic naphthoquinone 

ring was also found to be compatible with this reaction, as demon-

strated by the successful preparation of the benzyl derivatives with 

moderate to good yields when starting from plumbagin (5h), its 

methyl derivative (5i) or the 6-fluoro-menadione (5j).  
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Scheme 2. Scope of benzyl bromides with optimized conditions 

(Table 1, entry 3) 

 

Scheme 3. Scope of 1,4-quinones with optimized conditions (Table 

1, entry 3) 

 

To get a deeper insight into the understanding of the mechanism of 

the reaction, absorption spectrophotometry and several control ex-

periments were carried out with the model reaction involving 1a 

and 2a (See Schemes S1-S3 in the Supporting Information). The 

radical nature of the reaction was assessed by trapping the corre-

sponding radical intermediates, using several radical scavengers 

(Scheme 4A, and Scheme S1 in the Supporting Information). The 

reaction was completely inhibited with TEMPO since no trace of 

the desired 3-benzylmenadione was detected. In addition, complete 

degradation of the starting menadione was observed. More inter-

estingly, reaction with 1,1-diphenylethylene as radical scavenger 

afforded the targeted 3-benzylmenadione with a much lower yield 

together with the trapped benzyl radical adduct. These data support 

the fact that benzyl radicals are most likely the key intermediates 

involved in the reaction mechanism. In the process described by 

Melchiorre and his coworkers9, the reactive radical species was 

generated by a homolytic cleavage of the C-S bond, which was 

formed after the initial nucleophilic substitution between catalyst 1 

and the benzyl bromide. In the absence of this catalyst, the success-

ful conversion to the targeted product suggests that a completely 

different pathway takes place during the photoreaction.  

Scheme 4. Selected mechanistic studies.  

 
aReaction conditions: 1 (1.0 equiv, 0.5 mmol), 2a (1.5 equiv), 2.6-

lutidine (1.2 equiv.), γ-terpinene, Fe(acac)3 (10 mol%), in CH3CN 

at 90°C under blue light irradiation during 24h. 

During the optimization (Table S2, entry 2; Table S6, entry 2; Table 

S7, entry 9 in the Supporting Information), we noticed that both 

light and iron(III) were essential for the reaction to occur. Alterna-

tively, the absence of a base, HAT agent or oxygen-free atmosphere 

significantly alters the reaction but quantifiable amounts of the tar-

geted benzylated compounds were still observed. The role of γ-ter-

pinene as HAT agent was thus investigated. The reaction was thus 

run in parallel with different concentrations of γ-terpinene. This 

demonstrates that the isolated yields do not linearly vary with the 

γ-terpinene concentration. A sub-stoichiometric amount of this re-

actant (0.5 equiv) can still efficiently lead to a satisfactory yield of 

71%, while its absence only afforded traces of the targeted com-

pound (~5%). Even a catalytic amount (5%) is quite efficient, af-

fording 35% of yield. This demonstrates that γ-terpinene is essen-

tial and enhances the reactivity of the reaction (Scheme 4B). Previ-

ous reports10 have established that quinones, including menadione, 

can be photo-reduced under light irradiation in the presence of a 

HAT agent, usually a protic solvent such as isopropanol (iPrOH). 

Under blue LED irradiation (420-470 nm), a triplet state species is 
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generated and can be quenched by H-donor molecules to afford the 

semiquinone radical species. Absorption spectrophotometry 

demonstrated that menadione can be photoactivated by blue LED 

irradiation thus confirming our hypothesis (See Supporting Infor-

mation, Figures S1-S6 for details). In contrary, the final 3-benzyl-

menadione 3a seems not to be involved in such photo-reducing pro-

cess, as we showed that it did not react under the same conditions 

(See Supporting Information, Figure S7). As already reported by 

our group with the NADPH/glutathione reductase/MetHb system, 

semiquinone radicals can reduce Fe(III) species into Fe(II) ones to 

reinstate the quinone molecule. In aerated media, these semiqui-

none radicals can alternatively generate superoxide O2
•- radi-

cals.3e,11 To support this hypothesis, we set up a model reaction, 

where iPrOH plays the role of both the solvent and HAT agent in 

the absence of γ-terpinene (Scheme 4C). Very interestingly, in ad-

dition to the expected nucleophilic substitution of iPrOH on benzyl 

bromide, the benzylated menadione was isolated with a yield of 

38%. It is important to mention that the same reaction conducted in 

the absence of γ-terpinene in CH3CN afforded only traces of 3a 

(See Supporting Information, Table S5, entry 2) thus confirming 

the key role of iPrOH as a HAT agent. To account for these obser-

vations, we propose a putative reaction mechanism based on suc-

cessive redox cycles (Scheme 5).  

Scheme 5. Putative mechanism of the reaction. 

 

Under blue light irradiation, menadione is excited into its triplet 

state and quenched by γ-terpinene (HAT) to afford semiquinone 

radical in solution (step 1). This radical can thus react in a redox 

cycle with oxygen (i.e., under anaerobic conditions, the reaction did 

not take place, Table 1, entry 8) to afford menadione and superox-

ide radical. O2
•- is well known to reduce metallic complexes3e,12, 

even in natural medium12d (step 2), which can in turn reduce the C-

Br bond of the benzyl bromide to afford the corresponding benzyl 

radical (step 3). Once this radical generated, addition to menadione 

takes place to lead to a benzylated semi-quinone radical (step 4). 

This new radical species can thus react with menadione (or with 

O2) to lead to the targeted benzylated menadione (step 5). The sem-

iquinone or O2
•- radicals generated during this latter step can be in-

volved in new catalytic cycles (step 2 or 3). Semi-quinone interme-

diate could also be quenched by γ-terpinene radical in a SET reac-

tion to generate after proton transfer the targeted benzylated qui-

none (step 6). This was supported by the fact that p-cymene was 

always recovered in the reaction mixtures of benzylated quinones 

as observed by NMR (Scheme S4 in the Supporting Information). 

Direct photoreduction of Fe(acac)3 under light irradiation could not 

be totally excluded (See Supporting Information, Figure S8), and 

this process has already been reported in the literature.13 However, 

control reactions clearly showed that benzyl bromide was not con-

sumed (e.g., by-products of benzyl radical formation by Fe(acac)3 

photoreduction) in the absence of quinone or with a different radi-

cal acceptor. Such direct photoreduction process usually occurs via 

a ligand-to-metal-charge transfer (LMCT) absorption and does not 

require oxygen contribution.12d, 13 In our system, the absence of ox-

ygen inhibits the menadione benzylation reaction, and different 

iron sources such as FeCl3, displaying markedly different LMCT 

absorptions, have been shown to be suitable catalysts for the ben-

zylation reaction. 

 

CONCLUSION 

In conclusion we have developed a convenient, robust and straight-

forward iron(III) catalyzed photo-redox benzylation of naphthoqui-

nones under blue LED irradiation. A wide variety of polysubsti-

tuted benzyl radicals generated from various halides can be effi-

ciently introduced to diversely substituted 1,4-(naphtho)quinones 

with good yields, thanks to a redox cycle involving the photore-

duced (naphtho)quinone, oxygen and ferric complexes. To the best 

of our knowledge, this is the first time that the photoreactivity of 

quinone is exploited for its intermolecular functionalization14 in a 

catalytic process. 

EXPERIMENTAL SECTION 

General information 

Solvents and reagents: Commercially available starting materials 

were purchased from Sigma-Aldrich, ABCR GmbH & Co. KG, 

Alfa Aesar, Fluorochem and Apollo Scientific and were used with-

out further purification. Solvents were obtained from Sigma-Al-

drich and LPCR. All reactions were performed in standard glass-

ware. Thin Layer Chromatography (TLC) were used to monitor re-

actions (vide infra). Crude mixtures were purified by flash column 

chromatography. The latter were performed using silica gel 60 

(230-400 mesh, 0.040-0.063 mm) purchased from VWR. Monitor-

ing and primary characterization of products were achieved by Thin 

Layer Chromatography on aluminium sheets coated with silica gel 

60 F254 purchased from E. Merck. Eluted TLC's were revealed un-

der UV (325 nm and 254 nm) and/or with chemicals.  

Nuclear Magnetic Resonance (NMR): The NMR spectra were rec-

orded on a Bruker avance 400 apparatus (1H NMR 400 MHz, 13C 

NMR 101 MHz, 19F NMR 377 MHz) or Bruker Avance III HD - 

500 MHz apparatus (1H NMR 500 MHz, 13C NMR 126 MHz, 19F 

NMR 471 MHz) at the ECPM. All chemical shifts (δ) are quoted in 

parts per million (ppm). The chemical shifts are referred to the used 

partial deuterated NMR solvent (for CDCl3: 1H NMR, 7.26 ppm 

and 13C NMR, 77.16 ppm. The coupling constants (J) are given in 

Hertz (Hz). Resonance patterns are reported with the following no-

tations: br (broad), s (singlet), d (doublet), t (triplet), q (quartet), m 

(multiplet), dd (doublet of doublets).  

High resolution mass spectrometry (HRMS) analysis were per-

formed with a Bruker MicroTOF mass analyser  under  ESI  in  

positive  ionization  mode  detection  (measurement  accu-

racy ≤ 15 ppm) at the Service de Spectrométrie de Masse Fédéra-

tion Chimie Le Bel in Strasbourg.   

Photoirradiation reactions were performed using a LED Strip light 

(Model: 2131, Manufacturer: ADEO SERVICES, 5 meters, 4.8 

W.m-1) set to blue irradiation (emission maximum centered on the 

broadband at 460 nm). The light source was placed 10 cm away 

from the reaction vessel (borosilicate glass). 
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Benzyl halides synthesis 

2a, 2b, 2i, 2b, 2q and 2ab were obtained from commercial sources. 

2f, 2i and 2aa were obtained from radical bromination of commer-

cial toluenes according to a published procedure.15 

2c, 2d, 2e, 2g, 2h, 2j, 2k, 2r, 2s, 2u, 2v, 2w, 2x, 2y and 2z were 

obtained either from the commercial benzaldehydes, reduced by so-

dium borohydride, or directly from the commercial benzyl alco-

hols, and then brominated by triphenylphosphine/dibromide,16 tri-

phenylphosphine/tetrabromomethane17 or potassium tribromide.18 

2t was synthetized according to a published procedure starting from 

the commercially available p-toluidine.19 

4-trifluoromethylbenzyl iodide 2a’ was obtained from nucleophilic 

substitution on 2a.20 4-trifluoromethylbenzyl chloride 2a” was ob-

tained from commercial source. 

All spectral data were in accordance with published data. 

Quinones synthesis 

4b, 4h and 4k were obtained from commercial sources. 

4a,21 4c,22 4d,23 4e,23 4f,24 4g,25 4i,26 4j2a were synthetized accord-

ing to published procedures. 

All spectral data were in accordance with published data. 

General procedure for the photocatalytic benzylation of 

quinones 

In a 10 mL tube, quinone (0.5 mmol, 1 equiv.), benzyl bromide 

(0.75 mmol, 1.5 equiv.) and Fe(acac)3 (0.05 mmol, 10 mol%) were 

dissolved in Acetonitrile (5 mL). The mixture was stirred and 2,6-

lutidine (0.6 mmol, 1.2 equiv.) and γ-terpinene (0.6 mmol, 1.2 

equiv.) were added successively. The tube was sealed, placed under 

blue light irradiation and heated up at 90°C in an oil bath during 

24h. After completion, the mixture was allowed to cool down at 

room temperature and was partitioned between ethyl acetate (10 

mL) and aqueous 1M HCl (10 mL). The aqueous layer was ex-

tracted once with 10 mL ethyl acetate and the reunited organic lay-

ers were washed with brine and dried with MgSO4. The solvent 

was removed and the crude was purified by silica gel chromatog-

raphy to obtain pure benzylated quinone. 

Procedure for the 4 mmol scale photocatalytic benzylation 

of menadione 

In a 30 mL tube, quinone (4 mmol, 1 equiv.), 4-trifluoromethylben-

zyl bromide 2a (6 mmol, 1.5 equiv.) and Fe(acac)3 (0.4 mmol, 10 

mol%) were dissolved in Acetonitrile (20 mL). The mixture was 

stirred and 2,6-lutidine (4.8 mmol, 1.2 equiv.) and γ-terpinene (4.8 

mmol, 1.2 equiv.) were added successively. The tube was sealed, 

placed under blue light irradiation and heated up at 90°C in an oil 

bath during 24h. After completion, the mixture was allowed to cool 

down at room temperature and was partitioned between ethyl ace-

tate (50 mL) and aqueous 1M HCl (50 mL). The aqueous layer was 

extracted twice with 50 mL ethyl acetate and the reunited organic 

layers were washed with brine and dried with MgSO4. The solvent 

was removed and the crude was purified by silica gel chromatog-

raphy (Cyclohexane:Toluene = 1:1, UV) to obtain 933 mg (2.82 

mmol, 71% yield) of pure benzylated quinone 3a . 

Product characterization 

2-methyl-3-(4-(trifluoromethyl)benzoyl)naphthalene-1,4-dione 

(3a). According to the general procedure, menadione 1a and 4-tri-

fluoromethylbenzyl bromide 2a were used. After chromatography 

on silica gel (Cyclohexane:Toluene = 1:1, UV), 139 mg (0.42 

mmol, 84% yield) of 3a were isolated as a yellow solid. m.p: 70-

71°C. 1H NMR (500 MHz, Chloroform-d) δ 8.13 – 8.02 (m, 2H), 

7.74 – 7.65 (m, 2H), 7.52 (d, J = 8.1 Hz, 2H), 7.35 (d, J = 8.0 Hz, 

2H), 4.08 (s, 2H), 2.25 (s, 3H). 19F NMR (471 MHz, Chloroform-

d) δ -62.45. 13C{1H} NMR (126 MHz, Chloroform-d) δ 185.2, 

184.6, 145.0, 144.5, 142.3, 133.78, 133.76, 132.2, 132.0, 129.0, 

128.9 (q, J = 32.3 Hz), 126.6, 126.5, 125.7 (q, J = 3.8 Hz), 124.2 

(q, J = 271.8 Hz), 32.5, 13.5. HRMS (ESI) m/z: [M+H]+ Calcd for 

C₁₉H₁₄F₃O₂ 331.0940; Found 331.0949. 

2-benzyl-3-methylnaphthalene-1,4-dione (3b). According to the 

general procedure, menadione 1a and benzyl bromide 2a were 

used. After chromatography on silica gel (Cyclohexane:Toluene = 

4:6, UV), 90 mg (0.34 mmol, 69% yield) of 3b were isolated as a 

yellow solid. m.p: 105-106°C. 1H NMR (400 MHz, Chloroform-

d) δ 8.14 – 8.03 (m, 2H), 7.70 (dd, J = 5.7, 3.3 Hz, 2H), 7.44 – 6.92 

(m, 5H), 4.04 (s, 2H), 2.25 (s, 3H). 13C{1H} NMR (101 MHz, 

Chloroform-d) δ 185.5, 184.8, 145.5, 144.6, 138.2, 133.6, 133.6, 

132.3, 132.2, 128.8, 128.7, 126.62, 126.56, 126.4, 32.5, 13.4. 

HRMS (ESI) m/z: [M+H]+ Calcd for C₁₈H₁₅O₂ 263.1067; Found 

263.1072 (MH+). 

2-(4-fluorobenzyl)-3-methylnaphthalene-1,4-dione (3c). Ac-

cording to the general procedure, menadione 1a and 4-fluorobenzyl 

bromide 2c were used. After chromatography on silica gel (Cyclo-

hexane:Toluene = 3:7, UV), 93 mg (0.33 mmol, 66% yield) of 3c 

were isolated as a yellow solid. m.p: 114-115°C. 1H NMR (400 

MHz, Chloroform-d) δ 8.15 – 8.04 (m, 2H), 7.76 – 7.66 (m, 2H), 

7.22 – 7.16 (m, 2H), 7.00 – 6.90 (m, 2H), 4.00 (s, 2H), 2.25 (s, 3H). 
19F NMR (377 MHz, Chloroform-d) δ -116.52 – -116.64 (m). 
13C{1H} NMR (126 MHz, Chloroform-d) δ 185.4, 184.7, 161.6 

(d, J = 244.7 Hz), 145.2, 144.5, 133.8 (d, J = 3.3 Hz), 133.7, 132.2, 

132.1, 130.2 (d, J = 7.8 Hz), 126.6, 126.4, 115.6 (d, J = 21.3 Hz), 

31.8, 13.4. HRMS (ESI) m/z: [M+H]+ Calcd for C₁₈H₁₄FO₂ 

281.0972; Found  281.0987. 

2-(4-chlorobenzyl)-3-methylnaphthalene-1,4-dione (3d). Ac-

cording to the general procedure, menadione 1a and 4-chloroben-

zyl bromide 2d were used. After chromatography on silica gel (Cy-

clohexane:Toluene = 4:6, UV), 109 mg (0.37 mmol, 73% yield) of 

3d were isolated as a yellow solid. m.p: 132-133°C. 1H NMR (400 

MHz, Chloroform-d) δ 8.28 – 7.95 (m, 2H), 7.70 (m, 2H), 7.25 – 

7.20 (m, 2H), 7.19 – 7.13 (m, 2H), 3.99 (s, 1H), 2.24 (s, 1H). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 185.4, 184.7, 145.0, 

144.7, 136.7, 133.7, 132.4, 132.2, 132.1, 130.1, 128.9, 126.6, 

126.5, 32.0, 13.4. HRMS (ESI) m/z: [M+H]+ Calcd for C₁₈H₁₄ClO₂ 

297.0677; Found  297.0684. 

2-(4-bromobenzyl)-3-methylnaphthalene-1,4-dione (3e). Ac-

cording to the general procedure, menadione 1a and 4-bromoben-

zyl bromide 2e were used. After chromatography on silica gel (Cy-

clohexane:Toluene = 4:6, UV), 137 mg (0.402 mmol, 80% yield) 

of 3e were isolated as a yellow solid. m.p: 123-124°C. 1H NMR 

(400 MHz, Chloroform-d) δ 8.19 – 8.01 (m, 2H), 7.70 (m, 2H), 

7.44 – 7.35 (m, 2H), 7.16 – 7.04 (m, 2H), 3.97 (s, 2H), 2.24 (s, 3H). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 185.3, 184.7, 144.9, 

144.7, 137.2, 133.7, 132.2, 132.1, 131.9, 130.5, 126.6, 126.5, 

120.4, 32.0, 13.4. HRMS (ESI) m/z: [M+H]+ Calcd for C₁₈H₁₄BrO₂ 

341.0172; Found  341.0180 (MH+). 

2-(4-iodobenzyl)-3-methylnaphthalene-1,4-dione (3f). Accord-

ing to the general procedure, menadione 1a and 4-iodobenzyl bro-

mide 2e were used. After chromatography on silica gel (Cyclohex-

ane:Toluene = 4:6, UV), 158 mg (0.407 mmol, 81% yield) of 3f 

were isolated as a yellow solid. m.p: 121-122°C. 1H NMR (400 

MHz, Chloroform-d) δ 8.18 – 7.99 (m, 2H), 7.79 – 7.64 (m, 2H), 

7.60 – 7.47 (m, 2H), 7.03 – 6.86 (m, 2H), 3.97 (s, 2H), 2.24 (s, 3H). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 185.4, 184.7, 144.9, 

144.7, 137.9, 137.8, 133.7, 132.2, 132.1, 130.8, 126.7, 126.5, 91.8, 



6  

 

32.2, 13.5. HRMS (ESI) m/z: [M+H]+ Calcd for C₁₈H₁₄IO₂: 

389.0033; Found  389.0043. 

2-methyl-3-(4-nitrobenzyl)naphthalene-1,4-dione (3g). Accord-

ing to the general procedure, menadione 1a and 4-nitrobenzyl bro-

mide 2g were used. After chromatography on silica gel (Cyclohex-

ane:Ethyl acetate = 9:1, UV), 118 mg (0.38 mmol, 77% yield) of 

3g were isolated as a yellow solid. m.p: 153-154°C. 1H NMR (400 

MHz, Chloroform-d) δ 8.09 – 7.96 (m, 4H), 7.70 – 7.60 (m, 2H), 

7.38 – 7.28 (m, 2H), 4.06 (s, 2H), 2.19 (s, 3H). 13C{1H} NMR (101 

MHz, Chloroform-d) δ 185.1, 184.5, 146.8, 146.0, 145.3, 144.0, 

134.0, 133.9, 132.2, 131.9, 129.5, 126.7, 126.6, 124.0, 32.6, 13.6. 

HRMS (ESI) m/z: [M+H]+ Calcd for C₁₈H₁₄NO₄ 308.0917; Found  

308.0923. 

4-(3-methyl-1,4-dioxo-1,4-dihydronaphthalene-2-car-

bonyl)benzonitrile (3h). According to the general procedure, men-

adione 1a and 4-cyannobenzyl bromide 2h were used. After chro-

matography on silica gel (Toluene, UV), 108 mg (0.38 mmol, 75% 

yield) of 3h were isolated as a yellow solid. m.p: 161-162°C. 1H 

NMR (400 MHz, Chloroform-d) δ 8.15 – 8.01 (m, 2H), 7.82 – 

7.66 (m, 2H), 7.63 – 7.50 (m, 2H), 7.41 – 7.30 (m, 2H), 4.08 (s, 

2H), 2.24 (s, 3H). 13C{1H} NMR (101 MHz, Chloroform-d) δ 

185.1, 184.6, 145.2, 144.0, 143.6, 133.9, 133.9, 132.6, 132.2, 

132.0, 129.5, 126.7, 126.6, 118.9, 110.6, 32.8, 13.6. HRMS (ESI) 

m/z: [M+H]+ Calcd for C₁₉H₁₄NO₂ 288.1019; Found 288.1033. 

methyl 4-((3-methyl-1,4-dioxo-1,4-dihydronaphthalen-2-

yl)methyl)benzoate (3i). According to the general procedure, men-

adione 1a and methyl 4-(bromomethyl)benzoate 2i were used. Af-

ter chromatography on silica gel (Toluene, UV), 80 mg (0.25 

mmol, 50% yield) of 3i were isolated as a yellow solid. m.p:  111-

112°C.  1H NMR (400 MHz, Chloroform-d) δ 8.12 – 8.06 (m, 

2H), 7.95 – 7.91 (m, 2H), 7.74 – 7.68 (m, 2H), 7.29 (d, J = 8.5 Hz, 

2H), 4.08 (s, 2H), 3.88 (s, 3H), 2.23 (s, 3H). 13C{1H} NMR (101 

MHz, Chloroform-d) δ 185.3, 184.6, 167.0, 145.0, 144.7, 143.6, 

133.8, 132.2, 132.1, 130.1, 128.7, 128.6, 126.7, 126.5, 52.2, 32.7, 

13.5. HRMS (ESI) m/z: [M+H]+ Calcd for C₂₀H₁₇O₄ 321.1121; 

Found 321.1108. 

2-methyl-3-(4-(trifluoromethoxy)benzyl)naphthalene-1,4-di-

one (3j). According to the general procedure, menadione 1a and 4-

trifluoromethoxybenzyl bromide 3j were used. After chromatog-

raphy on silica gel (Cyclohexane:Toluene = 4:6, UV), 138 mg (0.4 

mmol, 80% yield) of 3j were isolated as a yellow solid. m.p: 65-

66°C. 1H NMR (400 MHz, Chloroform-d) δ 8.12 – 8.05 (m, 2H), 

7.71 (dd, J = 5.8, 3.3 Hz, 2H), 7.30 – 7.22 (m, 2H), 7.11 (dt, J = 

7.7, 1.0 Hz, 2H), 4.03 (s, 2H), 2.26 (s, 3H). 19F NMR (377 MHz, 

Chloroform-d) δ -57.93. 13C{1H} NMR (101 MHz, Chloroform-

d) δ 185.4, 184.7, 147.9 (q, J = 2.0 Hz), 144.9, 144.7, 136.9, 133.8, 

132.2, 132.1, 130.0, 129.2, 128.4, 126.7, 126.5, 120.6 (d, J = 256.9 

Hz), 32.0, 13.5. HRMS (ESI) m/z: [M+H]+ Calcd for C₁₉H₁₄F₃O₃ 

347.0890; Found 347.0870. 

2-methyl-3-(4-methylbenzyl)naphthalene-1,4-dione (3k). Ac-

cording to the general procedure, menadione 1a and 4-methylben-

zyl bromide 2k were used. After chromatography on silica gel (Cy-

clohexane:Toluene = 4:6, UV), 71 mg (0.26 mmol, 51% yield) of 

3k were isolated as a yellow solid. m.p: 135-136 °C. 1H NMR (500 

MHz, Chloroform-d) δ 8.08 (m, 2H), 7.69 (m, 2H), 7.13 (d, J = 

8.2 Hz, 2H), 7.07 (d, J = 8.1 Hz, 2H), 4.00 (s, 2H), 2.29 (s, 3H), 

2.25 (s, 3H). 13C{1H} NMR (126 MHz, Chloroform-d) δ 185.6, 

184.8, 145.7, 144.4, 136.1, 135.1, 133.59, 133.55, 132.3, 132.2, 

129.5, 128.6, 126.6, 126.4, 32.1, 21.1, 13.4. HRMS (ESI) m/z: 

[M+H]+ Calcd for C₁₉H₁₇O₂ 277.1223; Found  277.1227. 

2-methyl-3-(3-(trifluoromethyl)benzyl)naphthalene-1,4-dione 

(3l). According to the general procedure, menadione 1a and 3-tri-

fluoromethylbenzyl bromide 2l were used. After chromatography 

on silica gel (Cyclohexane:Toluene = 4:6, UV), 126 mg (0.38 

mmol, 76% yield) of 3l were isolated as a yellow solid. m.p: 92-93 

°C. 1H NMR (400 MHz, Chloroform-d) δ 8.09 (m, 2H), 7.71 (m, 

2H), 7.53 – 7.34 (m, 4H), 4.08 (s, 2H), 2.25 (s, 3H). 19F NMR (377 

MHz, Chloroform-d) δ -62.58. 13C{1H} NMR (101 MHz, Chlo-

roform-d) δ 185.1, 184.5, 144.9, 144.4, 139.1, 133.6, 132.1, 

131.94, 131.92, 131.91, 131.0 (q, J = 32.2 Hz), 129.1, 126.6, 126.4, 

125.3 (q, J = 3.9 Hz), 124.0 (q, J = 272.4 Hz), 123.4 (q, J = 3.8 Hz), 

32.3, 13.4. HRMS (ESI) m/z: [M+H]+ Calcd for C19H14F3O2 

331.0940; Found 331.0936. 

2-methyl-3-(2-(trifluoromethyl)benzyl)naphthalene-1,4-dione 

(3m). According to the general procedure, menadione 1a and 2-

trifluoromethylbenzyl bromide 2m were used. After chromatog-

raphy on silica gel (Cyclohexane:Toluene = 4:6, UV), 127 mg (0.38 

mmol, 77% yield) of 3m were isolated as a yellow solid. m.p: 106-

107°C. 1H NMR (400 MHz, Chloroform-d) δ 8.28 – 8.01 (m, 2H), 

7.78 – 7.72 (m, 2H), 7.70 (d, J = 7.3 Hz, 1H), 7.36 (t, J = 7.1 Hz, 

1H), 7.30 (t, J = 7.3 Hz, 1H), 6.96 (d, J = 7.6 Hz, 1H), 4.25 (s, 2H), 

2.11 (s, 3H). 19F NMR (377 MHz, Chloroform-d) δ -60.90. 
13C{1H} NMR (101 MHz, Chloroform-d) δ 185.1, 184.5, 146.4, 

144.4, 136.8, 133.83, 133.81, 132.4, 132.2, 132.1, 128.7 (q, J = 

29.9 Hz), 128.3, 126.8, 126.60, 126.56, 126.4 (q, J = 5.8 Hz), 124.7 

(q, J = 273.8 Hz), 28.8 (q, J = 2.6 Hz), 13.2. HRMS (ESI) m/z: 

[M+H]+ Calcd for C19H14F3O2 331.0940; Found 331.0930. 

2-methyl-3-(2-methylbenzyl)naphthalene-1,4-dione (3n). Ac-

cording to the general procedure, menadione 1a and 2-methylben-

zyl bromide 2n were used. After chromatography on silica gel (Cy-

clohexane:Toluene = 4:6, UV), 92 mg (0.33 mmol, 67% yield) of 

3n were isolated as a yellow solid. m.p: 61-62 °C. 1H NMR (400 

MHz, Chloroform-d) δ 8.15 – 8.11 (m, 1H), 8.11 – 8.06 (m, 1H), 

7.77 – 7.67 (m, 2H), 7.20 (dd, J = 7.3, 1.6 Hz, 1H), 7.11 (td, J = 

7.4, 1.5 Hz, 1H), 7.04 (td, J = 7.6, 1.6 Hz, 1H), 6.84 (dd, J = 7.6, 

1.3 Hz, 1H), 3.97 (s, 2H), 2.45 (s, 3H), 2.16 (s, 3H). 13C{1H} NMR 

(101 MHz, Chloroform-d) δ 185.3, 184.6, 145.7, 145.5, 136.4, 

136.1, 133.7, 133.6, 132.4, 132.3, 130.5, 126.73, 126.68, 126.5, 

126.5, 126.3, 29.7, 20.1, 13.4. HRMS (ESI) m/z: [M+H]+ Calcd 

for C₁₉H₁₇O₂ 277.1223; Found 277.1224. 

2-(2-bromobenzyl)-3-methylnaphthalene-1,4-dione (3o). Ac-

cording to the general procedure, menadione 1a and 2-bromoben-

zyl bromide 2o were used. After chromatography on silica gel (Cy-

clohexane:Toluene = 4:6, UV), 134 mg (0.39 mmol, 79% yield) of 

3o were isolated as a yellow solid. m.p: 102-103°C. 1H NMR (400 

MHz, Chloroform-d) δ 8.19 – 7.99 (m, 2H), 7.79 – 7.64 (m, 2H), 

7.59 (dd, J = 8.0, 1.4 Hz, 1H), 7.15 (td, J = 7.5, 1.4 Hz, 1H), 7.06 

(td, J = 7.6, 1.8 Hz, 1H), 6.92 (dd, J = 7.6, 1.8 Hz, 1H), 4.13 (s, 

2H), 2.13 (s, 3H). 13C{1H} NMR (101 MHz, Chloroform-d) δ 

185.2, 184.5, 146.0, 144.7, 137.5, 133.8, 133.7, 133.1, 132.3, 

132.2, 128.8, 128.1, 127.7, 126.7, 126.5, 124.8, 32.8, 13.5. HRMS 

(ESI) m/z: [M+H]+ Calcd for C₁₈H₁₄BrO₂ 341.0172; Found 

341.0181. 

2-(3,5-dimethylbenzyl)-3-methylnaphthalene-1,4-dione (3p). 

According to the general procedure, menadione 1a and 3,5-dime-

thylbenzyl bromide 2p were used. After chromatography on silica 

gel (Cyclohexane:Toluene = 4:6, UV), 101 mg (0.35 mmol, 70% 

yield) of 3p were isolated as a yellow solid. m.p: 108-109°C. 1H 

NMR (400 MHz, Chloroform-d) δ 8.15 – 8.00 (m, 2H), 7.70 (dd, 

J = 5.8, 3.3 Hz, 2H), 7.02 – 6.63 (m, 3H), 3.96 (s, 2H), 2.26 (s, 6H), 

2.25 (s, 3H). 13C{1H} NMR (101 MHz, Chloroform-d) δ 185.6, 

184.9, 145.7, 144.5, 138.3, 138.0, 133.6, 133.6, 132.32, 132.25, 

128.3, 126.7, 126.5, 126.4, 32.4, 21.4, 13.5. HRMS (ESI) m/z: 

[M+H]+ Calcd for C₂₀H₁₉O₂ 291.1380; Found  291.1377. 
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2-(3,5-dimethoxybenzyl)-3-methylnaphthalene-1,4-dione (3q). 

According to the general procedure, menadione 1a and 3,5-di-

methoxybenzyl bromide 2q were used. After chromatography on 

silica gel (Cyclohexane:Ethyl Acetate = 95:5, UV), 110 mg (0.34 

mmol, 68% yield) of 3q were isolated as a yellow solid. m.p: 133-

134 °C. 1H NMR (400 MHz, Chloroform-d) δ 8.17 – 7.99 (m, 

2H), 7.74 – 7.65 (m, 2H), 6.37 (d, J = 2.2 Hz, 2H), 6.29 (t, J = 2.2 

Hz, 1H), 3.97 (s, 2H), 3.75 (s, 6H), 2.24 (s, 3H). 13C{1H} NMR 

(101 MHz, Chloroform-d) δ 185.5, 184.7, 161.0, 145.1, 144.8, 

140.4, 133.61, 133.59, 132.3, 132.2, 126.6, 126.4, 107.0, 98.1, 

55.4, 32.6, 13.4. HRMS (ESI) m/z: [M+H]+ Calcd for C₂₀H₁₉O₄ 

323.1278; Found  323.1287. 

2-(3,5-dibromobenzyl)-3-methylnaphthalène-1,4-dione (3r). 

According to the general procedure, menadione 1a and 3,5-dibro-

mobenzyl bromide 2r were used. After chromatography on silica 

gel (Cyclohexane:Toluene = 1:1, UV), 135 mg (0.32 mmol, 64% 

yield) of 3r were isolated as a yellow solid. m.p: 151-152°C. 1H 

(400MHz, Chloroform-d) δ 8.11 (m, 2H), 7.75-7.71 (m, 2H), 7.51 

(t, J = 1.8 Hz, 1H), 7.30 (m, 2H), 3.91 (s, 2H), 2.23 (s, 3H). 13C{1H} 

NMR (126 MHz, Chloroform-d) δ 185.2, 184.5, 145.3, 143.9, 

142.1, 133.88, 133.86, 132.5, 132.2, 132.0, 130.5, 126.8, 126.6, 

123.3, 32.0, 13.6. HRMS (ESI) m/z: [M+H]+ Calcd for 

C₁₈H₁₃Br₂O₂ 418.9277; Found 418.9290. 

2-(3,5-diiodobenzyl)-3-methylnaphthalène-1,4-dione (3s). Ac-

cording to the general procedure, menadione 1a and 3,5-diiodoben-

zyl bromide 2s were used. After chromatography on silica gel (Cy-

clohexane:Toluene = 1:1, UV), 191 mg (0.37 mmol, 74% yield) of 

3s were isolated as a yellow solid, along with 5% non separable 

contaminating material. m.p: 176-177°C. 1H (400MHz, Chloro-

form-d) δ 8.12 (m, 2H), 7.88 (t, J = 1.8 Hz, 1H), 7.72 (m, 2H), 

7.53-7.50 (m, 2H), 3.91 (s, 2H), 2.23 (s, 3H). 13C{1H} NMR (126 

MHz, Chloroform-d) δ 185.2, 184.5, 145.2, 143.9, 143.5, 142.3, 

136.9, 133.9, 133.8, 132.2, 132.0, 126.8, 126.6, 95.2, 31.7, 13.6. 

HRMS (ESI) m/z: [M+H]+ Calcd for C₁₈H₁₃I₂O₂ 514.9000; Found 

514.8989. 

2-(2,6-dichlorobenzyl)-3-methylnaphthalene-1,4-dione (3t). 

According to the general procedure, menadione 1a and 2,6-dichlo-

robenzyl bromide 2t were used. After chromatography on silica gel 

(Cyclohexane:Toluene = 4:6, UV), 126 mg (0.38 mmol, 76% yield) 

of 3t were isolated as a yellow solid. m.p: 203-204 °C. 1H NMR 

(400 MHz, Chloroform-d) δ 8.21 – 7.99 (m, 2H), 7.75 – 7.63 (m, 

2H), 7.30 (d, J = 8.0 Hz, 2H), 7.15 – 7.08 (m, 1H), 4.37 (s, 2H), 

2.04 (s, 3H). 13C{1H} NMR (101 MHz, Chloroform-d) δ 185.1, 

184.1, 144.6, 144.5, 135.9, 135.5, 133.6, 133.5, 132.24, 132.20, 

128.6, 128.3, 126.8, 126.4, 29.5, 12.9. HRMS (ESI) m/z: [M+H]+ 

Calcd for C18H13Cl2O2 331.0287; Found 331.0280. 

2-(2,5-dimethoxybenzyl)-3-methylnaphthalene-1,4-dione (3u). 

According to the general procedure, menadione 1a and 2,5-di-

methoxybenzyl bromide 2u were used. After chromatography on 

silica gel (Toluene, UV), 128 mg (0.39 mmol, 78% yield) of 3u 

were isolated as a yellow solid. m.p: 148-149 °C. 1H NMR (400 

MHz, Chloroform-d) δ 8.14 – 8.01 (m, 2H), 7.80 – 7.61 (m, 2H), 

6.78 (d, J = 8.8 Hz, 1H), 6.69 (dd, J = 8.8, 3.1 Hz, 1H), 6.62 (d, J 

= 3.0 Hz, 1H), 4.00 (s, 2H), 3.80 (s, 3H), 3.69 (s, 3H), 2.17 (s, 3H). 
13C{1H} NMR (101 MHz, Chloroform-d) δ 185.5, 184.7, 153.7, 

151.7, 145.6, 145.1, 133.54, 133.47, 132.38, 132.37, 127.8, 126.6, 

126.4, 116.4, 111.3, 111.1, 56.1, 55.8, 26.9, 13.2. HRMS (ESI) 

m/z: [M+H]+ Calcd for C₂₀H₁₉O₄: 323.1278; Found 323.1286. 

2-(3-fluoro-4-nitrobenzyl)-3-methylnaphthalene-1,4-dione 

(3v). According to the general procedure, menadione 1a and 4-ni-

tro-3-fluorobenzyl bromide 2v were used. After chromatography 

on silica gel (Cyclohexane:Toluene = 4:6, UV), 91 mg (0.28 mmol, 

56% yield) of 3v were isolated as a yellow solid. m.p: 140-141°C. 

1H NMR (400 MHz, Chloroform-d) δ 8.16 – 8.05 (m, 2H), 7.99 

(dd, J = 8.7, 7.7 Hz, 1H), 7.82 – 7.65 (m, 2H), 7.22 – 7.11 (m, 2H), 

4.10 (s, 2H), 2.26 (s, 3H). 19F NMR (377 MHz, Chloroform-d) δ 

-116.59 (m). 13C{1H} NMR (101 MHz, Chloroform-d) δ 184.9, 

184.4, 155.8 (d, J = 265.6 Hz), 147.7 (d, J = 8.0 Hz), 145.6, 143.2, 

135.9, 134.1, 134.0, 132.2, 131.9, 126.7 (d, J = 4.0 Hz), 126.6 (d, J 

= 2.5 Hz), 124.80, 124.76, 118.5 (d, J = 21.3 Hz), 32.6 (d, J = 1.4 

Hz), 13.6. HRMS (ESI) m/z: [M+H]+ Calcd for C₁₈H₁₃FNO₄ 

326.0823; Found  326.0802. 

2-(2-chloro-5-nitrobenzyl)-3-methylnaphthalene-1,4-dione 

(3w). According to the general procedure, menadione 1a and 2-

chloro-5-nitrobenzyl bromide 2w were used. After chromatog-

raphy on silica gel (Cyclohexane:Toluene = 4:6, UV), 119 mg (0.35 

mmol, 70% yield) of 3w were isolated as a yellow solid. m.p: 172-

173°C. 1H NMR (400 MHz, Chloroform-d) δ 8.15 – 8.12 (m, 1H), 

8.10 – 8.05 (m, 1H), 8.03 (dd, J = 8.8, 2.7 Hz, 1H), 7.85 (d, J = 2.7 

Hz, 1H), 7.79 – 7.68 (m, 2H), 7.57 (d, J = 8.7 Hz, 1H), 4.17 (s, 2H), 

2.19 (s, 3H). 13C{1H} NMR (101 MHz, Chloroform-d) δ 184.8, 

184.3, 146.9, 146.6, 142.8, 141.1, 138.0, 134.0, 134.1, 132.2, 

131.9, 130.6, 126.8, 126.7, 124.0, 122.9, 30.5, 13.6. HRMS (ESI) 

m/z: [M+H]+ Calcd for C18H13ClNO4 342.0528; Found  342.0529. 

2-(2,5-dibromobenzyl)-3-methylnaphthalene-1,4-dione (3x). 

According to the general procedure, menadione 1a and 2,5-dibro-

mobenzyl bromide 2x were used. After chromatography on silica 

gel (Cyclohexane:Toluene = 4:6, UV), 156 mg (0.37 mmol, 74% 

yield) of 3x were isolated as a yellow solid. m.p: 126-127°C.  1H 

NMR (400 MHz, Chloroform-d) δ 8.22 – 8.02 (m, 2H), 7.83 – 

7.67 (m, 2H), 7.45 (d, J = 8.5 Hz, 1H), 7.20 (dd, J = 8.5, 2.4 Hz, 

1H), 7.00 (d, J = 2.3 Hz, 1H), 4.09 (s, 2H), 2.14 (s, 3H). 13C{1H} 

NMR (101 MHz, Chloroform-d) δ 185.0, 184.4, 146.4, 143.9, 

139.8, 134.4, 133.9, 132.3, 132.1, 131.6, 131.3, 126.8, 126.6, 

123.5, 121.8, 32.8, 13.6. HRMS (ESI) m/z: [M+H]+ Calcd for 

C18H13Br2O2 418.9277; Found 418.9279. 

2-(4-bromo-2-fluorobenzyl)-3-methylnaphthalene-1,4-dione 

(3y). According to the general procedure, menadione 1a and 4-

bromo-2-fluorobenzyl bromide 2y were used. After chromatog-

raphy on silica gel (Cyclohexane:Toluene = 4:6, UV), 129 mg (0.36 

mmol, 72% yield) of 3y were isolated as a yellow solid. m.p: 108-

109°C. 1H NMR (500 MHz, Chloroform-d) δ 8.13 – 8.00 (m, 2H), 

7.81 – 7.58 (m, 2H), 7.21 (dd, J = 9.6, 2.0 Hz, 1H), 7.16 (dd, J = 

8.3, 2.0 Hz, 1H), 7.06 (t, J = 8.1 Hz, 1H), 3.98 (s, 2H), 2.21 (s, 3H). 
19F NMR (471 MHz, Chloroform-d) δ -113.57 (t, J = 8.7 Hz). 

13C{1H} NMR (126 MHz, Chloroform-d) δ 185.2, 184.6, 160.7 

(d, J = 250.3 Hz), 145.5, 143.8, 133.8, 132.2, 132.1, 131.7 (d, J = 

4.9 Hz), 127.7 (d, J = 3.6 Hz), 126.6, 126.5, 124.3 (d, J = 15.7 Hz), 

120.5 (d, J = 9.6 Hz), 119.2 (d, J = 25.6 Hz), 25.5 (d, J = 3.1 Hz), 

13.2 (d, J = 2.7 Hz). HRMS (ESI) m/z: [M+H]+ Calcd for 

C₁₈H₁₃BrFO₂ 359.0077; Found 359.0065. 

2-(3-fluoro-4-(trifluoromethyl)benzyl)-3-methylnaphthalene-

1,4-dione (3z). According to the general procedure, menadione 1a 

and 3-fluro-4-trifluoromethylbenzyl bromide 2z were used. After 

chromatography on silica gel (Cyclohexane:Toluene = 4:6, UV), 

129 mg (0.37 mmol, 74% yield) of 3z were isolated as a yellow 

solid. m.p: 85-86 °C. 1H NMR (500 MHz, Chloroform-d) δ 8.16 

– 8.00 (m, 2H), 7.81 – 7.66 (m, 2H), 7.50 (t, J = 7.7 Hz, 1H), 7.12 

(dd, J = 8.1, 1.2 Hz, 1H), 7.09 – 7.02 (m, 1H), 4.07 (s, 2H), 2.25 (s, 

3H). 19F NMR (471 MHz, Chloroform-d) δ -61.20 (d, J = 12.2 

Hz), -114.07 (td, J = 12.0, 7.3 Hz).  13C{1H} NMR (126 MHz, 

Chloroform-d) δ 185.1, 184.5, 160.1 (dq, J = 256.4, 2.1 Hz), 

145.4, 145.3, 143.8, 133.93, 133.88, 132.2, 131.9, 127.5 (qd, J = 

4.4, 2.1 Hz), 126.7, 126.6, 124.3 (d, J = 3.5 Hz), 122.7 (q, J = 272.0 

Hz), 117.1 (d, J = 21.0 Hz), 116.7 (qd, J = 33.2, 12.3 Hz), 32.4, 
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13.5. HRMS (ESI) m/z: [M+H]+ Calcd for C₁₉H₁₃F₄O₂ 349.0846; 

Found 349.0836. 

2-methyl-3-((perfluorophenyl)methyl)naphthalene-1,4-dione 

(3aa). According to the general procedure, menadione 1a and 

2,3,4,5,6-pentafluorobenzyl bromide 2aa were used. After chroma-

tography on silica gel (Cyclohexane:Toluene = 4:6, UV), 125 mg 

(0.35 mmol, 71% yield) of 3aa were isolated as a yellow solid. m.p: 

103-104 °C. 1H NMR (400 MHz, Chloroform-d) δ 8.09 – 8.04 

(m, 1H), 8.03 – 7.98 (m, 1H), 7.75 – 7.63 (m, 2H), 4.03 (s, 2H), 

2.24 (s, 3H). 19F NMR (471 MHz, Chloroform-d) δ -141.23 – -

141.33 (m), -156.45 (t, J = 20.9 Hz), -162.22 – -162.38 (m).  

13C{1H} NMR (126 MHz, Chloroform-d) δ 184.8, 183.8, 145.5, 

145.4 (dm, J = 247.0 Hz), 142.0, 140.2 (dm, J = 252.7 Hz), 138.8 

– 136.4 (dm, J = 251.8 Hz ), 133.83, 133.80, 132.1, 131.9, 126.57, 

126.56, 112.1 (td, J = 17.5, 4.1 Hz), 21.0, 13.0. HRMS (ESI) m/z: 

[M+H]+ Calcd for C₁₈H₁₀F₅O₂ 353.0595; Found 353.0573. 

2-methyl-3-(naphthalen-2-ylmethyl)naphthalene-1,4-dione 

(3ab). According to the general procedure, menadione 1a and 2-

(bromomethyl)naphthalene 2ab were used. After chromatography 

on silica gel (Cyclohexane:Toluene = 4:6, UV), 107 mg (0.34 

mmol, 69% yield) of 3ab were isolated as a yellow solid. m.p: 109-

110 °C. 1H NMR (400 MHz, Chloroform-d) δ 8.20 – 8.04 (m, 

2H), 7.85 – 7.67 (m, 5H), 7.64 – 7.60 (m, 1H), 7.51 – 7.34 (m, 3H), 

4.21 (s, 2H), 2.29 (s, 3H). 13C{1H} NMR (101 MHz, Chloroform-

d) δ 185.6, 184.9, 145.4, 144.8, 135.7, 133.68, 133.65, 132.32, 

132.30, 132.2, 128.5, 127.7, 127.7, 127.3, 126.9, 126.7, 126.5, 

126.3, 125.7, 32.7, 13.5. HRMS (ESI) m/z: [M+K]+ Calcd for 

C22H16KO2 351.0782; Found 351.0806. 

2-allyl-3-methylnaphthalene-1,4-dione (3ac). A variant from the 

general procedure was performed. In a 10 mL tube, menadione 1a 

(0.5 mmol), allyl bromide 2ac (1 mmol) and Fe(acac)3 (10%) were 

dissolved in Acetonitrile (5 mL). The mixture was stirred and 2,6-

lutidine (0.6 mmol) and γ-terpinene (0.6 mmol) were added succes-

sively. The tube was sealed, placed under blue light irradiation and 

heated up at 90°C during 24h. After completion, the mixture was 

allowed to cool down at room temperature and was partitioned be-

tween ethyl acetate (10 mL) and aqueous 1M HCl (10 mL). The 

aqueous layer was extracted once with 10 mL ethyl acetate and the 

reunited organic layers were washed with brine and dried with 

MgSO4. The solvent was removed and the crude was purified by 

silica gel chromatography (Cyclohexane:Ethyl Acetate = 95:5, UV) 

to obtained 72 mg (0.34 mmol, 68%) of 3ac as an orange solid. 

m.p: 67-68°C. 1H NMR (500 MHz, Chloroform-d) δ 8.11 – 8.03 

(m, 2H), 7.75 – 7.60 (m, 2H), 5.83 (ddt, J = 17.1, 10.1, 6.3 Hz, 1H), 

5.15 – 5.01 (m, 2H), 3.41 (dd, J = 6.3, 0.7 Hz, 2H), 2.19 (s, 3H). 
13C{1H} NMR (126 MHz, Chloroform-d) δ 185.4, 184.4, 144.41, 

144.40, 133.6, 133.5, 133.32, 132.27, 132.2, 126.5, 126.4, 116.8, 

31.1, 12.7. HRMS (ESI) m/z: [M+H]+ Calcd for C₁₄H₁₃O₂ 

213.0910; Found 213.0909. 

2-chloro-3-(4-(trifluoromethyl)benzyl)naphthalene-1,4-dione 

(5a). According to the general procedure, 2-chloronaphthalene-1,4-

dione 4a and 4-trifluoromethylbenzyl bromide 2a were used. After 

chromatography on silica gel (Cyclohexane:Toluene = 4:6, UV), 

95 mg (0.27 mmol, 54% yield) of 5a were isolated as a yellow solid. 

m.p: 160-161 °C. 1H NMR (500 MHz, Chloroform-d) δ 8.19 – 

8.15 (m, 1H), 8.11 (m, 1H), 7.81 – 7.72 (m, 2H), 7.54 (d, J = 8.4 

Hz, 2H), 7.49 (d, J = 8.3 Hz, 2H), 4.23 (s, 3H). 19F NMR (471 

MHz, Chloroform-d) -62.54. 13C{1H} NMR (126 MHz, Chloro-

form-d) δ 182.4, 177.8, 145.7, 144.4, 140.9, 134.6, 134.4, 131.6, 

131.4, 129.7, 129.4 (q, J = 32.6 Hz), 127.5, 127.4, 125.8 (q, J = 3.7 

Hz), 124.2 (q, J = 272.3 Hz), 33.9. HRMS (ESI) m/z: [M+H]+ 

Calcd for C18H11ClF3O2 351.0394; Found 351.0403. 

2-bromo-3-(4-(trifluoromethyl)benzyl)naphthalene-1,4-dione 

(5b). According to the general procedure, 2-bromonaphthalene-

1,4-dione 4b and 4-trifluoromethylbenzyl bromide 2a were used. 

After chromatography on silica gel (Cyclohexane:Toluene = 4:6, 

UV), 84 mg (0.21 mmol, 43% yield) of 5b were isolated as a yellow 

solid. m.p: 126-127°C. 1H NMR (400 MHz, Chloroform-d) δ 

8.19 – 8.15 (m, 1H), 8.14 – 8.08 (m, 1H), 7.85 – 7.70 (m, 2H), 7.59 

– 7.48 (m, 4H), 4.29 (s, 2H). 19F NMR (377 MHz, Chloroform-d) 

δ -62.56. 13C{1H} NMR (101 MHz, Chloroform-d) δ 181.8, 

177.8, 149.2, 140.8, 140.5, 134.5, 134.3, 131.5, 131.2, 129.6, 129.1 

(q, J = 36.5 Hz), 127.8, 127.5, 125.7 (q, J = 3.8 Hz), 124.2 (q, J = 

272.0 Hz), 36.9. HRMS (ESI) m/z: [M+H]+ Calcd for 

C18H11BrF3O2 394.9889. Found 394.9886. 

2-phenyl-3-(4-(trifluoromethyl)benzyl)naphthalene-1,4-dione 

(5c). According to the general procedure, 2-phenylnaphthalene-

1,4-dione 4c and 4-trifluoromethylbenzyl bromide 2a were used. 

After chromatography on silica gel (Cyclohexane:Toluene = 1:1, 

UV), 175 mg (0.45 mmol, 89% yield) of 5c were isolated as an 

orange solid. m.p: 93-94 °C 1H NMR (500 MHz, Chloroform-d) 

δ 8.22 – 8.04 (m, 2H), 7.76 (m, 2H), 7.55 – 7.39 (m, 5H), 7.25 – 

7.16 (m, 2H), 7.14 – 7.06 (m, 2H), 3.97 (s, 2H).19F NMR (471 

MHz, Chloroform-d) δ -62.44. 13C{1H} NMR (126 MHz, Chlo-

roform-d) δ 185.3, 184.6, 147.7, 145.1, 142.8, 134.1, 134.0, 133.2, 

132.1, 129.2, 129.1, 129.0, 128.8 (q, J = 32.4 Hz), 128.6, 126.9, 

126.7, 125.5 (q, J = 3.8 Hz), 124.3 (q, J = 271.8 Hz), 33.4. HRMS 

(ESI) m/z: [M+H]+ Calcd for C₂₄H₁₆F₃O₂: 393.1097; Found 

393.1117. 

2-ethyl-3-(4-(trifluoromethyl)benzyl)naphthalene-1,4-dione 

(5d). According to the general procedure, 2-ethylnaphthalene-1,4-

dione 4d and 4-trifluoromethylbenzyl bromide 2a were used. After 

chromatography on silica gel (Cyclohexane:Toluene = 1:1, UV), 

108 mg (0.31 mmol, 63% yield) of 5d were isolated as an orange 

solid. m.p: 77-78 °C. 1H NMR (500 MHz, Chloroform-d) δ 8.15 

– 7.99 (m, 2H), 7.78 – 7.65 (m, 2H), 7.52 (d, J = 8.0 Hz, 2H), 7.34 

(d, J = 8.0 Hz, 2H), 4.09 (s, 2H), 2.72 (q, J = 7.6 Hz, 2H), 1.09 (t, 

J = 7.5 Hz, 3H). 19F NMR (471 MHz, Chloroform-d) δ -62.44. 
13C{1H} NMR (126 MHz, Chloroform-d) δ 185.1, 184.9, 150.2, 

143.8, 142.8, 133.80, 133.75, 132.4, 132.1, 128.9 (q, J = 32.4 Hz), 

128.9, 126.6, 126.5, 125.7 (q, J = 3.7 Hz), 124.3 (q, J = 271.9 Hz), 

32.1, 21.1, 13.6. HRMS (ESI) m/z: [M+H]+ Calcd for C20H16F3O2 

345.1097; Found  345.1099. 

2-benzyl-3-(4-(trifluoromethyl)benzyl)naphthalene-1,4-dione 

(5e). According to the general procedure, 2-benzylnaphthalene-

1,4-dione 4e and 4-trifluoromethylbenzyl bromide 2a were used. 

After chromatography on silica gel (Cyclohexane:Toluene = 4:6, 

UV), 113 mg (0.28 mmol, 56% yield) of 5e were isolated as a yel-

low solid. m.p: 93-94 °C. 1H NMR (500 MHz, Chloroform-d) 

8.17 – 8.01 (m, 2H), 7.83 – 7.66 (m, 2H), 7.48 (d, J = 8.1 Hz, 2H), 

7.27 – 7.12 (m, 7H), 4.13 (s, 2H), 4.10 (s, 2H). 19F NMR (471 

MHz, Chloroform-d) δ -62.45. 13C{1H} NMR (126 MHz, Chlo-

roform-d) δ 185.2, 185.1, 146.8, 145.5, 142.2, 137.8, 134.0, 133.9, 

132.1, 132.1, 128.97, 128.96 (q, J = 32.6 Hz), 128.9, 128.6, 126.8, 

126.7, 125.7 (q, J = 3.9 Hz), 124.3 (q, J = 272.1 Hz), 32.63, 32.61 

HRMS (ESI) m/z: [M+H]+ Calcd for C₂₅H₁₈F₃O₂ 407.1253. Found 

407.1286. 

2-phenoxy-3-(4-(trifluoromethyl)benzyl)naphthalene-1,4-di-

one (5f). According to the general procedure, 2-phenoxynaphtha-

lene-1,4-dione 4f and 4-trifluoromethylbenzyl bromide 2a were 

used. After chromatography on silica gel (Cyclohexane:Toluene = 

1:1, UV), 85 mg (0.21 mmol, 42% yield) of 5f were isolated as a 

yellow solid. m.p: 156-157 °C. 1H NMR (500 MHz, Chloroform-

d) δ 8.22 – 8.11 (m, 1H), 8.02 – 7.94 (m, 1H), 7.75 (td, J = 7.5, 1.5 

Hz, 1H), 7.71 (td, J = 7.5, 1.5 Hz, 1H), 7.52 – 7.43 (m, 4H), 7.35 – 
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7.29 (m, 2H), 7.15 – 7.08 (m, 1H), 6.94 – 6.88 (m, 2H), 4.08 (s, 

2H). 19F NMR (471 MHz, Chloroform-d) δ -62.44. 13C{1H} 

NMR (126 MHz, Chloroform-d) δ 184.9, 179.8, 157.1, 154.0, 

142.2, 136.7, 134.4, 134.1, 132.0, 131.3, 129.9, 129.8, 129.0 (q, J 

= 32.4 Hz), 126.8, 126.8, 125.6 (q, J = 3.8 Hz), 124.3 (q, J = 272.0 

Hz), 123.7, 116.4, 29.8. HRMS (ESI) m/z: [M+H]+ Calcd for 

C24H16F3O3 409.1046; Found 409.1030. 

1,4-dioxo-3-(4-(trifluoromethyl)benzyl)-1,4-dihydronaphtha-

len-2-yl acetate (5g). According to the general procedure, 1,4-di-

oxo-1,4-dihydronaphthalen-2-yl acetate 4g and 4-trifluoro-

methylbenzyl bromide 2a were used. After chromatography on sil-

ica gel (Cyclohexane:Toluene = 1:9, UV), 91 mg (0.24 mmol, 49% 

yield) of 5g were isolated as an orange solid. m.p: 120-121 °C. 1H 

NMR (500 MHz, Chloroform-d) δ 8.16 – 8.04 (m, 2H), 7.77 – 

7.70 (m, 2H), 7.53 (d, J = 8.1 Hz, 2H), 7.41 (d, J = 8.4 Hz, 2H), 

3.97 (s, 2H), 2.41 (s, 3H). 19F NMR (471 MHz, Chloroform-d) δ 

-62.49. 13C{1H} NMR (126 MHz, Chloroform-d) δ 184.2, 178.2, 

167.9, 151.9, 141.4, 136.8, 134.5, 134.2, 131.9, 130.9, 129.4, 129.2 

(q, J = 32.4 Hz), 127.0, 126.9, 125.7 (q, J = 3.8 Hz), 124.2 (q, J = 

272.0 Hz), 30.1, 20.5. HRMS (ESI) m/z: [M+Na]+ Calcd for 

C20H13F3NaO4 397.0658 Found 397.0658. 

5-hydroxy-2-methyl-3-(4-(trifluoromethyl)benzyl)naphtha-

lene-1,4-dione (5h). According to the general procedure, plum-

bagin 4h and 4-trifluoromethylbenzyl bromide 2a were used. After 

chromatography on silica gel (Cyclohexane:Toluene = 4:6, UV), 

64 mg (0.185 mmol, 37% yield) of 5h were isolated as an orange 

solid. m.p: 124-125°C. 1H NMR (500 MHz, CDCl3) δ 12.06 (s, 

1H), 7.64 – 7.49 (m, 4H), 7.35 (d, J = 8.0 Hz, 2H), 7.22 (dd, J = 

8.2, 1.3 Hz, 1H), 4.07 (s, 2H), 2.24 (s, 3H).   19F NMR (471 MHz, 

CDCl3) δ -62.46. 13C{1H} NMR (126 MHz, CDCl3) δ 189.7, 

184.4, 161.5, 146.4, 144.3, 142.0, 136.4, 132.2, 129.1 (q, J = 32.4 

Hz), 128.9, 125.8 (q, J = 3.8 Hz), 124.23, 124.22 (q, J = 272.1 Hz), 

119.3, 114.9, 31.9, 13.6. HRMS (ESI) m/z: [M+H]+ Calcd for 

C19H14F3O3 347.0890; Found 347.0910. 

5-methoxy-2-methyl-3-(4-(trifluoromethyl)benzyl)naphtha-

lene-1,4-dione (5i). According to the general procedure, 5-meth-

oxy-2-methylnaphthalene-1,4-dione 4i and 4-trifluoromethylben-

zyl bromide 2a were used. After chromatography on silica gel (Cy-

clohexane:Toluene = 4:6, UV), 90 mg (0.25 mmol, 50% yield) of 

5i were isolated as an orange solid. m.p: 136-137°C. 1H NMR (400 

MHz, Chloroform-d) δ 7.76 (dd, J = 7.6, 1.1 Hz, 1H), 7.64 (dd, J 

= 8.5, 7.7 Hz, 1H), 7.50 (d, J = 8.1 Hz, 2H), 7.35 (d, J = 7.9 Hz, 

2H), 7.27 (d, J = 8.5 Hz, 1H), 4.05 (s, 2H), 3.99 (s, 3H), 2.19 (s, 

3H). 19F NMR (377 MHz, Chloroform-d) δ -62.45. 13C{1H} 

NMR (101 MHz, Chloroform-d) δ 185.5, 183.8, 159.7, 146.2, 

142.7, 142.6, 134.9, 134.4, 129.1, 128.8 (q, J = 32.5 Hz), 125.6 (q, 

J = 3.6 Hz), 124.3 (q, J = 271.8 Hz), 119.8, 119.3, 117.7, 56.6, 32.7, 

13.2. HRMS (ESI) m/z: [M+K]+ Calcd for C20H15F3KO3 399.0605 

Found 399.0635. 

6-fluoro-2-methyl-3-(4-(trifluoromethyl)benzyl)naphthalene-

1,4-dione (5j). According to the general procedure, 6-fluoro-2-me-

thylnaphthalene-1,4-dione 4j and 4-trifluoromethylbenzyl bromide 

2a were used. After chromatography on silica gel (Cyclohex-

ane:Toluene = 1:1, UV), 116 mg (0.33 mmol, 67% yield) of 5j were 

isolated as a yellow solid. m.p:  105-105°C. 1H NMR (500 MHz, 

Chloroform-d) δ 8.13 (dd, J = 8.6, 5.2 Hz, 1H), 7.72 (dd, J = 8.5, 

2.7 Hz, 1H), 7.55 – 7.48 (m, 2H), 7.40 – 7.30 (m, 3H), 4.08 (s, 2H), 

2.26 (s, 3H). 19F NMR (471 MHz, Chloroform-d) δ -62.49, -

102.18 (td, J = 8.4, 5.3 Hz). 13C{1H} NMR (126 MHz, Chloro-

form-d) δ 183.8, 183.5, 166.1 (d, J = 257.1 Hz), 145.2, 144.6 (d, J 

= 1.8 Hz), 142.0, 134.5 (d, J = 7.8 Hz), 129.7 (d, J = 8.9 Hz), 129.0 

(q, J = 32.3 Hz), 128.9, 128.7 (d, J = 3.3 Hz), 125.7 (q, J = 3.8 Hz), 

124.1 (q, J = 271.9 Hz), 120.9 (d, J = 22.5 Hz), 113.3 (d, J = 23.5 

Hz), 32.4, 13.4. HRMS (ESI) m/z: [M+H]+ Calcd for C₁₉H₁₃F₄O₂ 

349.0846 Found 349.0835. 

2,3,5-trimethyl-6-(4-(trifluoromethyl)benzyl)cyclohexa-2,5-

diene-1,4-dione (5k). According to the general procedure, 2,3,5-

trimethylbenzoquinone 4k and 4-trifluoromethylbenzyl bromide 

2a were used. After chromatography on silica gel (Cyclohex-

ane:Toluene = 4:6, UV), 71 mg (0.23 mmol, 46% yield) of 5k were 

isolated as a yellow solid. m.p: 74-75°C. 1H NMR (500 MHz, 

CDCl3) δ 7.51 (d, J = 8.1 Hz, 2H), 7.29 (d, J = 8.0 Hz, 2H), 3.91 

(s, 2H), 2.10 (s, 3H), 2.03 (d, J = 1.4 Hz, 3H), 2.01 (d, J = 1.5 Hz, 

3H). 19F NMR (471 MHz, CDCl3) δ -62.45. 13C{1H} NMR (126 

MHz, CDCl3) δ 187.7, 187.0, 142.6, 141.9, 141.7, 141.0, 140.6, 

129.0, 129.3 – 128.4 (q, J = 32.5 Hz), 125.6 (q, J = 3.9 Hz), 124.3 

(q, J = 271.8 Hz), 32.1, 13.0, 12.57, 12.55. HRMS (ESI) m/z: 

[M+H]+ Calcd for C₁₇H₁₆F₃O₂ 309.1097; Found 309.1096 (MH+). 

 

SUPPORTING INFORMATION 

Detailed screenings of the photochemical reactions, studies of the 

reaction mechanism, spectrophotometric absorption data and 1H 

and 13C NMR spectra of all compounds are given in the Supporting 

Information. The Supporting Information is available free of charge 

on the ACS Publications website. 
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