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Abstract  

The first report of the preparation of symmetric and non-symmetric diaminotruxinic derivatives 

through the photoredox [2+2] cycloadditions of Erlenmeyer azlactones is described, affording 

the desired compounds in high regio- and diastereocontrol (only head-to-head coupling). 
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Mechanistic studies by DFT suggest that the reaction proceeds through a neutral photocatalytic 

pathway. 

Introduction 

  

Organic compounds containing four-membered rings are prominent structural scaffold 

present in a diverse family of bioactive natural products.1,2,3 In this context, substituted 

cyclobutanes (specially the tetrasubstituted truxylic and truxinic acids – Figure 1) are 

noteworthy for their biological activities, such as antimicrobial, antibacterial and 

anticancer.4,5,6,7  

 
Figure 1. General structure of truxinic and truxillic acids. 

 

 This class of compounds is generally prepared through [2+2] cycloaddition reactions. 

Over the last years, a powerful tool for the synthesis of cyclobutanes has been developed 

with the advent of photoredox catalysis.8 Thus, the use of visible light is an interesting 

approach, usually tolerating the presence of sensitive functional groups, avoiding 

problems with decomposition by the high-energy radiation and greatly increasing the 

ability to achieve unique bond construction through single-electron transfer (SET) 

reactions, that are not possible using conventional photochemical protocols.9 

 Our research group has been recently studying the reactivity of oxazolone rings10-14. 

Thus, we envisioned that Erlenmeyer–Plöchl azlactones could be a promising substrate in [2+2] 

photocycloaddition, since alkenes bearing an α,β-unsaturated carbonyl group are generally 

easily photoexcited8. The head-to-tail coupling of these substrates had been previously reported 

in the literature, affording a 1,3-diaminotruxilic acid derivatives by either strong light irradiation 

(Hg lamp/ 500W) (Scheme 1a)15 or by irradiation with low-power LEDs (Scheme 1b).16 In both 

cases, a mixture of up to four isomers were obtained. Furthermore, these cyclobutane 

derivatives were also stereoselectively accessed in a three steps synthesis, by a combination of 

ortho-palladation, regioselective C-H activation and flow under photochemical conditions. On 

the other hand, the main disadvantages of this methodology was the use of stoichiometric 

amounts of the expensive palladium salts and the multistep reaction sequence (Scheme 1b)17.   

 The photoredox preparation of 1,2-diaminotruxinic derivatives through the head-to-head 

coupling of Erlenmeyer azlactones has not been previously described. Besides, the previous 
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reports of similar transformations could not access the desired compounds in high regio- and 

stereocontrol. In this context, we herein present two different methods for the preparation of 

1,2-diaminotruxinic derivatives through photoredox catalysis. By changing the photocatalyst 

both symmetric or non-symmetric cyclobutane derivatives could be accessed as only one 

diastereomer (Scheme 1c).  

 

Scheme 1. Previous reports on [2+2] photocycloaddition and this work proposal. 

 

 

Results and discussion 

  

Initially, Z-Erlenmeyer azlactones were prepared following literature protocols.10 Since most 

recent contributions in visible light photoredox reactions focused on activation of organic 

functional groups by transition metal catalysts such as [Ru(bpy)3]2+,5,18 we decide to start our 

study investigating the reaction between azlactone 1a, in the presence of 2 mol% of 

Ru(bpy)3(PF6)2 and dichloromethane as solvent. To our delight, the desired product (2a) was 

obtained in 38% yield. However, the highly strained tricyclic system was unstable and 

cycloreversion was observed (Scheme 2). Thus, we envisioned that by switching the solvent to 

methanol, the azlactone ring opening of 2a by the alcohol would reduce the strain in the tricyclic 

spiro type system and avoid the stability problems of the cycloadduct previously observed. 
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Scheme 2. [2+2] cycloaddition of an Erlenmeyer Azlactone in dichloromethane. 

 

 Then, the reaction optimization was carried out and the results are summarized in Table 1. 

In the presence of 2 mol% of Ru(bpy)3
2+, azlactone 1a was irradiated with 60W blue LED, 

affording the desired product 3a in 37% yield and compound 4a as a side product in 8% isolated 

yield (Entry 1). Two other visible-light catalysts were subsequently evaluated and showed to be 

inferior to Ru(bpy)3Cl2 (Entries 2 and 3). The use of the Lewis acid LiBF4 additive and (±)-

camphorsulfonic acid (CSA) increased the yield of 3a to 52% (Entry 4). The use of BF3.Et2O gave 

almost azlactone ring-opening product. Interestingly, the selectivity of the reaction changed by 

the use of Eosin Y (EY) as photocatalyst, affording the non-symmetric cycloadduct 4a as major 

product (52% yield) (Entry 3). An increase of the catalyst loading, the use of green LEDs (30W) 

or DIPEA and LiBF4 as additives did not increase the yield of 4a (Entries 7-10). It is worth to 

mention that all reaction achieved conversions up to 99%. 

 We also observed that even in the presence of the photocatalyst, no cycloaddition took place 

in the absence of the light source and only ring opening azlactone starting materials were 

observed (Entries 11 and 12). Likewise, no cycloadducts were formed only by LED light 

irradiation, without photocatalyst (Entry 13). Furthermore, the addition of the photocatalyst to 

the azlactone ring opening products did not lead to cycloadducts, suggesting that these 

derivatives are not active for the formation of [2+2] cycloaddition products. 
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Table 1. Optimization and control studies for photocatalytic [2+2] cycloadditions. 

 
Entry Catalyst 

(mol%)  
Light 

source 
(LEDs) 

LiBF4 

(mol%) 
Additive Yield 

3a (%)a 
Yield 

4a (%)a 

1 Ru (2) Blue - - 37% 8% 
2 Ir (2) Blue - - 23% ND 
3 EY (5) Blue - - Traces 52% 
4 Ru (2) Blue 2 CSA 52% Traces 
5 Ru (2) Blue 2 DABCO 32% ND 
6 Ru (2) Blue 2 NEt3 35%b ND 
7 EY (10) Blue - - ND 29% 
8 EY (5) Green - - ND 19% 
9 EY (5) Blue - DIPEA 0 0 

10 EY (5) Blue 3 - ND 35% 
11 EY (5) - - - 0 0 
12 Ru (2) - - - 0 0 
13 - Blue - - 0 0 

a Isolated yield after purification through flash chromatography; b conversion detected by 1H NMR;  

ND: not determined (minor byproduct). 

 

Having established a catalytic system for the stereoselective formation of symmetric and 

non-symmetric cyclobutanes, we proceeded to test the generality of this system. Initially, we 

examined the scope concerning the preparation of symmetrical cycloadducts 3a-h (Scheme 3). 

In general, different substituted azlactones (1a-h) were well tolerated, with both electron-

donating and electron-withdrawing substituents, affording the desired products in yields 

between 22-56% and with >19:1 dr. It is worth to mention, even the use of a meta-substituted 

azlactone was possible, although a modest yield was attained (22% yield). Moreover, the use of 

a heteroaryl oxazolone was also tolerated, affording product 3h in 56% yield. We also examined 

the reaction in the presence of two different azlactones, unfortunately a complex mixture was 

observed.  
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Scheme 3. Preparation of symmetric 1,2-diaminotruxinic derivatives through a [2+2]-

cycloaddition reaction using Ru(bpy)3Cl2 as catalyst. 
a The reaction was carried out in the absence of CSA. 

We next evaluated the scope concerning the formation of non-symmetric cyclobutane 

derivatives 4a-n (Scheme 4). The reaction tolerated the use of heteroaryl and aryl azlactones 

bearing electron-donating and withdrawing substituents, affording a diverse scope of bicyclic 

spiro-type cyclobutanes with perfect diastereocontrol. By changing the reaction solvent to 

ethanol, the desired cyclobutane derivative 4m was isolated in 47% yield. Isopropanol was also 

tested, but did not lead to the desired cycloaddition product. 
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Scheme 4. Preparation of non-symmetric 1,2-diaminotruxinic derivatives through a [2+2]-

cycloaddition reaction using Eosin Y as catalyst. 

a Ethanol was used as solvent. 
b  Deuterated methanol was used as solvent. 

 

 In all cases, the NMR analysis of the crude reaction mixture revealed the presence of only 

one diastereomer. Thus, X-ray crystallographic analysis was carried out to elucidate the relative 

and absolute stereochemistry of compound 4d (see Supporting Information). In this context, the 

single diastereomer 1,2-Z,E-anti (Zeta) was classified as an 1,2-amino truxinic derivative, since 

they are originated by the head-to-head anti-[2+2] cycloaddition of Z- and E-oxazolones.17, 19, 20  
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One important advantage of this catalytic system is the preservation of the versatile 

azlactone scaffold, allowing its potential application in a diversity of  transformations 21. Thus, 

we envisioned that the Brønsted acid catalyzed azlactone ring opening method previously 

reported by our group might be used to further functionalize the oxazolone moiety in 

cyclobutanes 4a-n.13 After a series of trials, we found a one-pot method for visible light induced 

[2+2] cycloaddition and azlactone ring opening (Scheme 5). Different amines could also be used 

in this reaction conditions, affording the desired compounds in good yields. 

 
 

Scheme 5. One-pot visible light induced [2+2]-cycloaddition of Erlenmeyer 

azlactones/Brønsted acid catalyzed azlactone ring opening reaction sequence. 

 

 We next turned our attention towards the comprehension of the reaction mechanism 

(Scheme 6). Initially, based on our group previous studies involving the mechanism of azlactone 

ring-opening reaction (RO) in the presence of CSA13,22 and based on control experiments during 

the optimization (that revealed that the ring-opened azlactone derivative is inactive in 

photoredox conditions), we believe that the RO step occurs after the cycloaddition reaction, 

affording either 3a-3h (two RO reactions) or 4a-4n (one RO reaction - in the presence of the 

eosin Y acting as a Brønsted acid). Due to that, since we believe that product 2a is a common 

intermediate in both pathways, we decided to evaluate its formation. To this purpose, 

theoretical calculations were performed (all data concerning the calculations is available in the 

SI). It is important to mention, the reaction failed in the absence of light. 

 Initially, TD-DFT calculation of the first singlet and triplet states of the eosin Y catalyst 

were performed and revealed that only the triplet state is compatible with the blue light LED 

energy (the triplet data showed perfect accordance with experimental data -  reported: 1.89 eV; 

calculated: 1.89 eV). This excited state then can follow by two possible pathways: the electron 

transfer between catalyst and azlactone, affording the eosin Y radical anion or cation. The 
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EY+•/azlactone-• formation showed to be favored over EY-•/azlactone+• and unselective for 

oxazolone isomers (ΔG 4.2-4.5 against 17.9-18.9 kcal/mol).  

For the formation of 2a, a reaction between the E and Z Erlenmeyer azlactones is required for 

the formation of the desired diastereomer. Since initially only the Z isomer was employed, the 

photo-mediated isomerization must take place.16,17 The isomerization barrier of neutral 

oxazolone is incompatible with a reaction that proceeds at room temperature, however, when 

Z-azlactone radical anion is formed by the electron transfer with the excited (triplet) eosin Y 

catalyst, the isomerization can occur, affording E-azlactone radical anion with a calculated ΔG‡ 

of  14.65 kcal/mol and a reaction ΔG of only 2.91 kcal/mol. 

 Having established an initial mechanism, we next investigated the cycloaddition steps. 

In an attempt to explain the stereoselectivity, the formation of all possible head-to-head 

diastereomers were evaluated (1,2-Z,E-anti; 1,2-E,E-anti; 1,2-Z,Z-anti; 1,2-Z,E-syn; 1,2-E,E-syn 

and 1,2-Z,Z-syn). By our proposal, initially, the azlactone radical anion (either Z or E) reacts with 

a neutral Erlenmeyer azlactone (ΔG‡ = 21.6-27.4 kcal/mol), affording a radical anion dimer in 

which the 4-membered ring moiety has not been formed yet. It is worth mentioning that this 

intermediate is thermodynamically favored only for the coupling of E-E and Z-E azlactones (ΔG 

= -2.9 to -7.8 kcal/mol) and that, since the E azlactone occurs only in small amounts during the 

reaction, the E-E coupling is less likely to occur. Furthermore, the anti coupling is favored when 

compared to syn addition (anti = -5.12 to -7.8 kcal/mol; syn = -2.9 to -3.6 kcal/mol); we propose 

that this is the step in which the configuration of the product is determined and that the sum of 

these observations makes the formation of 1,2-Z,E-anti the most probable to occur. Finally, this 

step is then followed by an electron transfer of this intermediate to the EY+•, with immediate 

ring-closure of the cyclobutane moiety, and formation of product 2a, thus regenerating the 

neutral eosin catalyst. This step is greatly thermodynamically favored, with a ΔG between -34.5 

and -45.9 kcal/mol. The full mechanistic proposal for the isolated product is summarized in 

Scheme 6 and the Gibbs Free Energies for the formation of all diastereomers is available in the 

SI.   
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Scheme 6. Proposed catalytic cycle. 

Conclusions 

 In summary, two highly regio- and diastereoselective conditions to obtain cyclobutane 

precursors of 1,2-diaminotruxillic acid derivates have been presented. The reaction takes 

place in methanol, in the presence of photocatalyst under visible light photoredox 

catalysis approach. From the reaction condition B, in which the azlactone ring moiety is 

incorporated in the product, a one-pot method to further functionalize these derivatives 

was developed employing a subsequent ring opening reaction. DFT studies were carried 

out and showed an interaction between the azlactone radical anion and neutral E-

azlactone leading to the product. To the best of our knowledge, this consists the first 

report of stereoselective head-to-head coupling of Erlenmeyer-Plöchl azlactones. 

 

Experimental Section  

 

General Information. All purchased chemicals were used as received without further 

purification. Solvents were dried according to standard procedures. Analytical thin layer 

chromatography (TLC) was performed on TLC plates (silica gel 60 F254) and visualized by a UV 
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lamp. Column flash chromatography was performed using 230-400 mesh silica gel. Chemical 

shifts for 1H NMR were reported as δ, parts per million, relative to the signal of CHCl3 at 7.26 

ppm. Chemical shifts for 13C {1H} NMR were reported as δ, parts per million, relative to the center 

line signal of the CDCl3 triplet at 77 ppm. The 1H NMR spectra were recorded at 500 MHz, 13C 

NMR spectra were recorded at 125 MHz. Chemical shifts are reported in ppm using the following 

peak pattern abbreviations: br, broad; s, singlet; d, doublet; dd, double doublet; ddd, doublet of 

doublet of doublets; t, triplet; dt, double triplet; q, quartet; pent, pentet; sext, sextet; m, 

multiplet. High-resolution mass spectra were acquired in the Matrix–assisted laser 

desorption/ionization time of flight (MALDI-TOF) spectrometer using a pulsed nitrogen laser at 

337 nm. Single-crystal data for compound 4d were collected using an Oxford Diffraction Gemini 

A Ultra diffractometer with CuKa (l=1.54184 Å) at 150 K. Data collection, reduction and cell 

refinement were performed using the CrysAlis PRO 1.171.39.46e program (Rigaku OD, 2018) 

Oxford Diffraction Ltd. The structure was solved and refined using the ShelXT24, SHELXL25 and 

Olex226. A Multi-scan absorption correction CrysAlis PRO 1.171.39.46e (Rigaku Oxford 

Diffraction, 2018) was used. Empirical absorption correction using spherical harmonics, 

implemented in SCALE3 ABSPACK scaling algorithm. Anisotropic displacement parameters were 

assigned to all non-hydrogen atoms bound to oxygen and nitrogen. The H atoms were initially 

located in a difference Fourier map, added in idealized positions and further refined according 

to the riding model: N-H = 0.86 Å, and Uiso (H) = 1. 2 Ueq (N). The C-bound H atoms were 

included in the riding-model approximation: C-H = 0.95 Å and Uiso (H) = 1.2Ueq(C). The structure 

representation was plotted using ORTEP for Windows27.  

Additional details of the data collections and structural refinement parameters are provided in 

the SI. Selected bond lengths, angles and are listed in Table S5 of the SI. CCDC 866124 are the 

supplementary crystallographic data for this paper. It can be obtained freely from the Cambridge 

Crystallographic Data Center via www.ccdc.cam.ac.uk/data_request/cif. Melting points were 

recorded respectively on a melting point apparatus. 

General procedures for the Synthesis of compounds 1a-l  

A mixture of hippuric acid (5.0 mmol), anhydrous NaOAc (5.0 mmol), acetic anhydride (5.0 mL) 

and the appropriate aldehyde (5.0 mmol) was heated in oil bath to 95oC for 4h. After completion 

of reaction (monitored by TLC), the contents were cooled and washed with a solution of 

water/ethanol 2:1. The crude was filtered off and the crystals were obtained by recrystallization 

with ethanol. 
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(Z)-4-benzylidene-2-phenyloxazol-5(4H)-one (1a).28 The product was obtained as a light yellow 

crystal (880 mg, 70 %). Mp: 156.2-156.5oC. FT-IR (ZnSe, cm-1) n 1788, 1764, 1649, 1156, 678. 1H 

NMR (500 MHz, CDCl3) d: 8.22-8.19 (m, 4H), 7.62 (tt, 1H, J = 7.4, 1.25 Hz), 7.54 (t, 2H, J = 7.90 

Hz), 7.51-7.46 (m, 3H), 7.27 (s, 1H). 13C {1H} NMR (125MHz) d: 167.8, 163.7, 133.7, 133.5, 133.4, 

132.6, 132.0, 131.4, 129.1, 129.1, 128.5. 

 

 (Z)-4-(4-methylbenzylidene)-2-phenyloxazol-5(4H)-one (1b).28 The product was obtained as a 

yellow crystal (796.0 mg, 60 %). Mp: 134.8-134.9oC. FT-IR (ZnSe, cm-1) n 1789, 1766, 1647, 1156, 

980, 816, 691.1H NMR (500 MHz, CDCl3) d: 8.18 (d, 2H, J = 7.10 Hz), 8.11 (d, 2H, J = 8.3 Hz), 7.62 

(tt, 1H, J = 7.30 Hz, J = 1.30 Hz), 7.53 (t, 2H, J = 7.70 Hz), 7.29 (d, 2H, J = 8.00 Hz), 7.24 (s, 1H), 

2.43 (s, 3H). 13C {1H} NMR (125 MHz) d: 168.0, 163.2, 142.3, 133.3, 132.7, 132.6, 132.2, 131.1, 

129.9, 129.1, 128.5, 128.4, 125.9, 22.0. 

 

(Z)-4-(4-fluorobenzylidene)-2-phenyloxazol-5(4H)-one (1c).29 The product was obtained as a light 

yellow crystal (935.0 mg, 70%). Mp: 176.9-178.8oC. FT-IR (ZnSe, cm-1) n 1792, 1653, 1594, 1499, 

1155, 981, 865, 829, 694, 684. 1H NMR (500 MHz, CDCl3) d: 8.23 (dd, 2H, J = 8.75, 5.6 Hz), 8.18 

(dd, 2H, J = 8.2, 1.4 Hz), 7.62 (tt, 1H, J = 7.45, 1.25 Hz), 7.53 (t, 2H, J = 7.85 Hz), 7.20 (s, 1H), 7.17 

(t, 2 H, J = 8.65 Hz). 13C {1H} NMR (125 MHz) d: 167.7, 164.4 (d, J = 253.2 Hz), 163.8, 134.9, 134.8 

(d, J = 8.6 Hz), 133.6, 133.1, 133.0, 130.5, 130.1, 130.0, 129.1, 128.5, 125.7, 116.2 (d, J = 21.8 

Hz). 

 

 (Z)-4-(4-chlorobenzylidene)-2-phenyloxazol-5(4H)-one (1d).29 The product was obtained as a 

light yellow crystal (895.0 mg, 63%). Mp: 187.5-187.8oC. FT-IR (ZnSe, cm-1) n 1790, 1654, 1164, 

867, 827, 692.1H NMR (500 MHz, CDCl3) d: 8.18 (d, 2H, J= 7.20 Hz), 8.15 (d, 2H, J= 8.50 Hz), 7.63 

(t, 1H, J = 7.40 Hz), 7.54 (t, 2H, J = 7.40 Hz), 7.45 (d, 2H, J = 8.65 Hz), 7.18 (s, 1H). 13C {1H} NMR 

(125 MHz) d: 167.5, 164.1, 137.4, 133.7, 132.2, 130.2, 129.4, 129.2, 128.6, 125.6. 

 

(Z)-4-(3-chlorobenzylidene)-2-phenyloxazol-5(4H)-one (1e). The product was obtained as a light 

yellow crystal (938.0 mg, 67%). Mp: 174.0-175.0oC. FT-IR (ZnSe, cm-1) n 1790, 1654, 1164, 867, 

819, 692. 1H NMR (500 MHz, CDCl3) d: 8.30-8.29 (m, 1H), 8.20-8.18 (m, 2H), 8.01-7.99 (m, 1H), 

7.64 (tt, 1H, J = 7.45, 1.30 Hz), 7.57-7.53 (m, 2H), 7.43-7.39 (m, 2H). 13C {1H} NMR (125 MHz) d: 

167.5, 164.1, 137.4, 133.7, 132.2, 130.2, 129.4, 129.2, 128.6, 125.6. 
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(Z)-4-(4-bromobenzylidene)-2-phenyloxazol-5(4H)-one (1f).29 The product was obtained as a light 

yellow crystal (1.06 g, 65%). Mp: 196.8-197.0oC. FT-IR (ZnSe, cm-1) n 1785, 1761, 1653, 818, 693. 
1H NMR (500 MHz, CDCl3) d: 8.18 (dd, 2H, J = 8.3, 1.4 Hz), 8.07 (d, 2H, J = 8.45 Hz), 7.65-7.59 (m, 

3H), 7.54 (t, 2H, J = 7.85 Hz), 7.16 (s, 1H). 13C {1H} NMR (125 MHz) d: 167.5, 164.1, 133.9, 133.8, 

133.7, 132.5, 132.4, 130.2, 129.2, 128.6, 126.1, 125.6. 

 

 (Z)-2-phenyl-4-(4-(trifluoromethyl)benzylidene)oxazol-5(4H)-one (1g).30 The product was 

obtained as a light yellow crystal (885.0 mg, 56%). Mp: 174.0-175.0oC. FT-IR (ZnSe, cm-1) n 1793, 

1652, 1554, 1315, 837, 687. 1H NMR (500 MHz, CDCl3) d: 8.30 (d, 2H, J= 8.20 Hz), 8.19-8.17 (m, 

2H), 7.72 (d, 2H, J= 8.25 Hz), 7.64 (tt, 1H, J= 7.45, 1.9 Hz), 7.56-7.53 (m, 2H), 7.22 (s, 1H). 13C {1H} 

NMR (125 MHz) d: 167.2, 164.9, 136.8, 135.3, 134.0, 132.0 (q, J = 32.4 Hz), 129.2, 129.2, 128.8, 

125.7 (q, J = 3.7 Hz), 123.8 (q, J = 270.6 Hz). 

 

 (Z)-4-(4-methoxybenzylidene)-2-phenyloxazol-5(4H)-one (1h).28 The product was obtained as a 

light yellow crystal (945.0 mg, 68%). Mp: 162.0-163.2oC. FT-IR (ZnSe, cm-1) n 1788, 1771, 1599, 

1260, 1163, 830, 704. 1H NMR (500 MHz, CDCl3) d: 8.21-8.16 (m, 4H), 7.59 (tt, 1H, J = 7.35, 1.25 

Hz), 7.54-7.51 (m, 2H), 7.22 (s, 1H), 7.00 (d, 2H, J = 9 Hz). 13C {1H} NMR (125 MHz) d: 168.2, 162.4, 

134.7, 133.1, 132.1, 131.3, 129.1, 128.3, 126.7, 126.0, 114.7, 55.6.    

 

 

(Z)-4-(3-methoxybenzylidene)-2-phenyloxazol-5(4H)-one (1i). The product was obtained as a 

light yellow crystal (834.0 mg, 60%). Mp: 103.5-104oC. FT-IR (ZnSe, cm-1) n 1802, 1652, 1581, 

1280, 766. 1H NMR (500 MHz, CDCl3) d: 8.17-8.15 (m, 2H), 7.93-7.94 (m, 1H), 7.66 (d, 1H, J = 7.65 

Hz), 7.61 (tt, 1H, J = 7.40, 1.25 Hz), 7.54-7.51 (m, 2H), 7.38 (t, 1H, J = 8.00 Hz), 7.21 (s, 1H), 7.02 

(ddd, 1H, J = 8.25, 2.65, 0.85 Hz), 3.91 (s, 3H). 13C {1H} NMR (125 MHz) d: 167.7, 163.7, 159.9, 

134.8, 133.5, 131.8, 129.9, 129.1, 128.5, 125.7, 125.6, 117.9, 116.7, 55.5. 

 

 (Z)-4-(3,4-dimethoxybenzylidene)-2-phenyloxazol-5(4H)-one (1j). The product was obtained as a 

light yellow crystal (986.0 mg, 64%). Mp: 154.2-155.0oC. FT-IR (ZnSe, cm-1) n 1782, 1762, 1647, 

1591, 1240, 692. 1H NMR (500 MHz, CDCl3) d: 8.15-8.10 (m, 3H), 7.58-7.49 (m, 4H), 7.18 (s, 1H), 

6.92 (d, 1H, J = 8.35 Hz), 4.01 (s, 3H), 3.95 (s, 3H). 13C {1H} NMR (125 MHz) d: 168.0, 162.5, 152.2, 

149.3, 133.1, 132.2, 131.3, 129.1, 128.1, 127.9, 127.0, 125.9, 114.1, 111.0, 56.1, 56.0. 
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 (Z)-4-((5-oxo-2-phenyloxazol-4(5H)-ylidene)methyl)phenyl acetate (1k).30 The product was 

obtained as a light yellow crystal (989.0 mg, 65%). Mp: 171.8-172.3oC. FT-IR (ZnSe, cm-1) n 1796, 

1759, 1651, 1219, 1160, 857, 696. 1H NMR (500 MHz, CDCl3) d: 8.24 (d, 2H, J = 8.50 Hz), 8.18 (d, 

2H, J = 7.30 Hz), 7.62 (t, 1H, J = 7.50 Hz), 7.54 (t, 2H, J = 7.70 Hz), 7.23-7.22 (m, 3H), 2.34 (s, 3H). 
13C {1H} NMR (125 MHz) d: 169.1, 167.7, 163.8, 152.8, 133.9, 133.6, 133.4, 131.4, 130.7, 129.1, 

128.5, 125.7, 122.3, 21.3. 

 

 (Z)-4-(furan-2-ylmethylene)-2-phenyloxazol-5(4H)-one (1l).29 The product was obtained as a 

brown crystal (657.0 mg, 55%). Mp: 191.2-191.3oC. FT-IR (ZnSe, cm-1) n 1789, 1654, 1156, 699. 
1H NMR (500 MHz, CDCl3) d: 8.14 (dd, 2H, J = 8.3, 1.2 Hz), 8.11 (m, 1H), 7.60 (tt, 1H, J = 7.4, 1.3 

Hz), 7.54-7.51 (m, 3H), 7.26-7.25 (m, 1H), 7.20 (s, 1H). 13C {1H} NMR (125 MHz) d: 167.2, 162.6, 

148.0, 144.5, 133.3, 132.9, 129.1, 128.3, 125.8, 121.5, 111.,3. 

 

General procedures for the Synthesis of compounds 2a 

 The product was prepared using an oven-dried 4 mL vial equipped with a Teflon septum and 

magnetic stir bar. It was charged with tris-(2,2´-bipyridyl)ruthenium (II) chloride 

hexafluorophosphate (0.02 equiv), the Erlenmeyer-Plöchl azlactone 1a (0,039g, 0.15 mmol), and 

CH2Cl2 (2.0 mL, C = 0.075M). The vial was purged with nitrogen, sealed with parafilm and placed 

approximately 8 cm from a 60 W blue LEDs. After the reaction was complete (as judged by TLC 

analysis) and concentrated in vacuo.  24 h reaction time. The product was purified by flash 

chromatography in 5% of ethyl acetate in hexane. 

(5R,6R)-11,12-bis(4-chlorophenyl)-2-phenyl-3,9-dioxa-1,7-diazadispiro[4.0.46.25]dodeca-1,7-

diene-4,10-dione (2a). The product was obtained as a white solid (13.8 mg, 35%). Mp: 141.2-

142°C. FT-IR (ZnSe, cm-1) n 1816, 1629, 987, 878, 696. 1H NMR (500MHz, CDCl3): d 8.02 (dd, 4H, 

J = 8.3, 1.1 Hz), 7.59 (tt, 2H, J =  7.45, 1.25 Hz), 7.46 (t, 4H, J = 8.15 Hz), 7.29 (d, 4H, J = 8.5 Hz), 

5.15 (s, 2H). 13C {1H} NMR (125 MHz, CDCl3): d 172.4, 164.3, 134.3, 133.9, 133.5, 129.4, 129.0, 

128.8, 128.5, 124.8, 77.0, 45.9.HRMS (ESI-TOF) m/z: [M+H]+ calcd for C32H21Cl2N2O4
+ 567.0873, 

found 567.0870. 

General procedures for the Synthesis of compounds 3a-h  

Condition A: [2+2]-photocycloaddition of Erlenmeyer–Plöchl Azlactone using Ru(bpy)3Cl2 as 

catalyst.  An oven-dried 4 mL vial equipped with a Teflon septum and magnetic stir bar was 

charged with tris-(2,2´-bipyridyl)ruthenium (II) chloride hexahydrate (3.0 μmol, 0.02 equiv), the 

corresponding Erlenmeyer-Plöchl’s azlactone (0.15 mmol, 1.0 equiv), and LiBF4 (0.3 mmol, 2 
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equiv) and MeOH (2.0 mL, C = 0.075M). The vial was sealed with parafilm and placed 

approximately 8 cm from a 60 W blue LEDs. After the reaction was complete (as judged by TLC 

analysis) CSA was added. After 24 hours stirring at room temperature, the reaction was 

concentrated in vacuo, liquid-liquid extraction in dichloromethane/NaHCO3 (saturated solution) 

(2x) and dichloromethane/H2O (1x). The organic phase was dried with anhydrous sodium sulfate, 

filtrated and the solvent was concentrated in vacuo. 

 

Dimethyl-1,2-bis(benzamido)-3,4-diphenylcyclobutane-1,2-dicarboxylate (3a). The product was 

prepared according to the Condition A and obtained after flash chromatography in 30% of ethyl 

acetate in hexane as a white solid (22.8 mg, 54%). 5 days reaction time. Mp: 79.6-80.6°C. FT-IR 

(ZnSe, cm-1): 3059, 2922, 1731, 1640, 1515, 1476, 1214, 685. 1H NMR (500MHz, CDCl3): d (ppm): 

8.27 (br, 2H), 7.54 (d, 4H, J = 7.35 Hz), 7.45-7.46 (m, 6H), 7.36 (t, 4H, J = 7.75 Hz), 7.31 (t, 4H, J = 

7.6 Hz), 7.25-7.26 (m, 2H), 4.91 (s, 2H), 3.73 (s, 6H). 13C {1H} NMR (125 MHz, CDCl3): d (ppm): 

171.7, 166.7, 134.8, 133.4, 131.9, 129.2, 128.8, 128.7, 128.3, 127.0, 64.2, 53.1, 47.6. HRMS 

(MALDI) m/z: [M+H]+ calcd for C34H31N2O6
+ 563.2177, found 563.2192. 

 

Dimethyl 1,2-bis(benzamido)-3,4-di-p-tolylcyclobutane-1,2-dicarboxylate (3b). The product was 

prepared according to the Condition A and obtained after flash chromatography in 30% of ethyl 

acetate in hexane as a white solid (17.7 mg, 40%). 2 days reaction time. Mp: 79.0-80.2°C. FT-IR 

(ZnSe, cm-1): 2917, 1730, 1668, 1473, 1297, 712. 1H (500 MHz, CDCl3) d (ppm): 8.30 (br, 2H), 7.58 

(d, 4H, J = 7.30 Hz), 7.47 (t, 4H, J = 7.30 Hz), 7.37 (t, 4H, J = 7.70 Hz), 7.33 (d, 4H, J = 7.9 Hz), 7.11 

(d, 4H, J = 7.80 Hz), 4.84 (s, 2H), 3.71 (s, 6H), 2.28 (s, 2H). 13C {1H} (125MHz, CDCl3) d (ppm): 171.8, 

166.9, 138.0, 131.9, 131.8, 129.6, 129.1, 128.7, 127.1, 64.3, 53.1, 47.6, 21.3. HRMS (ESI-TOF) 

m/z: [M+K]+ calcd for C36H34KN2O6
+ 629.2048, found 629.2028. 

 

Dimethyl 1,2-bis(benzamido)-3,4-bis(4-fluorophenyl)cyclobutane-1,2-dicarboxylate (3c). The 

product was prepared according to the Condition A and obtained after flash chromatography in 

30% of ethyl acetate in hexane as a white solid (13.5 mg, 30%). 2 days reaction time. Mp 205-

205.1oC. FT-IR (ZnSe, cm-1): 3351, 2952, 1721, 1668, 1509, 1208, 703. 1H (500 MHz, CDCl3) 

d (ppm): 8.15 (s, 2H), 7.56 (m, 4H), 7.49 (m, 2H), 7.40 (m, 8H), 7.00 (m, 4H), 4.83 (s, 2H), 3.73 (s, 

6H). 13C {1H} (125MHz, CDCl3) d (ppm): 171.6, 166.9, 162.8 (d, JC-F = 246.0 Hz), 133.2, 132.2, 130.8 

(d, JC-F = 8.1 Hz), 130.4 (d, JC-F = 3.1 Hz), 128.9, 127.1, 115.9 (d, JC-F = 21.3 Hz), 64.3, 53.3, 47.2. 

HRMS (MALDI) m/z: [M+Na]+ calcd for C34H28F2N2NaO6
+ 621.1808, found 621.1835. 
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Dimethyl 1,2-bis(benzamido)-3,4-bis(4-chlorophenyl)cyclobutane-1,2-dicarboxylate (3d). The 

product was prepared according to the Condition A and obtained after flash chromatography in 

30% of ethyl acetate in hexane as a white solid (24.6 mg, 52%). 5 days reaction time. Mp: 84.7-

85.7oC. FT-IR (ZnSe, cm-1): 2917, 1721, 1667, 1473, 1083, 1013, 712. 1H (500 MHz, CDCl3) d (ppm): 

8.14 (br, 2H), 7.58-7.56 (m, 4H), 7.51-7.48 (m, 2H), 7.42-7.38 (m, 4H), 7.37-7.35 (m, 4H), 7.29-

7.27 (m, 4H), 4.82 (s, 2H), 3.73 (s, 6H). 13C {1H} (125MHz, CDCl3) d (ppm): 171.4, 166.9, 134.5, 

133.1, 133.0, 132.3, 130.4, 129.1, 128.9, 127.1, 64.4, 53.4, 47.1. HRMS (MALDI) m/z: [M+Na]+ 

calcd for C34H28N2O6Cl2Na+ 653.1217, found 653.1246. 

 

Dimethyl 1,2-bis(benzamido)-3,4-bis(3-chlorophenyl)cyclobutane-1,2-dicarboxylate (3e). The 

product was prepared according to the Condition A and obtained after flash chromatography in 

30% of ethyl acetate in hexane as a white solid (10.4 mg, 22%). 24h reaction time. Mp: 132.9-

133.4oC. FT-IR (ZnSe, cm-1): 2917, 1730, 1456, 1031, 676. 1H (500 MHz, CDCl3) d (ppm): 8.31 (s, 

2H), 7.58 (d, 4H, J = 7.15 Hz), 7.47 (t, 2H, J = 7.45 Hz), 7.38 (t, 4H, J = 7.70 Hz), 7.23 (t, 2H, J = 7.95 

Hz), 7.06 (d, 2H, J = 7.45 Hz), 6.96 (s, 2H), 6.79 (d, 2H, J = 8.30 Hz), 4.83 (s, 2H), 3.72 (s, 6H). 13C 

{1H} (125MHz, CDCl3) d (ppm): 171.7, 166.9, 159.9, 136.5, 133.5, 132.0, 129.9, 128.8, 127.2, 

121.5, 115.0, 113.9, 64.3, 53.2, 47.9. HRMS (MALDI) m/z: [M+Na]+ calcd for C34H28N2O6Cl2Na+ 

653.1217, found 653.1240. 

 

 

Dimethyl 1,2-bis(benzamido)-3,4-bis(4-(trifluoromethyl)phenyl)cyclobutane-1,2-dicarboxylate 

(3f). The product was prepared according to the Condition A and obtained after flash 

chromatography in 30% of ethyl acetate in hexane as a white solid (26.2 mg, 50%). 5 days 

reaction time. Mp: 73.7-74.3oC. FT-IR (ZnSe, cm-1): 3333, 2952, 1721, 1668, 1482, 1323, 703. 
1H (500 MHz, CDCl3) d (ppm): 8.07 (s, 2H), 7.56 (s, 8H), 7.53-7.48 (m, 6H), 7.39 (t, 4H, J = 7.75 

Hz), 4.98 (s, 2H), 3.76 (s, 6H).  13C {1H} (125MHz, CDCl3) d (ppm): 171.2, 167.1, 138.6, 132.9, 132.4, 

130.7 (q, JC-F = 32.3 Hz), 129.5, 128.9, 127.0, 125.8 (q, JC-F = 3.6 Hz), 124.1 (q, JC-F = 270.7 Hz), 64.7, 

53.5, 47.1. HRMS (MALDI) m/z: [M+K]+ calcd for C36H28F6KN2O6
+737.1483, found 737.1477. 

 

Dimethyl 1,2-bis(benzamido)-3,4-bis(4-methoxyphenyl)cyclobutane-1,2-dicarboxylate (3g). The 

product was prepared according to the Condition A and obtained after flash chromatography in 

30% of ethyl acetate in hexane as a white solid (18.7 mg, 40%). 5 days reaction time. Mp: 79.0-

80.8oC. FT-IR (ZnSe, cm-1): 2917, 1721, 1659, 1518, 1464, 1252, 703. 1H (500 MHz, CDCl3) d (ppm): 

8.27 (br, 2H), 7.57 (d, 4H, J = 8.05 Hz), 7.47 (t, 2H, J = 7.45 Hz), 7.37 (t, 8H, J = 7.55 Hz), 6.85 (d, 
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4H, J = 8.45 Hz), 4.79 (s, 2H), 3.74 (s, 6H), 3.71 (s, 6H). 13C {1H} (125MHz, CDCl3) d (ppm): 171.8, 

166.8, 159.5, 133.4, 131.9, 130.3, 128.7, 127.1, 126.7, 114.2, 64.2, 55.4, 53.1, 47.4. HRMS 

(MALDI) m/z: [M+Na]+ calcd for C36H34N2NaO8
+645.2207, found 645.2237. 

 

Dimethyl 1,2-bis(benzamido)-3,4-di(furan-2-yl)cyclobutane-1,2-dicarboxylate (3h). The product 

was prepared according to the Condition A and obtained after flash chromatography in 30% of 

ethyl acetate in hexane as an oil (45.5 mg, 56%). 5 days reaction time. FT-IR (ZnSe, cm-1): 3342, 

2917, 1730, 1659, 1464, 712. 1H (500 MHz, CDCl3) d (ppm): 8.29 (s, 2H), 7.66-7.62 (m, 5H), 7.51-

7.48 (m, 5H), 7.39-7.37 (m, 8H), 4.45 (s, 2H), 3.69 (s, 6H). 13C {1H} (125MHz, CDCl3) d (ppm): 171.9, 

166.9, 143.9, 141.9, 133.2, 132.2, 128.9, 128.7, 127.2, 126.3, 120.2, 111.0, 63.8, 53.3, 41.2. 

HRMS (MALDI) m/z: [M+Na]+ calcd for C30H26N2NaO8
+ 565.1581, found 565.1575. 

General procedures for the Synthesis of compounds 4a-n 

Conditions B: [2+2]-photocycloaddition of Erlenmeyer–Plöchl Azlactone using Eosin Y as 

catalyst.  An oven-dried 4 mL vial equipped with a Teflon septum and magnetic stir bar was 

charged with Eosin Y (0.05 equiv), the corresponding Erlenmeyer-Plöchl azlactone (0.15 mmol, 

1.0 equiv) and MeOH (2.0 mL, C = 0.075M). The vial was sealed with parafilm and placed 

approximately 8 cm from a 60 W blue LEDs. After the reaction was complete (as judged by TLC 

analysis) and concentrated in vacuo. 

 

Methyl 1-benzamido-8-oxo-2,3,6-triphenyl-7-oxa-5-azaspiro[3.4]oct-5-ene-1-carboxylate (4a). 

The product was prepared according to the Condition B and obtained after flash 

chromatography in dichloromethane as a white solid (17.5 mg, 44%). 3 days reaction time. Mp: 

177.2-178.2oC. FT-IR (ZnSe, cm-1): 2915, 1810, 1731, 1640, 1503, 1476, 696. 1H (500 MHz, CDCl3) 

d (ppm): 8.08 (d, 2H, J = 7.55 Hz), 7.65- 7.63 (m, 3H), 7.58-7.53 (m, 5H), 7.49 (t, 1H, J = 7.25 Hz), 

7.42- 7.39 (m, 2H), 7.31-7.18 (m, 9H), 5.19 (d, 1H, J = 12.35 Hz), 4.71 (d, 1H, J = 12.35 Hz), 3.82 

(s, 3H).  13C {1H}  (125MHz, CDCl3) d (ppm): 173.3, 169.3, 167.0, 164.0, 135.4, 135.0, 133.9, 133.5, 

132.0, 129.1, 129.0, 128.7, 128.7, 128.7, 128.4, 128.1, 127.9, 127.1, 127.0, 75.8, 66.3, 53.1, 48.1, 

44.4. HRMS (ESI-TOF) m/z: [M+H]+ calcd for C33H27N2O5
+ 531.1914, found 531.1928. 

 

Methyl 1-benzamido-8-oxo-6-phenyl-2,3-di-p-tolyl-7-oxa-5-azaspiro[3.4]oct-5-ene-1-

carboxylate (4b). The product was prepared according to the Condition B and obtained after 

flash chromatography in dichloromethane as a white solid (22.6 mg, 54%). 3 days reaction time. 

Mp: 176.8-177.2oC. FT-IR (ZnSe, cm-1): 3381, 2909, 1819, 1738, 1666, 1509, 1280, 713, 702. 1H 
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(500 MHz, CDCl3) d (ppm): 8.06 (d, 2H, J = 7.95 Hz), 7.66-7.22 (m, 3H), 7.54-7.47 (m, 4H), 7.44-

7.40 (m, 4H), 7.10-7.06 (m, 6H), 5.10 (d, 1H, J = 12.6 Hz), 4.63 (d, 1H, J = 12.5 Hz), 3.81 (s, 3H), 

2.27 (s, 3H), 2.26 (s, 3H). 13C {1H}  (125MHz, CDCl3) d (ppm): 173.4, 169.4, 167.1, 163.8, 137.8, 

137.5, 133.8, 133.8, 132.4, 131.9, 131.9, 129.7, 129.2, 129.1, 128.7, 128.7, 128.6, 127.2, 127.0, 

75.9, 66.3, 53.1, 48.0, 44.1, 21.3, 21.2. HRMS (MALDI) m/z: [M+Na]+calcd for C35H30N2NaO5
+ 

581.2047, found 581.2028. 

 

Methyl 1-benzamido-2,3-bis(4-fluorophenyl)-8-oxo-6-phenyl-7-oxa-5-azaspiro[3.4]oct-5-ene-1-

carboxylate (4c). The product was prepared according to the Condition B and obtained after 

flash chromatography in dichloromethane as a white solid (26.8 mg, 63%). 5 days reaction time. 

Mp: 60.2-61.2oC. FT-IR (ZnSe, cm-1): 2921, 1744, 1640, 1503, 1214, 732, 709, 687. 1H (500 MHz, 

CDCl3) d (ppm): 8.08 (d, 2H, J = 7.70 Hz), 7.68-7.64 (m, 3H), 7.58-7.50 (m, 6H), 7.44-7.41 (m, 2H), 

7.18-7.15 (m, 2H), 6.99-6.95 (m, 4H), 5.12 (d, 1H, J = 12.5 Hz), 4.58 (d, 1H, J = 12.7 Hz), 3.81 (s, 

3H). 13C {1H} (125MHz, CDCl3) d (ppm): 172.9, 169, 167.1, 164.3, 161.6 (d, J = 245.7 Hz), 161.5 (d, 

J = 245.1 Hz), 134.2, 133.2, 132.2, 130.8 (d, J = 14.9 Hz), 130.7 (d, J = 14.8 Hz), 130.3, 130.2, 

129.2, 128.9, 128.8, 128.7, 127.1, 124.7, 116.2 (d, J = 21.5 Hz), 115.3 (d, J = 21.3 Hz), 75.6, 66.2, 

53.2, 47.9, 43.8. HRMS (MALDI) m/z: [M+H]+ calcd for C33H25F2N2O5
+567.1726, found 567.1732. 

 

 

 

 

 

 

Methyl 1-benzamido-2,3-bis(4-chlorophenyl)-8-oxo-6-phenyl-7-oxa-5-azaspiro[3.4]oct-5-ene-1-

carboxylate (4d). The product was prepared according to the Condition B and obtained after 

flash chromatography in dichloromethane as a white solid (23 mg, 50%). 5 days reaction time. 

Mp: 70.8-71.8oC. FT-IR (ZnSe, cm-1): 2922, 1810, 1627, 1463, 698. 1H (500 MHz, CDCl3) d (ppm): 

8.07 (dd, 2H, J = 8.35, 1.2 Hz), 7.69-7.64 (m, 3H), 7.59 (s, 1H), 7.55 (t, 2H, J = 7.75 Hz), 7.51 (dt, 

1H, J = 7.4, 1.3 Hz), 7.47 (d, 2H, J = 8.35 Hz), 7.43 (t, 2H, J = 7.8 Hz), 7.23-7.21 (m, 4H), 7.11 (d, 

2H, J = 8.25 Hz), 5.10 (d, 1H, J = 12.4 Hz), 4.57 (d, 1H, J = 12.5 Hz), 3.80 (s, 3H). 13C {1H}  (125MHz, 

CDCl3) d (ppm): 172.8, 169.0, 167.1, 164.4, 134.4, 134.2, 133.9, 133.5, 133.4, 133.2, 132.2, 130.0, 

129.3, 129.2, 128.8, 128.7, 128.6, 128.4, 127.2, 124.7, 75.5, 66.3, 53.3, 47.9, 43.8. HRMS (MALDI) 

m/z: [M+K]+ calcd for C33H24Cl2KN2O5
+ 637.0694, found 637.0706. 
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Methyl 1-benzamido-2,3-bis(3-chlorophenyl)-8-oxo-6-phenyl-7-oxa-5-azaspiro[3.4]oct-5-ene-1-

carboxylate (4e). The product was prepared according to the Condition B and obtained after 

flash chromatography in dichloromethane as a white solid (23 mg, 50%). 5 days reaction time. 

Mp: 151.5-152.2 oC. FT-IR (ZnSe, cm-1): 2952, 1819, 1730, 1633, 1482, 1297, 685. 1H (500 MHz, 

CDCl3) d (ppm): 8.07 (d, 2H, J = 7.35Hz), 7.69-7.65 (m, 3H), 7.59 (s, 1H), 7.56 (t, 2H, J = 7.80 Hz), 

7.51 (d, 2H, J = 7.40 Hz), 7.47-7.42 (m, 3H), 7.23-7.21 (m, 4H), 7.08 (d, 1H, J = 6.65 Hz), 5.11 (d, 

1H, J = 12.40 Hz), 4.59 (d, 1H, J = 12.40 Hz), 3.82 (s, 3H). 13C {1H} (125MHz, CDCl3) d (ppm): 172.7, 

168.9, 167.3, 164.6, 137.0, 136.9, 135.1, 134.3, 133.3, 132.2, 130.4, 129.8, 129.2, 128.9, 128.8, 

128.7, 128.3, 128.2, 127.6, 127.4, 125.3, 124.7, 75.4, 66.3, 53.3, 47.9, 43.9. HRMS (MALDI) m/z: 

[M+H]+ calcd for C33H25N2O5Cl2+ 599.1135, found 599.1158. 

 

 

Methyl 1-benzamido-8-oxo-6-phenyl-2,3-bis(4-(trifluoromethyl)phenyl)-7-oxa-5-

azaspiro[3.4]oct-5-ene-1-carboxylate (4f). The product was prepared according to the Condition 

B and obtained after flash chromatography in dichloromethane as a white solid (12.5 mg, 25%). 

5 days reaction time. Mp: 107-108 oC. FT-IR (ZnSe, cm-1): 2926, 1810, 1739, 1633, 1323, 1119, 

1066, 703. 1H (500 MHz, CDCl3) d (ppm): 8.10 (d, 2H, J = 7.30Hz), 7.71-7.68 (m, 4H), 7.63 (d, 2H, 

J = 7.20 Hz), 7.59-7.51 (m, 7H), 7.43 (t, 2H, J = 7.65 Hz), 7.30 (d, 2H, J = 8.00Hz), 5.26 (d, 1H, J = 

12.50 Hz), 4.72 (d, 1H, J = 12.50 Hz), 3.83 (s, 3H). 13C {1H} (125MHz, CDCl3) d (ppm): 172.7, 168.8, 

167.2, 164.8, 139.0, 138.9, 134.4, 132.9, 132.3, 130.5 (q, JC-F = 32.4 Hz), 130.0 (q, JC-F = 32.1 Hz),  

129.3, 129.0, 128.9, 127.5, 127.1, 126.2 (q, JC-F = 2,5 Hz), 125.4 (q, JC-F = 3,8 Hz), 124.5, 124.1 (q, 

JC-F = 270.4 Hz), 123.8 (q, JC-F = 270.6 Hz), 75.4, 66.5, 53.4, 47.9, 44.0. HRMS (MALDI) m/z: [M+Na]+ 

calcd for C35H24F6N2NaO5
+689.1482, found 689.1508. 

 

Methyl 1-benzamido-2,3-bis(4-bromophenyl)-8-oxo-6-phenyl-7-oxa-5-azaspiro[3.4]oct-5-ene-1-

carboxylate (4g). The product was prepared according to the Condition B and obtained after 

flash chromatography in dichloromethane as a white solid (38.1 mg, 37%). 5 days reaction time. 

Mp: 89.0-90.0 oC. FT-IR (ZnSe, cm-1): 2917, 1810, 1748, 1633, 1464, 1075, 694. 1H (500 MHz, 

CDCl3) d (ppm): 8.07 (d, 2H, J = 7.55Hz), 7.69-7.65(m,3H) 7.59 (s, 1H), 7.57-7.51 (m, 3H), 7.45-

7.39 (m, 8H), 7.04 (d, 2H, J = 8.05 Hz), 5.08 (d, 1H, J = 12.55 Hz), 4.55 (d, 1H, J = 12.60 Hz), 3.81 

(s, 3H). 13C {1H} (125MHz, CDCl3) d (ppm): 172.8, 169.0, 167.2, 164.4, 134.2, 134.0, 133.9, 133.1, 

132.3, 132.2, 131.6, 130.3, 129.2, 128.8, 128.8, 128.7, 127.1, 124.6, 122.5, 122.1, 75.4, 66.2, 

53.3, 47.8, 43.8. HRMS (MALDI) m/z: [M+H]+ calcd for C33H25Br2N2O5
+687.0125, found 687.0134. 
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Methyl 1-benzamido-2,3-bis(4-methoxyphenyl)-8-oxo-6-phenyl-7-oxa-5-azaspiro[3.4]oct-5-ene-

1-carboxylate (4h). The product was prepared according to the Condition B and obtained after 

flash chromatography in dichloromethane as a white solid (26.6 mg, 60%). 5 days reaction time. 

Mp: 185.5-186.1 oC. FT-IR (ZnSe, cm-1): 2908, 1810, 1748, 1642, 1518, 1252, 685. 1H (500 MHz, 

CDCl3) d (ppm): 8.06 (d, 2H, J = 8.00Hz), 7.66-7.62 (m, 3H), 7.52-7.45 (m, 6H), 7.41 (t, 2H, J = 7.45 

Hz), 7.12 (d, 2H, J = 8.35 Hz), 6.82-6.78 (m, 4H), 5.07 (d, 1H, J = 12.45 Hz), 4.57 (d, 1H, J = 12.30 

Hz), 3.81 (s, 3H), 3.74-3.73 (m, 6H). 13C {1H} (125MHz, CDCl3) d (ppm): 173.4, 169.4, 167.1, 163.7, 

159.4, 159.3, 133.8, 133.5, 131.9, 129.8, 129.1, 128.7, 128.6, 128.4, 127.2, 127.0, 125.1, 114.4, 

113.9, 75.9, 66.2, 55.3, 55.3, 48.2, 43.9. HRMS (MALDI) m/z: [M+Na]+ calcd for C35H30N2O7Na+ 

613.1945, found 613.1964. 

 

Methyl 1-benzamido-2,3-bis(3-methoxyphenyl)-8-oxo-6-phenyl-7-oxa-5-azaspiro[3.4]oct-5-ene-

1-carboxylate (4i). The product was prepared according to the Condition B and obtained after 

flash chromatography in dichloromethane as a white solid (10 mg, 18%). 5 days reaction time. 

Mp: 179.3-179.8 oC. FT-IR (ZnSe, cm-1): 2917, 1810, 1739, 1633, 1287, 685. 1H (500 MHz, CDCl3) 

d (ppm): 8.06 (d, 2H, J = 7.35Hz), 7.65-7.63 (m, 3H), 7.54-7.47 (m, 4H), 7.41 (t, 2H, J = 7.40 Hz), 

7.22-7.16 (m, 2H), 7.12 (s, 2H), 6.79-6.75 (m, 3H), 6.71 (s, 1H), 5.09 (d, 1H, J = 12.40 Hz), 4.61 (d, 

1H, J = 12.35 Hz), 3.81 (s, 3H), 3.73(s, 3H), 3.69 (m, 6H). 13C {1H}  (125MHz, CDCl3) d (ppm): 173.3, 

169.2, 167.1, 164.0, 159.9, 159.7, 137.1, 136.6, 133.9, 133.5, 132.0, 130.1, 129.5, 129.1, 

128.9,128.7, 127.6, 127.2, 125.0, 120.9, 119.3, 114.3, 113.7, 112.9, 75.8, 66.3, 55.3, 55.2, 53.1, 

48.2, 44.5. HRMS (MALDI) m/z: [M+Na]+ calcd for C35H30N2O7Na+ 613.1945, found 613.1959. 

 

Methyl 1-benzamido-2,3-bis(3,4-dimethoxyphenyl)-8-oxo-6-phenyl-7-oxa-5-azaspiro[3.4]oct-5-

ene-1-carboxylate (4j). The product was prepared according to the Condition B and obtained 

after flash chromatography in dichloromethane as a white solid (14.6 mg, 30%). 5 days reaction 

time. Mp: 172.9-173.8 oC. FT-IR (ZnSe, cm-1): 2925, 1819, 1739, 1509, 1243, 1022, 694. 1H (500 

MHz, CDCl3) d (ppm): 8.06 (d, 2H, J = 7.35Hz), 7.67-7.62 (m, 3H), 7.54-7.49 (m, 3H), 7.46 (s, 1H), 

7.41 (t, 2H, J = 7.70 Hz), 7.16 (s, 1H), 6.99 (d, 1H, J = 8.10 Hz), 6.78-6.75 (m, 3H), 6.71 (s, 1H), 5.05 

(d, 1H, J = 12.45 Hz), 4.52 (d, 1H, J = 12.45 Hz), 3.81-3.79 (m, 12H), 3.72 (s, 3H). 13C {1H} (125MHz, 

CDCl3) d (ppm): 173.3, 169.3, 167.0, 163.8, 149.3, 149.0, 148.9, 148.8, 133.9, 132.1, 129.1, 128.8, 

128.6, 127.7, 127.2, 125.0, 120.5, 119.7, 112.0, 111.4, 110.9, 110.1, 76.1, 66.1, 55.9, 55.9, 53.1, 

48.8, 44.5. HRMS (MALDI) m/z: [M+Na]+ calcd for C37H34N2O9Na+ 673.2157, found 673.2132. 

 

(3-benzamido-3-(methoxycarbonyl)-8-oxo-6-phenyl-7-oxa-5-azaspiro[3.4]oct-5-ene-1,2-

diyl)bis(4,1-phenylene) diacetate (4k). The product was prepared according to the Condition B 
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and obtained after flash chromatography in dichloromethane as a white solid (29.1 mg, 60%). 5 

days reaction time. Mp: 186-187.5 oC. FT-IR (ZnSe, cm-1): 2917, 1748, 1642, 1500, 1190, 712. 1H 

(500 MHz, CDCl3) d (ppm): 8.07 (d, 2H, J = 7.15Hz), 7.67-7.62 (m, 3H), 7.55-7.47 (m, 6H), 7.41 (t, 

2H, J = 7.65 Hz), 7.20 (d, 2H, J = 8.35 Hz), 7.02-7.00 (m, 4H), 5.15 (d, 1H, J = 12.50 Hz), 4.61 (d, 

1H, J = 12.45 Hz), 3.81 (s, 3H), 2.25-2.24 (m, 6H). 13C {1H} (125MHz, CDCl3) d (ppm): 172.9, 169.3, 

169.2, 167.0, 164.1, 150.5, 133.9, 133.2, 132.4, 132.3, 131.9, 129.6, 129.0, 128.7, 128.6, 128.2, 

127.0, 124.7, 122.1, 121.4, 75.5, 66.2, 53.1, 47.8, 43.9, 21.1, 21.1. HRMS (MALDI) m/z: [M+H]+ 

calcd for C37H31N2O9
+ 647.2024, found 647.2023. 

 

 Methyl 1-benzamido-2,3-di(furan-2-yl)-8-oxo-6-phenyl-7-oxa-5-azaspiro[3.4]oct-5-ene-1-

carboxylate (4l). The product was prepared according to the Conditions B and obtained after 

flash chromatography in dichloromethane as a yellow oil (30 mg, 78%). 5 days reaction time. 

Mp: 186-187.5 oC. FT-IR (ZnSe, cm-1): 3406, 2948, 1817, 1751, 1633, 1509, 1483, 1293, 875, 698. 
1H (500 MHz, CDCl3) d (ppm): 8.04 (dd, 2H, J = 8.30, 1.15 Hz), 7.73 (dd, 2H, J = 8.10, 1.10 Hz), 7.63 

(tt, 1H, J = 7.45, 1.25 Hz), 7.56 (s, 1H), 7.54-7.50 (m, 3H), 7.46-7.41 (m, 4H), 7.33 (dt, 2H, J = 

14.50, 1.7 Hz), 6.52 (s, 1H), 6.5 (s, 1H), 4.74 (d, 1H, J = 12.1 Hz), 4.15 (d, 1H, J = 12.1 Hz), 3.81 (s, 

3H). 13C {1H} (125MHz, CDCl3) d (ppm): 173.2, 169.0, 167.1, 163.9, 143.9, 143.4, 141.1, 140.9, 

134.0, 132.2, 129.1, 128.8, 128.7, 127.2, 120.5, 110.9, 109.8, 75.6, 65.8, 53.1, 42.5, 38.8. HRMS 

(MALDI) m/z: [M+H]+ calcd for C29H23N2O7
+ 511.1500, found 511.1527. 

 

Ethyl 1-benzamido-8-oxo-2,3,6-triphenyl-7-oxa-5-azaspiro[3.4]oct-5-ene-1-carboxylate (4m). 

The product was prepared according to the Condition B and obtained after flash 

chromatography in dichloromethane as a yellow solid (20 mg, 47%). 5 days reaction time. Mp: 

88.9-90.6 oC. FT-IR (ZnSe, cm-1): 3395, 1810, 1633, 1473, 1287, 694. 1H (500 MHz, CDCl3) d (ppm): 

8.08 (d, 2H, J = 7.55Hz), 7.66-7.62 (m, 3H), 7.58-7.55 (m, 2H), 7.53-7.52 (m, 1H), 7.40 (t, 2H, J = 

7.55 Hz), 7.30-7,21 (m, 7H), 7.18 (d, 2H, J = 7.25 Hz), 5.17 (d, 1H, J = 12.40 Hz), 4.71 (d, 1H, J = 

12.35 Hz), 4.30-4.25 (m, 2H), 1.28 (t, 3H, J = 7.15 Hz). 13C {1H} (125MHz, CDCl3) d (ppm): 173.2, 

168.5, 167.0, 164.0, 135.6, 135.1, 133.9, 133.7, 131.9, 129.1, 129.0, 128.8, 128.7, 128.4, 128.1, 

127.9, 127.1, 127.0, 125.1, 75.7, 66.3, 62.2, 47.9, 44.3, 14.2. HRMS (ESI-TOF) m/z: [M+H]+ calcd 

for C34H29N2O5
+ 545.2071, found 545.2052. 

 

Methyl 1-benzamido-8-oxo-2,3,6-triphenyl-7-oxa-5-azaspiro[3.4]oct-5-ene-1-carboxylate (4n). 

The product was prepared according to the Condition B and obtained after flash 

chromatography in dichloromethane as a white solid (17.6 mg, 44%). 3 days reaction time. Mp: 
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177,2-178,2 oC. FT-IR (ZnSe, cm-1): 2908, 1792, 1721, 1075, 676. 1H (500 MHz, CDCl3) d (ppm): 

8.08 (d, 2H, J = 7.25 Hz), 7.67- 7.62 (m, 3H), 7.57-7.52 (m, 5H), 7.51-7.48 (m, 1H), 7.42- 7.39 (m, 

2H), 7.41 (t, 2H, J = 7.65 Hz), 7.31- 7.22 (m, 7H), 7.18 (d, 2H, J = 7.55 Hz), 5.17 (d, 1H, J = 12.45 

Hz), 4.70 (d, 1H, J = 12.45 Hz). 13C {1H} (125MHz, CDCl3) d (ppm): 173.3, 169.3, 167.0, 164.0, 

135.5, 135.0, 133.9, 133.5, 131.9, 129.1, 129.0, 128.8, 128.7, 128.7, 128.4, 128.1, 127.9, 127.2, 

127.0, 125.0, 75.8, 66.3, 48.1, 44.4. HRMS (ESI-TOF) m/z: [M+H]+ calcd for C33H24D3N2O5
+ 

534.2103, found 534.2115. 

 

General procedures for the Synthesis of compounds 5ai-5aiii 

After the procedure described in Condition B, was added, in the same pot, 1 mL of 

dichloromethane, 10 mol% of CSA and 1.1 equivalent of nucleophile.  The vial was sealed with 

parafilm and stirred at room temperature for 24 h. After the reaction was complete (as judge by 

TLC analysis) and concentrated in vacuo. It is worth mentioning that all equivalents in this step 

were calculated based on the starting azlactone of previous procedure (Condition B).  

 

1,2-bis(benzamido)-2-(octylcarbamoyl)-3,4-diphenylcyclobutane-1-carboxylic acid (5a-i). The 

product obtained after flash chromatography in dichloromethane as a yellow solid (21.0 mg, 

44%). 24 hours reaction time. Mp: 57.4-57.7oC. FT-IR (ZnSe, cm-1): 3351, 2917, 1704, 1650, 1518, 

685. 1H (500 MHz, CDCl3) d (ppm): 7.65 (d, 2H, J = 7.25 Hz), 7.55 (d, 2H, J = 7.55 Hz), 7.45-7.38 

(m, 4H), 7.37-7.34 (m, 10H), 7.26-7.23 (m, 2H), 6.94 (s, 1H), 6.58 (s, 1H), 5.88 (d, 1H, J = 9.80 Hz), 

4.26 (d, 1H, J = 9.80 Hz), 3.68 (t, 2H, J = 7.35 Hz), 1.67-1.64 (m, 2H), 1.30-1.26 (m, 10H), 0.88 (t, 

3H, 6.65 Hz). 13C {1H} (125MHz, CDCl3) d (ppm): 176.3, 173.1, 168. 8, 168.3, 136.1, 132.2, 132.1, 

129.0, 128.7, 128.6, 128.2, 128.1, 128.0, 127.4, 127.2, 126.9, 65.6, 63.8, 48.0, 46.5, 39.6, 31.9, 

29.3, 29.2, 27.7, 27.0, 22.8, 14.2. HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C40H43N3NaO5
+ 

668.3095, found 668.3087. 

 

1,2-bis(benzamido)-2-(benzylcarbamoyl)-3,4-diphenylcyclobutane-1-carboxylic acid (5a-ii). The 

product was obtained after flash chromatography in 30% of ethyl acetate in hexane as a yellow 

solid (24.0 mg, 51%). 24 hours reaction time. Mp: 140.0-140.3oC. FT-IR (ZnSe, cm-1): 3359, 2917, 

1712, 1650, 1482, 1279, 694. 1H (500 MHz, CDCl3) d (ppm): 7.63 (d, 2H, J = 7.10 Hz), 7.48-7.43 

(m, 3H), 7.41-7.34 (m, 11H), 7.29-7.22 (m, 6H), 7.21-7.18 (m, 2H), 7.05 (d, 2H, J = 7.15 Hz), 6.91 

(s, 1H), 6.58 (s, 1H), 5.79 (d, 1H, J = 9.55 Hz), 4.87 (d, 2H, J = 3.85 Hz), 4.06 (d, 1H, J = 9.90 Hz). 
13C {1H} (125MHz, CDCl3) d (ppm): 175.4, 172.6, 172.4, 168.6, 168.2, 135.5, 135.4, 134.3, 133.3, 

132.8, 132.1, 132.0, 129.0, 128.9, 128.8, 128.6, 128.6, 128.6, 128.1, 128.0, 127.8, 127.6, 127.1, 
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126.8, 65.5, 63.6, 47.6, 46.8, 42.7. HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C39H33N3NaO5
+ 

646.2312, found 646.2327. 

 

1,2-bis(benzamido)-2-(butylcarbamoyl)-3,4-diphenylcyclobutane-1-carboxylic acid (5a-iii). The 

product was obtained after flash chromatography in dichloromethane as a yellow solid (16.0 

mg, 36%). 24 hours reaction time. Mp: 184.4-185.3oC. FT-IR (ZnSe, cm-1): 3351, 2908, 1704, 1642, 

1509, 1473, 685. 1H (500 MHz, CDCl3) d (ppm): 7.63 (d, 2H, J = 7.70 Hz), 7.55 (d, 2H, J = 7.40 Hz), 

7.46-7.39 (m, 4H), 7.37-7.29 (m, 10H), 7.27-7.24 (m, 2H), 6.92 (s, 1H), 6.57 (s, 1H), 5.87 (d, 1H, J 

=  9.4 Hz), 4.26 (d, 1H, J =  10.1 Hz), 3.68 (t, 2H, J = 7.00 Hz), 1.66-1.62 (m, 2H), 1.36-1.32 (m, 2H), 

0.92 (t, 3H, J = 7.30 Hz). 13C {1H} (125MHz, CDCl3) d (ppm): 175.4, 172.6, 172.4, 168.6, 168.2, 

135.5, 135.4, 134.3, 133.3, 132.8, 132.1, 132.0, 129.0, 128.9, 128.8, 128.6, 128.6, 128.6, 128.1, 

128.0, 127.8, 127.6, 127.1, 126.8, 65.5, 63.6, 47.6, 46.8, 42.7. HRMS (ESI-TOF) m/z: [M+Na]+ calcd 

for C36H35N3NaO5
+ 612.2469, found 612.2487. 
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