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General Remarks 

Unless otherwise noted, reactions were performed without any precautions against air and moisture. 

Amide bond formation reactions were performed in 4 mL (1-dram) vials sealed with a rubber-lined 

screw cap. When anhydrous conditions were needed, the reactions were conducted under nitrogen 

atmosphere in 4 mL vials or round-bottom flasks that were sealed with rubber septa using oven-dried 

glassware and standard Schlenk techniques. High-quality laboratory-grade polypropylene and 

polyethylene syringes bearing stainless steel needles were used to transfer air- and moisture-sensitive 

liquid reagents. Reactions were monitored by thin-layer chromatography (TLC) on Silica Gel 250 

micron aluminum plates precoated with 230–400 mesh silica impregnated with a fluorescent indicator 

(250 nm), visualizing by quenching of fluorescence, iodine or phosphomolybdic acid solution (5% 

w/w in EtOH). Purifications by column chromatography (SiO2) were conducted following Still’s 

general procedure. 1H NMR or GC Yields and isolated yields reported in the manuscript represent an 

average of at least two independent runs. Yields reported in the supporting information refer to a single 

experiment. Unless otherwise noted, reagents were purchased from commercial sources, and used as 

received. Anhydrous dimethylsulfoxide (DMSO) was purchased. 

Proton nuclear magnetic resonance (1H NMR) spectra and carbon nuclear magnetic resonance (13C 

NMR) spectra were recorded on a Bruker Avance 300 (300 and 75 MHz, respectively) or a Bruker 

Avance 400 (400 and 100 MHz, respectively) spectrometer. Chemical shifts (δ) for protons are 

reported in parts per million (ppm) downfield from tetramethylsilane, and are referenced to proton 

resonance of residual solvent peak in the NMR solvent (D2O: δ = 4.79 ppm, DMSO: δ = 2.50 ppm; 

CDCl3: δ = 7.26 ppm). Chemical shifts (δ) for carbon are reported in ppm downfield from 

tetramethylsilane, and are referenced to the carbon resonances of the solvent residual peak (CDCl3: δ 

= 77.16 ppm). Phosphorous nuclear magnetic resonance (31P NMR) spectra were recorded on a Bruker 

Avance 400 spectrometer (376 MHz, TD = 65536, D1 = 2). 31P NMR chemical shifts (δ) are reported 

in ppm upfield from H3PO4 85% (0 ppm). NMR data are represented as follows: chemical shift (ppm), 

multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, hept = heptet, m = multiplet), 

coupling constant in Hertz (Hz), integration.  

Quantitative gas chromatography (GC) analyses were recorded on an Agilent Technologies 6890A 

GC-system with Flame Induced Detector (FID) and a CP-Sil 24 CB 30* column (0.32 mm × 30 m, 

film: 0.5 μm). The method used consisted of 90 ºC for 1 min, then 30 ºC/min to 275 ºC, and holding 

at 275 ºC for 2.5 min (injector: 275 °C; detector: 300 °C; constant flow 3.9 mL min-1). Racemization 

of selected cyclic peptides (see below) was probed by optical rotation using a polarimeter or HPLC 

analysis (UV detector, enantiomeric ratio was calculated through integration of enantiomers 

corresponding signals, set by racemic samples).  
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Preparation of known compounds  

K6P2W18O62,1 K10[α2-P2W17O61],1 K9Li[α1-P2W17O61],1 K(7-8)[M(H2O)(α2P2W17O61)] (M = Fe, Cu, Ni, 

Co),2 K15H[Zr(α2-P2W17O61)2],3 K16[Hf(α2-P2W17O61)2],3 K15(NH4)[M(α2-P2W17O61)2] (M = CeIII, 

CeIV),4 were prepared according to previous literature reports. All compounds presented satisfactory 

analysis coherent with characterization data published previously. All catalyst were dried under high-

vacuum for at least 2 hours before use.  

 

General procedure for the preparation of (Me2NH2)14[M(µ-O)(H2O)(α2-P2W17O61)]2 (M = Zr, Hf):5 

HfCl2O.8H2O (0.22 g, 0.55 mmol) was dissolved in 30 mL of water. Next, solid K10[α2-

P2W17O61].22H2O (2.48 g, 0.50 mmol) was added, and the mixture was stirred for 15 min. Using a 

HCl 1M solution, the pH was adjusted to 2.0, and the reaction was stirred for 30 min at 90 °C. To the 

colorless solution cooled to room temperature, Me2NH2Cl (6.0 g, 74 mmol) was added, and the 

reaction was stirred for 30 min at room temperature. The white precipitate was collected through 

vacuum filtration using a glass fritted funnel, washed with MeOH (2 x 20mL) and Et2O (1 x 20mL), 

dried under air for 10 min and in high-vacuum for 2 h. 31P NMR analysis confirmed the identity and 

purity of the product (yield 2.06g). 31P NMR (HCl 0.1 M in H2O:D2O 9:1): δ –10.11, –13.73 for Hf 

complex; δ –9.95, –13.69 for Zr complex; 
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Perturbing the equilibrium between GlyGly (1a) and cyclo(GlyGly) (2a) 

General Procedure A: 

A 4 mL (1 dram) vial was charged with catalyst (5.0 µmol), glycylglycine (13.2 mg, 0.100 mmol), 

solvent (1.0 mL), and a magnetic stir bar. The reaction mixture was stirred for 24 h at 70 °C. Next, the 

reaction mixture was diluted with D2O (1.0 mL), 0.100 mmol tBuOH was added as an internal 

standard, and the reaction mixture was stirred at room temperature for 10 minutes to ensure thorough 

mixing. A 100 μL aliquot was transferred to a NMR tube, diluted with ~400 μL D2O, and the 1H NMR 

spectrum was recorded (64 scans, D1 = 5). Results are reported based on 1H NMR yields. 

Solvent effect: 

 

 

Figure S 1: Effect of the solvent on the equilibrium between GlyGly (1a) and cyclo(GlyGly) (2a) 

Conditions: 0.10 mmol 1a, 5.0 mol% K15H[Zr(α2-P2W17O61)2], solvent (1.00 mL), 70 °C, 24 h. 

Zr(P2W17)2 = K15H[Zr(α2-P2W17O61)2] 
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Catalyst structure: 

Table S 1: Catalytic activity of different Zr-POM complexes 

 

 

Table S 2: Catalytic activity of different metal-Wells-Dawson POM complexes 

 

 

Experimental details and characterization of cyclic dipeptides 

General Procedure B: 

A 4 mL (1 dram) vial was charged with (Me2NH2)14[Zr(µ-O)(H2O)(α2-P2W17O61)]2
5 (48 mg, 5.0 µmol), 

dipeptide (0.100 mmol), DMSO (1.0 mL), and a magnetic stir bar. The reaction mixture was stirred 

for 24 h at 70 °C. Next, the reaction mixture was diluted with D2O (1.0 mL), 0.100 mmol tBuOH was 

added as an internal standard, and the reaction mixture was stirred at room temperature for 10 minutes 

to ensure thorough mixing. A 100 μL aliquot was transferred to a NMR tube, diluted with ~400 μL 
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D2O, and the 1H NMR spectrum was recorded (32 scans, D1 = 2). Results are reported based on 1H 

NMR yields. For adducts c(GlyPhe) (2b) and c(GlyTrp) (2c), isolated yields are reported. 

 

c(Gly–Phe) (2b) 

 General procedure B was followed using (Me2NH2)14[Zr(µ-O)(H2O)(α2-P2W17O61)]2 

(0.24 g, 25 µmol), H-Gly-Phe-OH (110 mg, 0.500 mmol), and DMSO (5.00 mL). 

The reaction was stirred at 70 °C for 18 h. After cooling to the room temperature, 

H2O (2 mL) was added, and after homogenization the reaction was allowed to stand 

overnight. The white solid crystallized overnight was collected by filtration, and washed with H2O (10 

mL). Next, the product was dissolved in methanol, concentrated under reduced pressure and dried 

under high vacuum to afford the title compound as a white solid (78 mg, 76%). A second crop of 

product was isolated from the mother liquor after a few days at room temperature (18 mg), totalizing 

96 mg of product (94% yield). Spectroscopic data agreed with the previous report.6  

[α]D
 20 = + 27.4 (c 0.95, DMSO) {+ 26.6 (c 0.95, DMSO)}7 

 

c(Gly–Trp) (2c) 

General procedure B was followed using (Me2NH2)14[Zr(µ-O)(H2O)(α2-

P2W17O61)]2 (0.24 g, 25 µmol), H-Gly-Trp-OH (110 mg, 0.500 mmol), and 

DMSO (5.00 mL). The reaction was stirred at 70 °C for 18 h. After cooling to 

the room temperature, H2O (2 mL) was added, and after homogenization the 

reaction was allowed to stand overnight. The white solid crystallized overnight was collected by 

filtration, and washed with H2O (10 mL). Next, the product was dissolved in methanol, concentrated 

under reduced pressure and dried under high vacuum to afford the title compound as a white solid (68 

mg, 56%). A second crop of product was isolated from the mother liquor after a few days at room 

temperature (26 mg), totalizing 94 mg of product (77% yield). Spectroscopic data agreed with the 

previous report.8 Racemic standard was prepared using the same protocol from (±)-H-Gly-Trp-OH 

(0.1 mmol scale). 
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Figure S 2: HPLC of c(Gly–Trp) evidences no erosion of optical purity in the catalytic cyclization of 

H-Gly-Trp-OH. Condition of analysis: Daicel Chiralpak®IB column (4.6 mm x 250 mm) as stationary 

phase and Heptane:iPrOH 90:10 mixture as mobile phase (1 mL min-1) 

 

c(Gly–His) (2d)9 

General procedure B was followed using (Me2NH2)14[Zr(µ-O)(H2O)(α2-

P2W17O61)]2 (47 mg, 5.0 µmol), H-Gly-His-OH (21.2 mg, 0.100 mmol), and 

DMSO (1.00 mL). The reaction was stirred at 70 °C for 24 h. Analysis by 1H 

NMR with tBuOH as internal standard showed the product formation in 78% 

yield.  

 

c(Gly–Ser) (2e)10 

General procedure B was followed using (Me2NH2)14[Zr(µ-O)(H2O)(α2-P2W17O61)]2 

(0.24 g, 25 µmol), H-Gly-Ser-OH (81 mg, 0.500 mmol), and DMSO (1.00 mL). The 

reaction was stirred at 70 °C for 24 h. Analysis by 1H NMR with tBuOH as internal 

standard showed the product formation in 87% yield.  

Reaction using H-Ser-Gly-OH (16 mg, 0.100 mmol) was done following the same procedure. Analysis 

by 1H NMR with tBuOH as internal standard showed the product formation in 82% yield.  

 

  

HN

O

NH

O

HN

N

RT (min) Area %Area 

66,36 11320,642 50,37 

83,11 11156,513 49,63 

 

RT (min) Area %Area 

67,60 299,962 1,82 

82,08 16207,442 98,18 
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c(Gly–Pro) (2f)11 

General procedure B was followed using (Me2NH2)14[Zr(µ-O)(H2O)(α2-P2W17O61)]2 

(47 mg, 5.0 µmol), H-Gly-Pro-OH (17.2 mg, 0.100 mmol), and DMSO (1.00 mL). The 

reaction was stirred at 70 °C for 24 h. Analysis by 1H NMR with tBuOH as internal 

standard showed the product formation in 79% yield.  

Reaction using H-Pro-Gly-OH (17.2 mg, 0.100 mmol) was done following the same procedure. 

Analysis by 1H NMR with tBuOH as internal standard showed the product formation in 78% yield.  

 

c(Gly–Asp) (2g)12 

 General procedure B was followed using (Me2NH2)14[Zr(µ-O)(H2O)(α2-

P2W17O61)]2 (47 mg, 5.0 µmol), H-Gly-Asp-OH (19.0 mg, 0.100 mmol), and 

DMSO (1.00 mL). The reaction was stirred at 70 °C for 24 h. Analysis by 1H NMR 

with tBuOH as internal standard showed the product formation in 85% yield. 

Reaction using H-Asp-Gly-OH (19.0 mg, 0.100 mmol) was done following the same procedure. 

Analysis by 1H NMR with tBuOH as internal standard showed the product formation in 35% yield. 

 

c(Gly–Ala) (2h)13 

General procedure B was followed using (Me2NH2)14[Zr(µ-O)(H2O)(α2-P2W17O61)]2 

(47 mg, 5.0 µmol), H-Gly-Ala-OH (15.0 mg, 0.100 mmol), and DMSO (1.00 mL). The 

reaction was stirred at 70 °C for 24 h. Analysis by 1H NMR with tBuOH as internal 

standard showed the product formation in 91% yield. 

Reaction using H-Ala-Gly-OH (15.0 mg, 0.100 mmol) was done following the same procedure. 

Analysis by 1H NMR with tBuOH as internal standard showed the product formation in 86% yield. 

 

c(Phe–Phe) (2i)7, 14 

 General procedure B was followed using (Me2NH2)14[Zr(µ-O)(H2O)(α2-

P2W17O61)]2 (47 mg, 5.0 µmol), H-Phe-Phe-OH (15.0 mg, 0.100 mmol), and 

DMSO (1.00 mL). The reaction was stirred at 70 °C for 24 h. Analysis by 1H 

NMR in DMSO-d6 with tBuOH as internal standard showed the product 

formation in 38% yield. Spectroscopic data agreed with the previous report. 

 

Pyrrolidin‐2‐one (2j)15 

General procedure B was followed using (Me2NH2)14[Zr(µ-O)(H2O)(α2-P2W17O61)]2 (47 mg, 

5.0 µmol), 4-aminobutanoic acid (10.3 mg, 0.100 mmol), and DMSO (1.00 mL). The 

NH

O

HN

O

Me

HN

O

NH

O

Ph

Ph
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reaction was stirred at 70 °C for 24 h. Analysis by 1H NMR with tBuOH as internal standard showed 

the product formation in >99% yield. 

 

Piperidin‐2‐one (2k)15 

General procedure B was followed using (Me2NH2)14[Zr(µ-O)(H2O)(α2-P2W17O61)]2 (47 

mg, 5.0 µmol), 5-aminopentanoic acid (11.7 mg, 0.100 mmol), and DMSO (1.00 mL). The 

reaction was stirred at 70 °C for 24 h. Analysis by 1H NMR with tBuOH as internal standard 

showed the product formation in >99% yield. 

 

Intermolecular amide bond formation 

Reaction optimization: 

General Procedure C: 

A 4 mL (1 dram) vial was charged with catalyst (0.31 – 5.0 µmol of metal-POM complex), 

phenylacetic acid (68.0 mg, 0.500 mmol), benzylamine (64 mg, 0.60 mmol), solvent (0.15 – 5.0 mL) 

and a magnetic stir bar. The reaction mixture was stirred overnight (18 – 24 h) at 30 – 70 °C. After 

cooling to room temperature, the reaction mixture was diluted with CH2Cl2 (~3 mL), 25 μL of 

dodecane was added as an internal standard, and the reaction mixture was stirred at room temperature 

for 10 minutes to ensure thorough mixing. An aliquot was analyzed by GC-FID, and the yield was 

determined based on a standard curve. Results are reported based on GC yields. 

Table S 3: Catalytic activity of different Zr(IV)-/Hf(IV)-POM complexes 

 

 

NH

O
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Table S 4: Effect of the solvent in the formation of product 5 

 

Table S 5: Effect of the reaction concentration in the formation of product 5 

 

Table S 6: Effect of the temperature in the formation of product 5 
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Table S 7: Effect of the catalyst loading in the formation of product 5 
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Experimental details and characterization of amide compounds 

General Procedure D: 

A 4 mL (1 dram) vial was charged with (Me2NH2)14[Hf(µ-O)(H2O)(α2-P2W17O61)]2 (48 mg, 5.0 µmol), 

phenylacetic acid (68.0 mg, 0.500 mmol), amine (0.60 – 1.00 mmol), DMSO (0.15 mL) and a magnetic 

stir bar. The reaction mixture was stirred for 18–24  h at 70 – 90 °C. After cooling to room temperature, 

the reaction mixture was diluted with CH2Cl2 (~50 mL), and washed with HCl 1M (15 mL), 

NaHCO3(sat) (15 mL), H2O (3 x 15 mL) and NaCl(sat) (15 mL). Next, the organic phase was dried over 

MgSO4, filtered and evaporated under reduced pressure to afford the desired amide product in high 

purity (≥ 90%). When necessary, further purification was performed through recrystallization, 

filtration in SiO2 (EtOAc:Et3N 200:1) or flash column chromatography.  

 

N-benzyl-2-phenylacetamide (5) 

General procedure D was followed using (Me2NH2)14[Hf(µ-O)(H2O)(α2-

P2W17O61)]2 (48 mg, 5.0 µmol), phenylacetic acid (68.0 mg, 0.500 mmol), 

benzylamine (64 mg, 0.60 mmol), DMSO (0.15 mL). The reaction was stirred at 

70 °C for 21 h. Work up afforded the title compound as a white solid (110 mg, 98%). Further 

purification by recrystallization in EtOAc/hexanes afforded 80 mg (71%) of the product. Spectroscopic 

data agreed with the previous report.16 

 

Gram-scale reaction: A 100 mL round-bottom flask was charged with (Me2NH2)14[Hf(µ-O)(H2O)(α2-

P2W17O61)]2 (2.0 g, 0.21 mmol), phenylacetic acid (5.60 g, 41.2 mmol), DMSO (12.5 mL) and a 

magnetic stir bar. The reaction mixture was stirred at 70 °C until a clear solution was obtained. Next, 

the reaction was removed from oil bath, and benzylamine (5.29 g, 49.5 mmol) was immediately added 

dropwise. The reaction mixture was stirred for 24 h at 70 °C. After cooling to room temperature, the 

reaction mixture was diluted with CH2Cl2 (~500 mL), and washed with HCl 1M (100 mL), NaHCO3(sat) 

(100 mL), H2O (3 x 100 mL) and NaCl(sat) (100 mL). Next, the organic phase was dried over MgSO4, 

filtered and evaporated under reduced pressure to afford 8.37 g (90%) of the desired amide product as 

a white solid. 

  



S13 

 

Table S 8: Product Mass Intensity calculation for the gram-scale experiment17 

Component Mass (g)   

Reaction  Total – reaction 26.64 g 

Catalyst 2.00 Total – work-up 1278 g 

Acid 3a 5.60 Total (Reaction + Work-up) 1304.64 g 

Amine 4a 5.29 Product yield 8.37 g 

DMSO 13.75 PMI (reaction only) 3.2 

  PMI (reaction + work-up) 155.9 

Work-up    

DCM 663   

HCl 1M 100   

NaHCO3 (sat) 100   

H2O 300   

NaCl (sat) 100   

MgSO4 15   

 

 

N‐[(4‐chlorophenyl)methyl]‐2‐phenylacetamide (6) 

General procedure D was followed using (Me2NH2)14[Hf(µ-O)(H2O)(α2-

P2W17O61)]2 (48 mg, 5.0 µmol), phenylacetic acid (68.0 mg, 0.500 mmol), 

4-chlorobenzylamine (0.11 g, 0.75 mmol), DMSO (0.15 mL). The reaction 

was stirred at 70 °C for 21 h. Work up afforded the title compound as a white solid (90 mg, 69%). 

Further purification by recrystallization in EtOAc/hexanes afforded 75 mg (58%) of the product. 

Spectroscopic data agreed with the previous report.18 

N‐[(2‐chlorophenyl)methyl]‐2‐phenylacetamide (7) 

General procedure D was followed using (Me2NH2)14[Hf(µ-O)(H2O)(α2-

P2W17O61)]2 (48 mg, 5.0 µmol), phenylacetic acid (68.0 mg, 0.500 mmol), 2-

chlorobenzylamine (0.11 g, 0.75 mmol), DMSO (0.15 mL). The reaction was 

stirred at 90 °C for 23 h. Work up afforded the title compound as a white solid (120 mg, 92%). Further 

purification by recrystallization in EtOAc/hexanes afforded 92 mg (71%) of the product. 

1H NMR (300 MHz, CDCl3): δ = 7.37-7.18 (m, 9H), 5.85 (bs, 1H), 4.48 (d, J = 6.1 Hz, 2H), 3.60 (s, 

2H). 

13C{1H} NMR (CDCl3, 126 MHz) δ 171.0, 135.6, 134.8, 133.6, 130.0, 129.6 (2C),129.2, 129.0, 127.6, 

127.2, 43.9, 41.8.  
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MS: ESI-MS –m/z calcd for C15H14ClNO [M+Na]+ 282.1 (100), 284.1 (32), found 282.3 (100) and 

284.2 (32). GC-MS (EI, 70eV): 224.4 (100), 127.3 (12), 125.3 (34) 

 

N‐[(2‐methoxyphenyl)methyl]‐2‐phenylacetamide (8) 

General procedure D was followed using (Me2NH2)14[Hf(µ-O)(H2O)(α2-

P2W17O61)]2 (48 mg, 5.0 µmol), phenylacetic acid (68.0 mg, 0.500 mmol), 2-

methoxybenzylamine (0.11 g, 0.75 mmol), DMSO (0.15 mL). The reaction 

was stirred at 90 °C for 21 h. Work up afforded the title compound as a light yellow solid (123 mg, 

96%). Further purification by recrystallization in EtOAc/hexanes afforded 76 mg (59%) of the product. 

Spectroscopic data agreed with the previous report.19 

 

(±)-2-Phenyl-N-(1-phenylethyl)acetamide (9) 

General procedure D was followed using (Me2NH2)14[Hf(µ-O)(H2O)(α2-

P2W17O61)]2 (48 mg, 5.0 µmol), phenylacetic acid (68.0 mg, 0.500 mmol), α-

methylbenzylamine (0.12 g, 1.0 mmol), DMSO (0.15 mL). The reaction was 

stirred at 90 °C for 23 h. Work up afforded the title compound as an off-white solid (114 mg, 95%). 

Purification by filtration in SiO2 using EtOAc:Et3N 200:1 afforded the title compound as an off-white 

solid (106 mg, 88%). Spectroscopic data agreed with the previous report.16 

 

N-(2-(1H-Indol-3-yl)ethyl)-2-phenylacetamide (10) 

General procedure D was followed using (Me2NH2)14[Hf(µ-O)(H2O)(α2-

P2W17O61)]2 (48 mg, 5.0 µmol), phenylacetic acid (68.0 mg, 0.500 mmol), 

tryptamine (0.12 g, 0.75 mmol), DMSO (0.15 mL). The reaction was 

stirred at 90 °C for 21 h. Work up afforded the title compound as a brown solid (113 mg, 81%). Further 

purification by recrystallization in EtOAc/hexanes afforded 98 mg (70%) of the product. Spectroscopic 

data agreed with the previous report.19 

 

N-Methyl-N′-phenylacetylpiperazine (11)  

General procedure D was followed using (Me2NH2)14[Hf(µ-O)(H2O)(α2-

P2W17O61)]2 (48 mg, 5.0 µmol), phenylacetic acid (68.0 mg, 0.500 mmol), 1-

methylpiperazine (0.12 g, 0.75 mmol), DMSO (0.15 mL). The reaction was 

stirred at 90 °C for 21 h. For this product, special work up was performed: the reaction mixture was 

diluted with CH2Cl2 (~50 mL), and extracted with HCl 1M (15 mL). After the phases were separated, 

the pH of the aqueous layer was adjusted to 8 – 9 using NaHCO3 10% w/w. The basified aqueous 

phase was washed with CH2Cl2 (3 x 25 mL). After the phases were separated, the organic phase was 

NHO

Ph
N
H
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washed with H2O (3 x 15 mL) and NaCl(sat) (15 mL). Next, the organic phase was dried over MgSO4, 

filtered and evaporated under reduced pressure to afford the desired amide product as a yellow oil (82 

mg, 75%). Spectroscopic data agreed with the previous report.19  

 

N‐benzyl‐2,2‐diphenylacetamide (12)  

General procedure D was followed using (Me2NH2)14[Hf(µ-O)(H2O)(α2-

P2W17O61)]2 (48 mg, 5.0 µmol), diphenylacetic acid (106 mg, 0.500 mmol), 

benzylamine (80 mg, 0.75 mmol), DMSO (0.15 mL). The reaction was stirred at 

90 °C for 24 h. Work up afforded the title compound as a white solid (66 mg, 44%). Spectroscopic 

data agreed with the previous report.20 

 

N‐benzyl‐2,2‐dimethylpropanamide (13)  

 General procedure D was followed using ((Me2NH2)14[Hf(µ-O)(H2O)(α2-

P2W17O61)]2 (48 mg, 5.0 µmol), pivalic acid (51.0 mg, 0.500 mmol), 

benzylamine (80 mg, 0.75 mmol), DMSO (0.15 mL). The reaction was stirred 

at 70 °C for 24 h. Work up afforded the title compound as an off-white solid (76 mg, 79%). 

Spectroscopic data agreed with the previous report.21  

 

N-benzyl-4-nitrobenzamide (14)  

General procedure D was followed using (Me2NH2)14[Hf(µ-O)(H2O)(α2-

P2W17O61)]2 (48 mg, 5.0 µmol), 4-nitrobenzoic acid (68.0 mg, 0.500 mmol), 

benzylamine (0.11 g, 1.0 mmol), DMSO (0.15 mL). The reaction was stirred 

at 90 °C for 24 h. Work up and purification by filtration in SiO2 using EtOAc:Et3N 200:1 afforded the 

title compound as a light yellow solid (122 mg, 95%). Spectroscopic data agreed with the previous 

report.18  

 

N‐benzylpyridine‐3‐carboxamide (15)  

General procedure D was followed using (Me2NH2)14[Hf(µ-O)(H2O)(α2-

P2W17O61)]2 (48 mg, 5.0 µmol), nicotinic acid (62.0 mg, 0.500 mmol), 

benzylamine (80 mg, 0.75 mmol), DMSO (0.15 mL). The reaction was stirred at 

90 °C for 24 h. Work up afforded the title compound as a white solid (106 mg, >99%). Spectroscopic 

data agreed with the previous report.22 
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N‐benzylfuran‐2‐carboxamide (16)  

General procedure D was followed using (Me2NH2)14[Hf(µ-O)(H2O)(α2-

P2W17O61)]2 (48 mg, 5.0 µmol), 2-furoic acid (56.0 mg, 0.500 mmol), benzylamine 

(80 mg, 0.75 mmol), DMSO (0.15 mL). The reaction was stirred at 90 °C for 24 h. 

Work up afforded the title compound as a light yellow solid (79 mg, 78%). Spectroscopic data agreed 

with the previous report.23 

 

N‐benzylthiophene‐3‐carboxamide (17)  

 General procedure D was followed using (Me2NH2)14[Hf(µ-O)(H2O)(α2-

P2W17O61)]2 (48 mg, 5.0 µmol), 3-thiophenecarboxylic acid (64.0 mg, 0.500 

mmol), benzylamine (80 mg, 0.75 mmol), DMSO (0.15 mL). The reaction was 

stirred at 90 °C for 24 h. Work up afforded the title compound as a yellow solid (98 mg, 90%). 

Spectroscopic data agreed with the previous report.24 

 

tert-Butyl (2-(benzylamino)-2-oxoethyl)carbamate (18)  

General procedure D was followed using (Me2NH2)14[Hf(µ-O)(H2O)(α2-

P2W17O61)]2 (48 mg, 5.0 µmol), N-(tert-Butoxycarbonyl)glycine (88.0 mg, 

0.500 mmol), benzylamine (64 mg, 0.60 mmol), DMSO (0.15 mL). The reaction was stirred at 70 °C 

for 24 h. Work up and purification by column chromatography (0–5% MeOH in CH2Cl2) afforded the 

title compound as a yellowish oil (119 mg, 90%). Spectroscopic data agreed with the previous report.25  

 

tert‐butyl N‐[(1S)‐1‐(benzylcarbamoyl)‐2‐phenylethyl]carbamate (19) 

General procedure D was followed using (Me2NH2)14[Hf(µ-O)(H2O)(α2-

P2W17O61)]2 (48 mg, 5.0 µmol), N-(tert-Butoxycarbonyl)-L-phenylalanine 

(133 mg, 0.500 mmol), benzylamine (64 mg, 0.60 mmol), DMSO (0.15 mL). 

The reaction was stirred at 70 °C for 24 h. Work up afforded the title compound as a light yellow solid 

(153 mg, 86%). Spectroscopic data agreed with the previous report.26 

 

Products that were observed in low yields (typically < 5%) using standard reaction conditions 

 

O

PhN
H

S
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Mechanism investigation 

Control experiments 

General Procedure E: 

A 4 mL (1 dram) vial was charged with catalyst (5.0 µmol for POM, 10 µmol for Zr salts), 

glycylglycine (13.2 mg, 0.100 mmol), DMSO (1.0 mL), and a magnetic stir bar. The reaction mixture 

was stirred for 24 h at 70 °C. Next, the reaction mixture was diluted with D2O (1.0 mL), 0.100 mmol 

tBuOH was added as an internal standard, and the reaction mixture was stirred at room temperature 

for 10 minutes to ensure thorough mixing. A 100 μL aliquot was transferred to a NMR tube, diluted 

with ~400 μL D2O, and the 1H NMR spectrum was recorded (64 scans, D1 = 5). Results are reported 

based on 1H NMR yields. 

 

Table S 9: Control experiments for GlyGly (1a) cyclization 
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General Procedure F: 

A 4 mL (1 dram) vial was charged with catalyst (5.0 µmol for POM complexes, 10 µmol for Zr salts, 

35 µmol for boric acid), phenylacetic acid (68.0 mg, 0.500 mmol), benzylamine (64 mg, 0.60 mmol), 

DMSO (0.15 – 1.2 mL) and a magnetic stir bar. The reaction mixture was stirred overnight (~18 h) at 

70 °C. After cooling to room temperature, the reaction mixture was diluted with CH2Cl2 (~3 mL), 25 

μL of dodecane was added as an internal standard, and the reaction mixture was stirred at room 

temperature for 10 minutes to ensure thorough mixing. An aliquot was analyzed by GC-FID, and the 

yield was determined based on a standard curve. Results are reported based on GC yields. 

 

Table S 10: Control experiments and comparison to Zr(IV)-/Hf(IV)-POM catalyzed intermolecular 

amide coupling reactions 

 

  

Entry

1

2

3

4

5

6a

7b

8

9

10

11

12

13

15

16

17

18

19

Yield 5 (%)

3

34

29

47

16

34

58

5

34

10

27

7

33

22

82

99

8

11

Catalyst

---

ZrCl4 (2 mol%)

(Me2NH2)14[Zr( -O)(H2O)( 2-P2W17O61)]2

(Me2NH2)14[Hf( -O)(H2O)( 2-P2W17O61)]2

---

---

---

K7(P2W17O61)

ZrCl4 + K7(P2W17O61)

Zr(OH)4 + K7(P2W17O61)

ZrCl4 (2 mol%)

Zr(OH)4 (2 mol%)

Zr(OiPr)4 (2 mol%)

Zr(acac)4 (2 mol%)

(Me2NH2)14[Zr( -O)(H2O)( 2-P2W17O61)]2

(Me2NH2)14[Hf( -O)(H2O)( 2-P2W17O61)]2

B(OH)3

3,4,5-trifluorophenylboronic acid

CO2H
H2N Ph

1 mol% Catalyst

DMSO, 70 °C
PhN

H

O

4a (1.2 equiv.)

+

3a 5

Concentration

(mol L-1)

0.4

0.4

0.4

0.4

3.33

3.33

3.33

3.33

3.33

3.33

3.33

3.33

3.33

3.33

3.33

3.33

3.33

3.33

a 90 °C, 20 h; b 90 °C, 45 h.
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Behavior of the metal-POM catalyst in solution 

Speciation of [Zr(IV)-/Hf(IV)-(α2-P2W17O61)]2 in DMSO by 31P NMR 

The behavior of (Me2NH2)14[M(µ-O)(H2O)(α2-P2W17O61)]2 (M = Zr, Hf) catalyst in DMSO was 

investigated by 31P NMR. We studied solutions with different concentrations of catalyst, as well the 

effect of successive additions of water and/or substrates in this behavior.   

 

General Procedure G: 

A 2-4 mL vial was charged with (Me2NH2)14[Zr(µ-O)(H2O)(α2-P2W17O61)]2 (see table below), DMSO-

d6 (see table below) and a magnetic stir bar. The mixture was stirred for few minutes at 70 °C until 

homogenization has been observed. Next, the solution was transferred to a NMR tube, and analyzed 

by 31P NMR (an external H3PO4 85% reference was used).  

 

Table S 11: Quantity of Zr-POM and solvent used in the solutions studied by 31P NMR 

Entry Zr-POM (mg) DMSO-d6 (mL) Concentration (mol L-1) 

1 97 0.60 0.017 

2 47 0.60 0.008 

3 47 1.00 0.005 

4 24 1.20 0.002 

5 10 1.05 0.001 
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A) The dissolution of (Me2NH2)14[Zr(µ-O)(H2O)(α2-P2W17O61)]2 in DMSO shows the presence of two  

species. These species are in equilibrium to each other as evidence by changing the concentration of 

the solution. 

 

 

Figure S 3: Dissolution of (Me2NH2)14[Zr(µ-O)(H2O)(α2-P2W17O61)]2 in DMSO shows the presence 

of two  species in equilibrium. Equivalent reaction  = equivalent to reaction with concentration of the 

limiting substrate at the given concentration.  

 

  

0.017 mol L-1 

(equivalent reaction 1.7 mol L-1) 

0.008 mol L-1 

(equivalent reaction 0.8 mol L-1) 

0.005 mol L-1 

(equivalent reaction 0.1 mol L-1  

 – intramolecular) 

0.002 mol L-1 

(equivalent reaction 0.2 mol L-1) 

0.001 mol L-1 

(equivalent reaction 0.1 mol L-1) 
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B) Following the General Procedure G, the same behavior is observed for the (Me2NH2)14[Hf(µ-

O)(H2O)(α2-P2W17O61)]2 when it was dissolved in DMSO,  

 

Table S 12: Quantity of Hf-POM and solvent used in the solutions studied by 31P NMR 

Entry Hf-POM (mg) DMSO-d6 (mL) Concentration (mol L-1) 

1 194 0.60 0.03 

2 48 1.20 0.004 

3 14 0.60 0.002 

 

Figure S 4: Dissolution of (Me2NH2)14[Hf(µ-O)(H2O)(α2-P2W17O61)]2 in DMSO shows the presence 

of two  species in equilibrium. Equivalent reaction  = equivalent to reaction with concentration of the 

limiting substrate at the given concentration.  

 

C) The equilibrium involving the [Hf(α2-P2W17O61)]2 catalyst in DMSO is perturbed by the substrates 

as evidenced by 31P NMR. To check influence of the substrates on [Hf(α2-P2W17O61)]2 catalyst 

speciation, a solution of catalyst was treated with phenylacetic acid and/or benzylamine. Of note, the 

0.002 mol L-1 

(equivalent reaction 0.2 mol L-1) 

0.03 mol L-1 

(equivalent reaction 3.3 mol L-1) 

0.004 mol L-1 

(equivalent reaction 0.4 mol L-1) 
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stoichiometric relationship of the reaction was kept constant to stay as close as possible to the reaction 

conditions. The addition of more than 1.20 mmol of benzylamine caused the jellification of the sample 

preventing its analysis by 31P NMR. 

 

General Procedure H: 

A 2 mL vial was charged with (Me2NH2)14[Hf(µ-O)(H2O)(α2-P2W17O61)]2  (194 mg, 20 µmol), DMSO-

d6 (0.60 mL), and a magnetic stir bar. The mixture was stirred for few minutes at 70 °C until 

homogenization has been observed. Next, phenylacetic acid (0.27 g, 2.0 mmol) or benzylamine (0.26 

g, 2.4 mmol) were added, and the solution was kept stirring for 10 minutes at 70 °C. Next, the solution 

was transferred to a NMR tube, and analyzed by 31P NMR (an external H3PO4 85% reference was 

used). Next, to the tube containing phenylacetic acid, an aliquot of benzlamine (64 mg, 0.60 mmol) 

was added. The tube was homogenized and analyzed by 31P NMR again under the same conditions. 

Next, a second portion of benzylamine (64 mg, 0.60 mmol) was added. The tube was homogenized 

and analyzed by 31P NMR again under the same conditions.  

 

Figure S 5: Phenylacetic acid and benzylamine substrates perturb the equilibrium between [Hf(α2-

P2W17O61)]2  species formed in DMSO solution (0.03 mol L-1). Equivalent reaction  = equivalent to 

reaction with concentration of the limiting substrate at the given concentration.  

A = [Hf(α2-P2W17O61)]2  0.03 mol L-1 

(equivalent reaction 3.3 mol L-1) 

C = [Hf(α2-P2W17O61)]2   

+ 1 equiv. PhCH2CO2H 

D = C+ 0.25 equiv. BnNH2  

B = [Hf(α2-P2W17O61)]2   

+ 1 equiv. BnNH2 

E = D+ 0.25 equiv. BnNH2  
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Kinetic dependence on the concentration of substrates 

General Procedure I: 

A 4 mL (1 dram) vial was charged with (Me2NH2)14[Hf(µ-O)(H2O)(α2-P2W17O61)]2 (48 mg, 5.0 µmol), 

phenylacetic acid (see table below), benzylamine (see table below), DMSO (0.15 mL) and a magnetic 

stir bar. The reaction mixture was stirred at 70 °C. At 5-20 minutes intervals, a 10 μL aliquot was 

taken, immediately quenched with CH2Cl2 and analyzed by GC-FID. Using the data from GC-FID 

analysis, kinetic plots (product vs. reaction time) were obtained based on a standard curve. All data 

was processed using Microsoft Excel®. 

Table S 13: Amounts of phenylacetic acid and benzylamine used in the reaction to study the kinetic 

dependence on the concentration of substrates 

Reaction Phenylacetic acid 3a (mmol) Benzylamine 4a (mmol) 

1 1.00 0.60 

2 0.50 0.60 

3 0.50 1.20 

 

 

Figure S 6: Kinetic plot varying the initial concentration of substrates 
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Tolerance to water 

Effect of water on reaction yield 

General Procedure J: 

A 4 mL (1 dram) vial was charged with (Me2NH2)14[Hf(µ-O)(H2O)(α2-P2W17O61)]2 (see table below), 

phenylacetic acid (68.0 mg, 0.500 mmol), anhydrous DMSO (see table below), benzylamine (64 mg, 

0.60 mmol), water (see table below) and a magnetic stir bar. The reaction mixture was stirred overnight 

(~20 h) at 70 °C. After cooling to room temperature, the reaction mixture was diluted with CH2Cl2 (~3 

mL), 25 μL of dodecane was added as an internal standard, and the reaction mixture was stirred at 

room temperature for 10 minutes to ensure thorough mixing. An aliquot was analyzed by GC-FID, and 

the yield was determined based on a standard curve. Results are reported based on GC yields. 

 

Table S 14: Amount of water and DMSO used on the experiments to probe the effect of water on the 

yield of 5 

 

Entry Water (µL) DMSO (µL) Catalyst (µmol) Yield (%) 

1 0 150 5.0 >99 

2 10 150 5.0 94 

3 20 150 5.0 90 

4 25 150 5.0 69 

5 30 150 5.0 71 

6 75 150 5.0 46 

7 30 120 5.0 76 

8 75 75 5.0 16 

9 75 150 10.0 40 

10 75 150 2.50 31 

11 37 75 2.50 39 

12 75 300 10.0 47 

13 30 150 10.0 63 
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Effect of water on initial reaction rate 

General Procedure K: 

An oven-dried 4 mL (1 dram) vial was charged with (Me2NH2)14[Hf(µ-O)(H2O)(α2-P2W17O61)]2 (48 

mg, 5.0 µmol), phenylacetic acid (68.0 mg, 0.500 mmol) and a magnetic stir bar. Next, the vial was 

evacuated and backfilled with N2 (3x). After atmosphere exchange, anhydrous DMSO (0.15 mL) was 

added and the reaction mixture was stirred at 70 °C for a few minutes until homogenization. Next, 

water (0 – 30 μL) was added, followed by benzylamine (64 mg, 0.60 mmol). The reaction mixture was 

stirred overnight at 70 °C. At 5-20 minutes intervals, a 10 μL aliquot was taken, immediately quenched 

with a few drops of CH2Cl2,  and analyzed by GC-FID. Using the data from GC-FID analysis, kinetic 

plots (product vs. reaction time) were obtained based on a standard curve. All data was processed using 

Microsoft Excel®. 

 

 

Figure S 7: Initial rate of reaction in the presence of different amounts of water (external addition) 

  

0,00

0,05

0,10

0 20 40 60 80

m
m

o
l 
o

f 
5

Time (min)

no water 0.55 mmol water 1.67 mmol water



S26 

 

Effect of water on the speciation of [Hf(IV)-(α2-P2W17O61)]2 in DMSO by 31P NMR 

A) The behavior of (Me2NH2)14[Hf(µ-O)(H2O)(α2-P2W17O61)]2 catalyst in DMSO is perturbed by the 

addition of water. To a 0.03 mol L-1 solution of catalyst, increasing amounts of water were added. 

 

General Procedure L: 

A 4 mL (1 dram) vial was charged with (Me2NH2)14[Hf(µ-O)(H2O)(α2-P2W17O61)]2  (194 mg, 20 

µmol), DMSO-d6 (0.60 mL) and a magnetic stir bar. The mixture was stirred for few minutes at 70 °C 

until homogenization has been observed. Next, the solution was transferred to a NMR tube, and 

analyzed by 31P NMR (an external H3PO4 85% reference was used). Next, a aliquot of water was added 

(see table below), the tube was homogenized and analyzed by 31P NMR again under the same 

conditions. 

 

Table S 15: Additions of water to Hf-POM solution in DMSO studied by 31P NMR 

Addition (µL) Volume added (µL) Total water added (µL) 

1 10 10 

2 10 20 

3 20 40 

4 40 80 

5 40 120 

6 180 300 
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Figure S 8: Water perturbs the equilibrium between [Hf(α2-P2W17O61)]2  species formed in DMSO 

solution (0.03 mol L-1). Equivalent reaction  = equivalent to reaction with concentration of the limiting 

substrate at the given concentration. 

 

B) The equilibrium perturbation due to the water does not happen in the presence of the substrates. 

  

General Procedure M: 

A 2 mL vial was charged with (Me2NH2)14[Hf(µ-O)(H2O)(α2-P2W17O61)]2  (194 mg, 20 µmol), DMSO-

d6 (0.60 mL), water (40 µL), phenylacetic acid (0.27 g, 2.0 mmol) and a magnetic stir bar. The mixture 

was stirred for few minutes at 70 °C until homogenization has been observed. Next, the solution was 

transferred to a NMR tube, and analyzed by 31P NMR (an external H3PO4 85% reference was used). 

Next, benzylamine (64 mg, 0.6 mmol) was added, the tube was homogenized and analyzed by 31P 

NMR again under the same conditions. The same was done for two more additions of water (40 µL). 

The addition of more than 0.25 equiv. of benzylamine caused the jellified of the sample preventing its 

analysis by 31P NMR. 

w/ 20 uL H2O 

0.03 mol L-1 

(equivalent reaction 3.2 mol L-1) 

w/ 10 uL H2O 

w/ 80 uL H2O 

w/ 40 uL H2O 

w/ 300 uL H2O 

w/ 120 uL H2O 
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Figure S 9: The perturbation in the [Hf(α2-P2W17O61)]2  species  equilibrium in DMSO solution caused 

by water does not happen  in the presence of the substrates 

 

Stability of the product under the reaction conditions in the presence of water 

A 4 mL (1 dram) vial was charged with (Me2NH2)14[Hf(µ-O)(H2O)(α2-P2W17O61)]2 (48 mg, 5.0 µmol), 

amide product 5 (112 mg, 0.500 mmol), DMSO (0.15 mL), and water (25 µL, 1.4 mmol) and a 

magnetic stir bar. The reaction mixture was stirred overnight (~20 h) at 70 °C. After cooling to room 

temperature, the reaction mixture was diluted with CH2Cl2 (~3 mL), 25 μL of dodecane was added as 

an internal standard, and the reaction mixture was stirred at room temperature for 10 minutes to ensure 

thorough mixing. An aliquot was analyzed by GC-FID, and the yield was determined based on a 

standard curve. Results are reported based on GC yields. 

 

CO2H
H2N Ph

(Me2NH2)14[Hf(α2-P2W17O61)]2

DMSO [3.3 M], 70 °C

≈20 h

H2O (1.40 mmol)

PhN
H

O

4a

4a (0.50 mmol)

+

3a

< 10%
(recovered A = 93%)  

 

[Hf(α2-P2W17O61)]2  0.03 mol L-1 

(equivalent reaction 3.2 mol L-1) 
0.6 mL of solution 

+ 40 µL H2O 

+ 1 equiv. PhCH2CO2H 

+ 0.25 equiv. BnNH2  

+ 40 µL H2O  

Total H2O = 80 µL 

+ 40 µL H2O  

Total H2O = 120 µL 
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Recycling of catalyst 

For probing the recycle of the catalyst, the coupling between phenylacetic acid and benzylamine 

substrates was performed according to General procedure D using (Me2NH2)14[Hf(µ-O)(H2O)(α2-

P2W17O61)]2 (48 mg, 5.0 µmol), phenylacetic acid 3a (68.0 mg, 0.500 mmol), benzylamine 4a (64 mg, 

0.60 mmol), DMSO (0.15 mL). The reaction was stirred at 70 °C for 21 – 24 h. After the reaction yield 

was determined by GC-FID analysis, the reaction mixture was transferred to a 15 mL centrifuge tube. 

After centrifugation (3 min, 5000 rpm), the supernatant was removed, and the solid was washed with 

MeOH (2 x 6 mL) and Et2O (1 x 6 mL). The recovered solid was left to dry under air for a minimum 

of 24 h. This recovered solid was used again as catalyst in a new reaction, which was done using the 

exactly same procedure. The 31P NMR analysis of the recovered catalysts was done using a 0.1 mol L-

1 HCl solution in H2O:D2O 9:1.5 

 

 

 

Figure S 10: Yield of product 6 for each replicate using the same catalyst 
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Figure S 11: 31P NMR analysis of (Me2NH2)14[Hf(µ-O)(H2O)(α2-P2W17O61)]2 catalyst (A) freshly 

synthesized, (B) after one reaction , and (C) after 3 reactions confirms its structural stability. 

C 

B 

A 
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NMR Spectra 

c(Gly–Phe) (2b) 

 

c(Gly–Trp) (2c) 
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N-benzyl-2-phenylacetamide (5) 

 

N‐[(4‐chlorophenyl)methyl]‐2‐phenylacetamide (6)
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N‐[(2‐chlorophenyl)methyl]‐2‐phenylacetamide (7) 
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N‐[(2‐methoxyphenyl)methyl]‐2‐phenylacetamide (8) 

 

(±)-2-Phenyl-N-(1-phenylethyl)acetamide (9) 
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N-(2-(1H-Indol-3-yl)ethyl)-2-phenylacetamide (10) 

 

N-Methyl-N′-phenylacetylpiperazine (11) 
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N‐benzyl‐2,2‐diphenylacetamide (12)  

 

N‐benzyl‐2,2‐dimethylpropanamide (13) 
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N-benzyl-4-nitrobenzamide (14) 

 

N‐benzylpyridine‐3‐carboxamide (15)  
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N‐benzylfuran‐2‐carboxamide (16) 

 

N‐benzylthiophene‐3‐carboxamide (17) 

 

O

PhN
H

S



S41 

 

tert-Butyl (2-(benzylamino)-2-oxoethyl)carbamate (18) 

 

tert‐Butyl N‐[(1S)‐1‐(benzylcarbamoyl)‐2‐phenylethyl]carbamate (19) 

 


