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General remarks 

Unless otherwise mentioned, reactions were performed without any precautions against air and 

moisture. Amide bond formation reactions were performed in 4mL (1-dram) vials sealed with a PTFE-

lined screw cap. Unless otherwise mentioned, reagents were purchased from commercial sources, and 

used as received.  

Hydrogen nuclear magnetic resonance (1H NMR) were recorded on a Bruker Avance 300 (300 MHz) or 

a Bruker Avance 400 (400 MHz) spectrometer. Carbon nuclear magnetic resonance (13C NMR) were 

recorded on Bruker Avance 400 (100 MHz) spectrometer. Chemical shifts (δ) are reported in parts per 

million (ppm) downfield from tetramethylsilane, and are referenced to resonance of residual solvent peak 

in the NMR solvent (1H NMR: DMSO: δ = 2.50 ppm; CDCl3: δ = 7.26 ppm; 13C NMR: 39.52 ppm). Fourier-

transform infrared spectra (FTIR) were recorded on a Bruker Vertex 70 spectrometer and analysed with 

the Bruker OPUS software (version 7.5). The solid samples were measured directly, without sample 

preparation, using the attenuated total reflectance module (Platinum ATR). Powder X-ray diffraction 

(PXRD) patterns were collected on a Malvern PANalytical Empyrean diffractometer (in transmission 

mode) over a 1.3 – 45° 2θ range, using a PIXcel3D solid state detector and Cu anode (Cu Kα1: 1.5406 

Å; Cu Kα2: 1.5444 Å). 

 

Synthesis of Zr6 

[Zr6O4(OH)4(OMc)12] (OMc = methacrylate) (Zr6) was prepared as previously reported:1 

In a Schlenk tube under a nitrogen atmosphere, Zr(OnPr)4 (1.00 mL of a 70% wt% solution in n-propanol, 

3.1 mmol) was mixed with methacrylic acid（1.00 mL, 11.8 mmol). After stirring for a few minutes until 

homogenization was observed, the mixture was kept still at room temperature until a colorless crystal 

formed (usually within 5 days). The solid product was collected by vacuum filtration. The compound was 

washed with 35 mL CH2Cl2, and dried under rotatory evaporator. then dried this compound under high-

vacuum for several hours. Yield: 0.60 g, 68% based on Zr. Analysis by 1H NMR spectroscopy was 

consistent with previous reports, confirming the identity of cluster obtained.2-3 Despite the washes with 

CH2Cl2, free methacrylic acid could still be detected by 13C NMR. These molecules are generally 

assumed to interact with the cluster through H-bonding.4 
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Figure S1. FT-IR (ATR) of [Zr6O4(OH)4(OMc)12] (OMc = methacrylate) (Zr6) as synthesized. 

 

 

Figure S2. 1H NMR of [Zr6O4(OH)4(OMc)12] (OMc = methacrylate) (Zr6) as synthesized. 
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Figure S3. 13C NMR of [Zr6O4(OH)4(OMc)12] (OMc = methacrylate) (Zr6) as synthesized. 
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Figure S4. PXRD (λCu = 1.5406 Å) pattern of of [Zr6O4(OH)4(OMc)12] (OMc = methacrylate) (Zr6) as synthesized: 

Top: full pattern; Bottom: magnification of the 5 – 15° region.  
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Results and Discussion 

Screening of reaction conditions 

General Procedure A: 

A 4 mL (1 dram) vial was charged with Zr6 catalyst (0.5 – 50.0 µmol), phenylacetic acid (68.0 – 408.0 

mg, 0.50 – 3.0 mmol), benzylamine (128 – 642 mg, 1.2-6.0 mmol), solvent (0.15 – 2.5 mL) and a 

magnetic stir bar. The reaction mixture was stirred overnight (16 – 24 h) at 50 – 80 °C. After cooling to 

room temperature, reaction yield was determined 1H NMR. For 1H NMR, the reaction mixture was diluted 

with CDCl3 (1 mL), 3,5-bistrifluoromethyl-bromobenzene (1.0 equiv.) was added as an internal standard, 

and the reaction mixture was stirred at room temperature for 10 minutes to ensure thorough mixing. 

Next, 50 μL of the crude mixture were transferred to a 1.5 mL centrifuge tube and diluted with 450 μL of 

CDCl3. The final solution was centrifuged. The supernatant (~500 μL) was transferred to an NMR tube, 

and 1H NMR was recorded. Results are reported based on 1H NMR yields. 
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NMR experiments 

To better understand the Zr6 ligand exchange dynamics, we evaluated the effect of phenylacetic acid 

and benzylamine on the 1H NMR spectrum of Zr6. DMSO-d6 was used as the solvent to ensure the 

solubility of the mixture.  

Initially, we probed the changes upon addition of increasing amounts phenylacetic acid (1). 

General Procedure B: 

A 2-4 mL vial was charged with 500 µL DMSO-d6, Zr6 (10.0 µmol, 15.6 mg), and a magnetic stirring 

bar. The mixture was stirred at 80 °C for around 10 minutes until homogenization has been observed. 

Then, different amounts of phenylacetic acid were added (see figure below), and the solution was 

stirred for a few minutes at 80°C until homogenization has been observed. An aliquot of ~450 µL of 

the solution was transferred to a NMR tube, and analyzed by 1H NMR (300 MHz, room temperature). 

 

 

Figure S5.  1H NMR of phenylacetic acid 1 with Zr6 cluster. (A) Zr6 with a  concentration of 0.02 M, which is 

equivalent to the amidation reaction using a catalyst loading of 2 mol%. (B) Free methacrylic acid. (C) Solution (A) 

plus 1 equiv. of 1. (D) Solution (A) plus 2 equiv. of 1. (E) Solution (A) plus 4 equiv. of 1. (F) Solution (A) plus 8 

equiv. of 1.  (G) Solution (A) plus 12 equiv. of 1. (H) Solution (A) plus 20 equiv. of 1. (I) Solution (A) plus 40 equiv. 

of 1. 

 

Upon gradual addition of 1 to the solution of Zr6 cluster, the initial Zr6 broad unresolved signals at 5.35 

ppm, 5.61 ppm, and 5.98 ppm consistent with the coordination of methacrylate ligand to the Zr oxo core 

gradually changed to three narrow peaks consistent with free methacrylic acid in solution (Figure S5). 

This indicates the methacrylate ligands on the surface of Zr6 cluster were slowly replaced by 
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phenylacetic acid. As in our previous work, coordination of 1 to Zr6 was evidenced by the appearance 

of a broad singlet at 3.30 ppm, which refers to the benzylic CH2 group of phenylacetic acid after its 

coordination to the Zr6 cluster. Moreover, addition of methacrylic acid decreasing the intensity of this 

peak suggested that there is an equilibrium for the coordination between methacrylic acid and 

phenylacetic acid.5-6 

 

Then, we probed the changes upon addition of increasing amounts benzylamine (2). 

General procedure C: 

A 2-4 mL vial was charged with 500 µL DMSO-d6, Zr6 (10.0 µmol, 17.0 mg), and a magnetic stirring 

bar. The mixture was stirred at 80 °C for around 10 minutes until homogenization has been observed. 

Then, different amounts of benzylamine were added (see figure below), and the solution was 

homogenized by gently shaking the NMR tube. An aliquot of ~ 500 µL was transferred to a NMR tube, 

and analyzed by 1H NMR (300 MHz, room temperature). 

General procedure D: 

For the mixtures of benzylamine, and methacrylic acid without Zr6 present, the following procedure 

was used: A 2-4 mL vial was charged with 500 µL DMSO-d6. In a second vial, methacrylic acid (0.5 

mmol, 42 µL), was dissolved in 458 µL of DMSO-d6. Then, 10 µL (~0.010 mmol) of this solution was 

added to the first vial. The solution was stirred at 80°C for around 10 minutes until homogenization 

has been observed. Then, different amounts of benzylamine were added (see figure below), the 

mixture was stirred at 80°C for a few minutes until homogenization was observed. An aliquot of ~ 500 

µL was transferred to a NMR tube, and analyzed by 1H NMR (300 MHz, room temperature). 
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Figure S6. 1H NMR of benzylamine 2 with Zr6 cluster or methacrylic acid. (A) Zr6 with a  concentration of 0.02 M 

which is equivalent to the amidation reaction using a catalyst loading of 2 mol%. (B) Benzylamine. (C) Solution A 

plus 1 equiv. of 2. (D) Solution A plus 2 equiv. of 2. (E) Solution A plus 4 equiv. of 2. (F) Solution A plus 8 equiv. 

of 2. (G) Solution A plus 12 equiv. of 2. (H) Solution A plus 20 equiv. of 2. (I) Solution A plus 40 equiv. of 2. (J) A 

mixture of methacrylic acid/benzylamine = 1:1. (K) A mixture of methacrylic acid/benzylamine = 1:2. (L) A mixture 

of methacrylic acid/benzylamine = 1:4. (M) A mixture of methacrylic acid/benzylamine = 1:8. 

 

Benzylamine (2) coordinates to the Zr centers of Zr6 cluster, and induce a change in the coordination 

mode of carboxylate ligands, presumably favoring monodentate and chelating coordination over 

bridging one. Addition of one equivalent of benzylamine to a solution of Zr6 initially shifts the non-

coordinated methacrylic acid peaks from 5.61 and 5.98 ppm to 5.51 and 5.91 ppm, respectively. These 

peaks continue shifting up field if more amine is added, which may be caused by the salt formation 

between benzylamine and methacrylic acid. In addition, these peaks are narrower, and shift faster than 

the coordinated carboxylate ligands. When amine was mixed with free methacrylic acid with 1:1 ratio, 

the peaks of the salt could also be found in the system containing Zr6 and benzylamine with 1:2 ratio. 

However, the benzylic peak in the later system is broader with a chemical shift range from  3.796 to 

3.884 ppm, indicating 2 coordinates to Zr6. Addition of more amine partially reverses this shift, bringing 

the benzylic CH2 resonance closer to the one of free benzylamine, indicating an equilibrium between 

the coordinated and free amine exists. Apart form the peaks mentioned above, the migration of NH2 
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peaks were observed over a large range of chemical shift from 1.832 ppm of the free amine to 4.857 

ppm (Figure S6). Addition of amine would reverse these shift to upfield, indicating the equilibrium 

between the free amine and the ones that interact with the cluster. 

 

Besides the single component experiments, we have also probe the solution behavior when both 1 and 

2 are present in the solution. 

General procedure E: 

A 2-4 mL vial was charged with 500 µL DMSO-d6, Zr6 (10.0 µmol, 17.0 mg), phenylacetic acid (0.5 

mmol, 68 mg), and a magnetic stirring bar. The mixture was stirred at 80 °C for around 10 minutes 

until homogenization has been observed. Then, different equivalents of benzylamine with respect to 

phenylacetic acid were added, and the solution was homogenized at 80 °C for 10 min. An aliquot of 

~ 500 µL was transferred to a NMR tube, and analyzed by 1H NMR (300 MHz, room temperature). 

 

Figure S7. The 1H-NMR signals for phenylacetic acid and benzylamine in a reaction mixture of : (A) Mixture of Zr6 

cluster and 50 equiv. of phenylacetic acid. (B) Solution A plus 50 equiv. of 2. (C) Solution B plus 50 equiv. of 2. (D) 

Solution C plus 50 equiv. of 2. (E) Mixture of 1 and 1 equiv. of 2. Analysis performed at room temperature 

Addition of one equivalent of benzylamine resulted initially in the formation of an ammonium carboxylate 

ion pair between 1 and 2. The broad singlet peak around 3.319 ppm indicating coordination of 1 can still 

be observed. This peak disappears when more amine is added. Furthermore, the peaks of CH2= group 

shifted to upfield, similar to Figure S6 when excess amine 2 is added. The NH2 peaks and its migration 

when excess amine was added can be noticed as well. Notably, formation of product 3 can be observed, 

demonstrating that the excess amount of amine is beneficial for this reaction.7-8    
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Experimental details of products in Table 2 

General Procedure F:  

A 4 mL (1 dram) vial was charged with Zr6 cluster (3.9 – 15.6 mg, 5.0 – 20 µmol), phenylacetic acid 

(68.0 mg, 0.500 mmol), benzylamine (161 – 268 mg, 1.50 – 2.50 mmol), solvent (0.15 mL), and a 

magnetic stir bar. The reaction mixture was stirred for 24 – 48 h at 70 – 80 °C. After cooling to room 

temperature, reaction yield was determined 1H NMR. For 1H NMR, the reaction mixture was diluted with 

CDCl3 (1 mL), 3,5-bistrifluoromethyl-bromobenzene (1 equiv.) was added as an internal standard, and 

the reaction mixture was stirred at room temperature for 10 minutes to ensure thorough mixing. Next, 

50 μL of the crude mixture was transferred to a 1.5 mL centrifuge tube and diluted with 450 μL of CDCl3. 

The final solution was centrifuged. The supernatant (~500 μL) was transferred to an NMR tube, and 1H 

NMR was recorded. Results are reported based on 1H NMR yields. 

 

N-benzyl-2-phenylacetamide (3) 

General procedure F was followed using Zr6 cluster (5.0 µmol 8.5 mg), phenylacetic 

acid (68.0 mg, 0.500 mmol), benzylamine (161 mg, 1.50 mmol), and ethanol (0.15 

mL). The reaction was stirred at 70 °C for 48 h. Analysis by 1H NMR with 3,5-

bistrifluoromethyl-bromobenzene as internal standard, and comparison with previous spectral 

description, showed the product formation in 85% yield.9 

N-[(2-chlorophenyl)methyl]-2-phenylacetamide (6)  

General procedure F was followed using Zr6 cluster (2.5 µmol 4.3 mg), 

phenylacetic acid (68.0 mg, 0.500 mmol), 2-chlorobenzylamine (213 mg, 1.50 

mmol), and ethanol (0.15 mL). The reaction was stirred at 70 °C for 24 h. Analysis 

by 1H NMR with 3,5-bistrifluoromethyl-bromobenzene as internal standard, and comparison with 

previous spectral description, showed the product formation in 60% yield.8 

N-[(4-chlorophenyl)methyl]-2-phenylacetamide (7)  

General procedure F was followed using Zr6 cluster (2.5 µmol 4.3 mg), 

phenylacetic acid (68.0 mg, 0.500 mmol), 4-chlorobenzylamine (213 mg, 1.50 

mmol) , and ethanol (0.15 mL). The reaction was stirred at 80 °C for 24 h. 

Analysis by 1H NMR with 3,5-bistrifluoromethyl-bromobenzene as internal standard, and comparison 

with previous spectral description, showed the product formation in 69% yield.10 

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

General procedure F was followed using Zr6 cluster (10.0 µmol 17.0 mg), 

phenylacetic acid (68.0 mg, 0.500 mmol), 2-methoxybenzylamine (343 mg, 2.50 

mmol) , and ethanol (0.15 mL). The reaction was stirred at 80 °C for 48 h. 
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Analysis by 1H NMR with 3,5-bistrifluoromethyl-bromobenzene as internal standard, and comparison 

with previous spectral description, showed the product formation in 89% yield.11 

tert-Butyl (2-(benzylamino)-2-oxoethyl)carbamate (9)  

 General procedure F was followed using Zr6 cluster (2.5 µmol, 4.3 mg), N-(tert-

butoxycarbonyl)glycine (88 mg, 0.500 mmol), benzylamine (161 mg, 1.5 mmol) , 

and ethanol (0.15 mL). The reaction was stirred at 70 °C for 24 h. Analysis by 1H 

NMR with 3,5-bistrifluoromethyl-bromobenzene as internal standard, and comparison with previous 

spectral description, showed the product formation in 82% yield.12 

N-benzylnicotinamide (10)  

General procedure F was followed using Zr6 cluster (10.0 µmol, 17.0 mg), 4-nicotinic 

acid (62.0 mg, 0.500 mmol), benzylamine (268 mg, 2.50 mmol) , and ethanol (0.15 

mL). The reaction was stirred at 80 °C for 26 h. Analysis by 1H NMR with 3,5-

bistrifluoromethyl-bromobenzene as internal standard, and comparison with previous spectral 

description, showed the product formation in 49% yield.13 

N-benzylthiophene-3-carboxamide (11)  

 General procedure F was followed using Zr6 cluster (10.0 µmol, 17.0 mg), 3-

thiophenecarboxylic acid (64.0 mg, 0.500 mmol), benzylamine (268 mg, 2.50 mmol) , 

and ethanol (0.15 mL). The reaction was stirred at 80 °C for 26 h. Analysis by 1H 

NMR with 3,5-bistrifluoromethyl-bromobenzene as internal standard showed the product formation in 

50% yield.14 

N-benzylacetamide (12)  

General procedure F was followed using Zr6 cluster (10.0 µmol, 17.0 mg), acetic acid 

(30.0 mg, 0.500 mmol), benzylamine (268 mg, 2.50 mmol) , and ethanol (0.15 mL). 

The reaction was stirred at 80 °C for 26 h. Analysis by 1H NMR with 3,5-

bistrifluoromethyl-bromobenzene as internal standard, and comparison with previous spectral 

description, showed the product formation in 92% yield.15  

N-benzylbutyramide (13)  

General procedure F was followed using Zr6 cluster (10.0 µmol, 17.0 mg), butyric 

acid (44.0 mg, 0.500 mmol), benzylamine (268 mg, 2.50 mmol) , and ethanol 

(0.15 mL). The reaction was stirred at 80 °C for 48 h. Analysis by 1H NMR with 

3,5-bistrifluoromethyl-bromobenzene as internal standard, and comparison with previous spectral 

description, showed the product formation in 85% yield.16  
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N-benzylisobutyramide (14)  

General procedure F was followed using Zr6 cluster (10.0 µmol, 17.0 mg), iso 

butyric acid (44.0 mg, 0.500 mmol), benzylamine (268 mg, 2.50 mmol), and ethanol 

(0.15 mL). The reaction was stirred at 80 °C for 48 h. Analysis by 1H NMR with 3,5-

bistrifluoromethyl-bromobenzene as internal standard, and comparison with previous spectral 

description, showed the product formation in 68% yield.17 

N-benzylthiophene-2-carboxamide (15)  

General procedure F was followed using Zr6 cluster (10.0 µmol, 17.0 mg), 2-

thiophenecarboxylic acid (64.0 mg, 0.500 mmol), benzylamine (168 mg, 2.50 mmol), 

and ethanol (0.15 mL). The reaction was stirred at 80 °C for 48 h. Analysis by 1H 

NMR with 3,5-bistrifluoromethyl-bromobenzene as internal standard showed the product formation in 

50% yield.13  

N‐benzylfuran‐2‐carboxamide (16)  

General procedure F was followed Zr6 cluster (10.0 µmol, 17.0 mg), 2-furoic acid (56.0 

mg, 0.500 mmol), benzylamine (161 mg, 1.5 mmol), and ethanol (0.15 mL). The 

reaction was stirred at 80 °C for 18 h. Analysis by 1H NMR with 3,5-bistrifluoromethyl-

bromobenzene as internal standard showed the product formation in 30% yield.18 
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Control experiments 

To probe for the potential complete disassemble of the cluster in 6 mononuclear zirconium complexes, 

the catalytic reactivity of Zr6 cluster was compared with 6 equimolar amount of different zirconium salts. 

Here we choose ZrCl4, Zr(OH)4, ZrO2 and ZrOCl2 as the representatives.  

General Procedure G:  

A 4 mL (1 dram) vial was charged with catalyst (0.01 – 0.03 mmol of Zr), phenylacetic acid (68.0 

mg, 0.500 mmol), benzylamine (161 mg, 1.5 mmol), ethanol (0.15 mL), and a magnetic stir bar. The 

reaction mixture was stirred 26 h at 80 °C. After cooling to room temperature, reaction yield was 

determined by 1H NMR. For 1H NMR, the reaction mixture was diluted with CDCl3 (1 mL), 3,5-

bistrifluoromethyl-bromobenzene (1.0 equiv.) was added as an internal standard, and the reaction 

mixture was stirred at room temperature for 10 minutes to ensure thorough mixing. Next, 50 μL of 

the crude mixture was transferred to a 1.5 mL centrifuge tube and diluted with 450 μL of CDCl3. The 

final solution was centrifuged. The supernatant (~500 μL) was transferred to an NMR tube and 1H 

NMR was recorded. Results are reported based on 1H NMR yields.  

 

Table S1. Catalytic reactivity of different Zr-salts. 

 

Reaction conditions: 1 (0.5 mmol), 2 (1.5 mmol), 

EtOH (0.15 mL), [Zr] (1.0 – 6.0 mol%), 70°C, 22-26 

h.1H NMR yields. 

 

Under same condition, zirconium salts could only provide less than 5% yield of the product, indicating 

that the mononuclear zirconium complexes were not the catalytic active species and also that Zr6’s 

catalytic reactivity as a whole in the reaction instead of disassemble into mononuclear zirconium species. 

The performance of Zr(OPr)4 is attributed to a putative formation of a Zr-oxo cluster in situ, since 

Zr(OnPr)4 is a common precursor for the synthesis of ZrOC.4 
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Comparison of Zr–O bond lengths 

Table S2. Zr-O bond lengths (Å) for Zr6 and Zr12 clusters, and Zr-based MOFs UiO-66, MOF-808, and NU-1000.a 

 

Bond Zr12 Zr6 UiO-6619 MOF-80820 NU-100021 

Zr1-O1 (chelating) 2.2707 – 2.3191 2.3297 – 2.3298    

Zr2-O2 (belt) 2.1916 – 2.2318 2.1293 – 2.1935 2.2667 2.2131 2.1978 – 2.2419 

Zr2-O3 (opposite) 2.2134 – 2.2184 2.1004 – 2.1005    

Zr3-O4 (interconn.) 2.1595 – 2.2103     

Zr-O (core) 2.0260 – 2.4087 2.0504 – 2.4109 2.1183 2.0361 – 2.2322 2.1760 – 2.1960 

Zr-O (formate)    2.2508  

Zr-O(H2O)     2.1893 – 2.1974 

a Ball and stick representation of Zr6 and Zr12. The chelating and the interconnected bridging carboxylate are represented 

by two-color wires. Color code: Color code: Zr (teal), O (red), C (black). Hydrogen atoms omitted for clarity. 
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