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38 higher conversion than MnO and a-MnS nanoparticles. The feasibility of the cycloaddition onto 1,2-
disubstituted acetylenes was also proved. Ferrite nanocatalysts could be magnetically recovered and
41 reused without significant loss of catalytic activity. Density functional theory (DFT) calculations support
43 a mechanistic hypothesis that attributes the increased cycloaddition rate to the adsorption of the azide

45 onto to the nanocatalyst surface.

50 Keywords. Cycloaddition, azide, alkyne, 1,2,3-triazole, nanoparticle, ferrite.



oNOYTULT D WN =

New Journal of Chemistry Page 8 0of 113

1. Introduction

Catalysis by inorganic nanoparticles (NPs) is a very rapidly growing field ! since catalytically active NPs
may combine the advantages and overcome the shortcomings of the homogeneous and heterogeneous
approaches to catalysis.? NP catalysts are robust, easily recoverable and recyclable, like heterogeneous
catalysts. Colloidal NPs — as opposed to supported NPs — are well dispersed within the reaction medium,
thus increasing the available catalytic surface and improving the diffusion of reactants and products,
though they cannot achieve the unimpeded mass transfer and high accessibility of active sites typical of
homogeneous catalysts.

The choice route to the 1,2,3-triazole ring is provided by the azide-alkyne cycloaddition.?
Although such a reaction dates to the end of the 19th century,* its mechanism and synthetic applications
were disclosed by Huisgen in the early 1960s.>%7 Forty years later, the concept of "click" reaction
allowed for the first time the fully regioselective cycloaddition to 4-substituted-1,2,3-triazoles.®° Quite
recently, novel homogeneous metallorganic catalysts accomplished the regioselective synthesis of the 5-
substituted, complementary isomer.!%!11213.14 Dye to its robustness, it is fair to say that the azide-alkyne
cycloaddition has assumed a prominent position at the interface between chemistry, biology, and
materials science.!>!6 As examples, some derivatives of 1,2,3-triazoles are effective drugs against
epilepsy 7 and diabetes,'!® and 1,2,3-triazolium-containing ionic liquids containing mixed polymeric
materials are of great interest as immobilised catalysts.!”

In 2006, some of us introduced the use of colloidal Cu@Cu,O|CuO NPs as effective catalysts for
the cycloaddition of organic azides and terminal alkynes to 1,2,3-triazoles.? Several examples followed,
21,2223 which involved colloidal Cu,?* 2> Fe@Cu,?® Cu,0,?” 28 CuO, ?° and CuFe,04 3% 3! NPs, in some
cases extending this approach to aqueous solvents.?426-272931 In these reactions, the 4-substituted triazole
is formed and internal alkynes do not react, as in the homogeneous copper-catalysed ‘click’ reaction. The
NP-catalysed mechanism was shown to be similar 32 to that of the homogeneous reaction.>3> Ag,O NPs
also catalyse this cycloaddition but the mechanism seems different as electron-poor azides gave a mixture
of the 4- and 5-substituted isomers.3*

We then turned our attention to cheaper metals as possible nanocatalysts for the azide-alkyne
cycloaddition. We selected in particular iron as an abundant, inexpensive, environmentally friendly and
biocompatible metal and focused on its oxide Fe;O, (magnetite) for its robustness, stability and
magnetization, which makes magnetite nanocatalysts easy to recover by an external magnet.>> Colloidal
iron oxide NPs catalyse a number of organic reactions, mainly oxidations 3> but also polymerization,3°
isomerization,>’*® hydrogenation,,’® alkylation and alkenylation,! and reactions involving the oxidative
activation of the C-H bond.’> We have recently shown that magnetite NPs are good catalysts for the

cycloaddition of nitrilimines to alkenes, alkynes, and activated nitriles.** To widen the scope of our
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investigation about azide-alkyne cycloaddition, we also considered the iron neighbours manganese and
cobalt, despite their slightly higher impact on health and environment. This, in addition to magnetite NPs,
we considered NPs made of either mixed ferrite (MnFe,O,4, CoFe,0O4) and manganese(Il) oxide (MnO)
and sulfide (a-MnS). The Mn and Co ferrite NPs have found use as catalysts for organic reactions.*-42
Here we show that colloidal magnetite NPs — along with Mn and Co ferrite, Mn(II) oxide and sulfide NPs
— are effective catalysts for the cycloaddition between organic azides and both terminal and internal

alkynes.

2. Experimental section

Synthesis of iron oxide (Fe;O,4) nanoparticles

Fe;04 nanoparticles were synthesized by modification of a reported procedure.*® In a 50-ml three-necked
round-bottom flask, equipped with condenser, thermocouple, and rubber septum, oleic acid (OlAc, 2.4
ml, 7.5 mmol) was dissolved in 10 ml of octadec-1-ene (ODE) under stirring and argon atmosphere. The
solution was heated to 105 °C and degassed three times by vacuum-argon cycles. After 40 min. Fe(CO)s
(330 pl, 2.5 mmol) was injected through the rubber septum. The reaction mixture was heated to 320 °C
(heating rate 15 °C/min) and aged at that temperature for 3 h. After cooling at RT, the reaction crude was
precipitated with acetone and the nanoparticles were collected by centrifugation (3400 g, 10 min). The
nanoparticles were repeatedly washed with acetone and collected by centrifugation (3400 g, 10 min). The
resulting OlAc-coated NPs were dispersed in toluene at a concentration of 3.22 gg./l. The isolated yield

was 58% with respect to Fe(CO)s.

Synthesis of mixed ferrite (MFe,O4, M = Mn, Co) nanoparticles

MFe,0, nanoparticles were synthesized following of a reported procedure 44 except for the use of 1,2-
hexadecanediol instead of 1,2-tetradecanediol. The molar ratio M(acac),:Fe(acac); was 1:2 (acac =
acetylacetonate). In a 100-ml three-necked round-bottom flask, equipped with condenser, thermocouple,
and rubber septum, oleic acid (OlAc, 1.0 ml, 3.15 mmol), oleylamine (1.0 ml, 3.04 mmol), Fe(acac);
(0.350 g, 0.990 mmol), and M(acac), (0.495 mmol, M = Mn, Co) were dissolved in 25 ml of
dibenzylether under stirring and argon atmosphere. The reaction mixture was rapidly heated to 120 °C
and held at that temperature for 30 min under vacuum and 30 min under argon. Next, it was heated to 210

°C (heating rate: 8 °C/min) and held at that temperature for 2 h under argon. Finally, the reaction mixture
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was heated to 300 °C (heating rate: 3 °C/min) and aged at that temperature for 1 h. After the high
temperature synthesis, the nanoparticles were washed 5 times with acetone/ethanol mixture and collected
by centrifugation (3400 g, 10 min). The resulting nanoparticles were dispersed in toluene at a
concentration 2.16 gg/l (MnFe,O,4) and 2.31 gg./l (CoFe,04). The isolated yield was about 30% with

respect to Fe(acac)s.

Synthesis of manganese(Il) oxide (MnO) and manganese(II) sulfide (a-MnS) nanoparticles

MnO and a-MnS nanoparticles were synthesized adapting reported procedures.* The actual procedure for
MnO and a-MnS nanoparticles is as follows. In a 25-ml two-necked round-bottom flask, equipped with
condenser, thermocouple, Mn,(CO);o (104 mg, 0.267 mmol), stearic acid (StAc, 448 mg, 1.57 mmol), and
elemental sulfur (34 mg, 1.1 mmol) was dissolved in 1.1 ml of octadec-1-ene (ODE) under stirring and
argon atmosphere. The solution was heated to 320 °C (heating rate 10 °C/min) and aged at that
temperature for 1 h. After cooling at RT, the solid reaction crude was dissolved in about 3 ml of toluene
and added with 12 ml of ethanol. The nanoparticles were collected by centrifugation (3400 g, 10 min)
after adding. Next, the nanoparticles were washed with ethanol (5 %) and acetone (x 2) collected and by
centrifugation (3400 g, 10 min). Extensive washing is required to eliminate the excess stearic acid. The
resulting StAc-coated MnO nanoparticles were dispersed in n-hexane at a concentration of 1.21 gy,/l. To
obtain a-MnS nanoparticles, the above procedure was followed dissolving Mn,(CO);o (107 mg, 0.273
mmol), stearic acid (StAc, 298 mg, 1.05 mmol), and elemental sulfur (68 mg, 2.1 mmol) in 1.1 ml of
ODE. The resulting StAc-coated a-MnS nanoparticles were dispersed in n-hexane at a concentration of

1.05 gyl

Cycloaddition between azides 1 and methyl propiolate in the presence of Cul. General procedure

A solution of azide 1 (0.5 mmol) and methyl propiolate (84 mg, 1.0 mmol) in dry toluene (2.0 ml) was
added with Cul (190 mg, 1.0 mmol). The heterogeneous mixture was stirred at 20°C and the reaction was
monitored with periodic TLC (hexane/ethyl acetate 7:3). After 9 h (4a, R¢=0.35), 18 h (4b, R;=0.13) or
6 h (4¢, Ry = 0.28), the undissolved material was filtered over a celite pad and washed with acetone (3 x 2
ml). The collected solvents were evaporated under reduced pressure and the residue was crystallized with

diisopropyl ether affording 4-substituted-1,2,3-triazoles 4a-c.

Uncatalysed cycloaddition between azides 1 and methyl propiolate 2. General procedure
A solution of azide 1 (0.5 mmol) and methyl propiolate (67 mg, 0.8 mmol) in dry toluene (2.0 ml) was

stirred at the temperatures and the times listed in the Tables 3 and 4. The reactions were monitored by
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TLC (hexane/ethyl acetate 7 : 3). The solvent was removed under reduced pressure and the residue was
chromatographed on a silica gel column with hexane/ethyl acetate 7 : 3.

In the case of the reaction carried out at 20°C (Table 3, entry 1), unchanged 1a was eluted first (83 mg,
55%). Further elution gave 5-substituted-1,2,3-triazole 5a (R¢ = 0.46) and 4-substituted-1,2,3-triazole 4a
(44 mg, 23%).

In the case of the reaction carried out at 75°C (Table 4, entry 1), 5b (R¢= 0.37) was eluted first, followed
by 4b (67 mg, 64%).

In the case of the reaction carried out at 90°C (Table 4, entry 7), 5S¢ (R¢= 0.56) was eluted first, followed
by 4¢ (75 mg, 74%).

Cycloaddition between azides 1 and methyl propiolate 2 in the presence of Fe;O,4nanoparticles

A solution of azide 1 (0.5 mmol), methyl propiolate (67 mg, 0.8 mmol) and Fe;Osnanoparticles (1 ml, 58
umol of Fe) in toluene (1.0 ml) was stirred at the temperatures and the times listed in the Tables 3 and 4.
The reaction crude was filtered over a celite pad and washed with ethyl acetate (3 x 3 ml). The collected
solvents were evaporated under reduced pressure.

In the case of the reaction carried out at 20°C (Table 3, entry 4), the residue was chromatographed on a
silica gel column with hexane/ethyl acetate 7 : 3. Unchanged 1a was eluted first (60 mg, 40%). Further
elution gave a mixture of 1,2,3-triazoles 4a and 5a (110 mg, 57%) in the ratio 65 : 35 as determined by 'H
NMR.

In the case of the reactions carried out at 45°C (Table 3, entry 5 and Table 4, entries 2 and 8), 75°C
(Table 3, entry 6) and 95°C (Table 3, entry 7) the ratio 4 : 5 was determined by 'H NMR.

Cycloaddition between azides 1 and methyl propiolate 2 in the presence of CoFe,O4 nanoparticles
A solution of azide 1 (0.5 mmol), methyl propiolate (67 mg, 0.8 mmol) and CoFe,O,4 nanoparticles (0.66
ml, 27 pmol of Fe, 10 umol of Co) in toluene (1.34 ml) was stirred at 45°C for the times listed in Tables
3, entry 8 and Table 4, entries 3 and 9. The reaction crude was filtered over a celite pad and washed with
ethyl acetate (3 x 3 ml). The collected solvents were evaporated under reduced pressure.

The ratio 4 : 5 was determined by '"H NMR of the residue.

Cycloaddition between azides 1 and methyl propiolate 2 in the presence of MnFe,O, nanoparticles

A solution of azide 1 (0.5 mmol), methyl propiolate (67 mg, 0.8 mmol) and MnFe,O4 nanoparticles (0.45
ml, 17 pmol of Fe, 6 umol of Mn) in toluene (1.55 ml) was stirred at 45°C for the times listed in Tables 3,
entry 9 and Table 4, entries 4 and 10. The reaction crude was filtered over a celite pad and washed with

ethyl acetate (3 x 3 ml). The collected solvents were evaporated under reduced pressure.
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The ratio 4 : 5 was determined by '"H NMR of the residue.

Cycloaddition between azides 1 and methyl propiolate 2 in the presence of MnO nanoparticles

A solution of azide 1 (0.5 mmol), methyl propiolate (67 mg, 0.8 mmol) and MnO nanoparticles (0.45 ml,
10 pumol of Mn) in toluene (1.55 ml) was stirred at 45°C for the times listed in Tables 3, entry 10 and
Table 4, entries 5 and 11. The reaction crude was filtered over a celite pad and washed with ethyl acetate
(3 x 3 ml). The collected solvents were evaporated under reduced pressure.

The ratio 4 : 5 was determined by '"H NMR of the residue.

Cycloaddition between azides 1 and methyl propiolate 2 in the presence of MnS nanoparticles

A solution of azide 1 (0.5 mmol), methyl propiolate (67 mg, 0.8 mmol) and MnS nanoparticles (0.45 ml,
8 umol of Mn) in toluene (1.55 ml) was stirred at 45°C for the times listed in Tables 4, entry 11 and Table
4, entries 6 and 12. The reaction crude was filtered over a celite pad and washed with ethyl acetate (3 x 3
ml). The collected solvents were evaporated under reduced pressure.

The ratio 4 : 5 was determined by '"H NMR of the residue.

Uncatalysed cycloaddition between azide 1a and DMAD 3

A solution of azide 1a (0.15 g, 0.5 mmol) and DMAD 3 (0.14 g, 1.0 mmol) in toluene (2.0 ml) was stirred
at the temperatures and the times listed in the Table 5. The reactions were monitored by TLC
(hexane/ethyl acetate 7 : 3). Evaporation of the solvent gave a residue which was crystallized with
diisopropyl ether affording pure 6 (Ry = 0.6), reaction at 20°C: 0.16 g, 72%; reaction at 95°C: 0.22 mg,
99%.

Cycloaddition between azide 1a and DMAD 3 in the presence of Fe;O4 nanoparticles

A solution of azide 1a (0.15 g, 0.5 mmol), DMAD (0.14 g, 1.0 mmol) and Fe;O,4 nanoparticles (0.25 ml,
14 umol of Fe) in toluene (1.75 ml) was stirred at the temperatures and the times listed in the Table 5.
Evaporation of the solvent gave a residue which was crystallized with diisopropyl ether affording pure 6

(reaction at 20°C: 0.22 g, 99%, reaction at 95°C: 0.22 mg, 99%)).

Cycloaddition between azide 1a and DMAD 3 in the presence of MnFe,O4 nanoparticles

A solution of azide 1a (0.15 g, 0.5 mmol), DMAD (0.14 g, 1.0 mmol) and MnFe,0O, nanoparticles (0.44
ml, 17 umol of Fe, 6 umol of Mn) in toluene (1.56 ml) was stirred at 20°C for 20 h. Evaporation of the
solvent gave a residue which was crystallized with diisopropyl ether affording pure 6 (0.20 g, 91%).
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Recycling of the Fe;O4 NP catalyst in the cycloaddition between azide 1¢ and methyl propiolate 2.
The recycling experiments were carried out using dichloromethane as a solvent because it is easier to
keep the reaction temperature constant and to isolate products and NPs.

First run. In a 100 mL cylindrical reaction funnel, phenylazide 1¢ (0.50 g, 4.2 mmol) and methyl
propiolate 2 (0.38 g, 4.5 mmol) were dissolved in dry dichloromethane (16.3 mL). Fe;O4 NPs (47 mg,
0.84 mmol of Fe) dispersed in chloroform (4.7 mL) were added dropwise in 2 min. The mixture was
submitted to vigorous magnetic stirring for 6 h at 40°C. The undissolved material was recovered with an
external magnet, washed with dichloromethane (8 mL) and recovered again with an external magnet. The
mother solution was washed with water (3 x 25 mL), dried over sodium sulfate and evaporated under
reduced pressure. The crude was crystallised with diisopropyl ether giving a mixture of the isomeric
triazoles 4a + 5a (0.76 g, 89%)).

Subsequent runs (2M-51). The recovered NPs were dispersed in dry dichloromethane (21 mL) and
amounts of 1¢ and 2 were added as in the first run. After 6 h at 40°C, the isomeric triazoles were isolated
and the NPs recovered and washed as in the first run.

The recycling experiments where the NP mass after each run was measured were carried out as above
except that the recovered NPs were dried with a rotary pump (0.05 mmHg) for 1 h and weighted before

dispersion in dichloromethane for the next cycle.

Characterization.

Transmission electron microscopy (TEM) images and electron diffraction (ED) patterns were collected
using a Zeiss LIBRA 200FE microscope. The TEM specimen was prepared by evaporating in air a drop
of diluted NP dispersion on a carbon coated copper grid. The size distribution of the iron oxide cores was
obtained analysing TEM images by the software PEBBLES.>! PEBBLES is freely available from the authors
(http://pebbles.istm.cnr.it). FT-IR spectra were collected using a Thermo Nicolet NEXUS 670 FTIR
spectrometer. The specimen for FTIR was prepared by grinding and pelleting dry NPs with KBr (NP:KBr
1:100 w/w). 'H NMR (300 MHz) and '*C NMR (75 MHz) spectra were taken with a Bruker Fourier 300
spectrometer (in CDCIl3 solutions at room temperature). Chemical shifts are given as parts per million
from tetramethylsilane. Coupling constants (J) values are given in hertz and are quoted to +0.1 Hz
consistently with NMR machine accuracy. Element analyses were carried out by a Perkin-Elmer 2400

series II CHNS/O Analyzer.

Computational methods.
Periodic Density Functional (DFT) computations were carried out by the SIESTA 4.0 suite of programs.

46 The surface of a magnetite nanoparticle was simulated as a two-dimensional supercell reproducing the
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stoichiometry of the bulk compound. In the case of the (100) slab the cell contains 62 atoms plus one 1¢
molecule. In both systems the 1¢c moiety is adsorbed onto an under-coordinated surface Fe atom. The
surface unit cells was designed such that the overall stoichiometry reproduced the oxygen to iron ratio of
the bulk material. When necessary, surface atoms were saturated with -H and -OH groups to reproduce
their formal oxidation state. DFT computations were conducted with the PBE exchange and correlation
functionals. In accordance with literature results,*” we included also a U term for Fe atoms, amounting to
4 eV, to reproduce at best the DOS of bulk Fe;O,4. All atoms except hydrogen were assigned a split-
valence basis set of double zeta quality for valence electrons, while norm-conserving Troullier-Martins
pseudopotentials were adopted to describe the core electrons. The reciprocal space was sampled with a
8x8 k-points grid. Convergence of the wavefunction was facilitated by imposing an electronic
temperature of 300 K within a Fermi-Dirac occupation statistics. All geometries were fully optimized.
Figure 7 compares energies belonging to different computations, i.e. having different vacuum energy
levels, and hence the DOS of 1c¢ and energy levels of 2 were aligned so that the distance between the
lowest eigenvalues shown in the figure reproduces the value obtained in a gas phase computation
including both molecules in a non-interacting configuration.

Molecular DFT calculations related to the cycloaddition of 2 and 1¢, 1¢c-Fe(OH); and 1c¢c-Fe,(OH)4 were
carried using the OPBE functional, which was shown to perform well with Fe(III) complexes,*® the
LANL2 pseudopotential, and the LANL2DZ basis set as implemented in the Gaussian09 Suite.* All
geometries were fully optimized and harmonic analysis showed that they were true energy minima (no

imaginary frequency) or transition states (one imaginary frequency), as required.

3. Results and discussion

3.1 Nanoparticles synthesis and characterization

Transition metal oxides (Fe;O4, MnFe,04, CoFe,04, MnO) and a-MnS NPs were synthesized by the
solvothermal decomposition of the appropriate precursors as detailed in the Experimental section. All
NPs used in this study consist of a nanocrystal coated with a layer of fatty acid and are colloidally stable
in apolar solvents. The main features of the NPs are collected in Table 1. The concentration of Fe
(ferrites) and that of Mn (MnO and MnS) in the NP dispersions were obtained by spectrophotometry >°

and chemical analysis (see ESI), respectively.
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Table 1. Main features of as-synthesized metal oxide and sulfide nanoparticles.

NP Cre Cm Dispersion Coating <d>2 o,P o /<d>
(g/D) (gl solvent (%)
Fe;0y4 3.22 — toluene oleic acid 11.9 0.6 5
CoFe,O4¢  2.31 0.85 (Co) toluene oleic acid 10 2.0 20
MnFe,O4 2.16 0.73 (Mn) toluene oleic acid 8.6 1.2 14
MnO — 1.21 (Mn) n-hexane  stearic acid 11.6 1.6 14
a-MnS — 1.05 (Mn) n-hexane  stearic acid 44 12 27

2 Median equivalent diameter (nm). ® Diameter standard deviation (nm). ¢ CoFe,O4 NPs have
elongated shape with major axis = (12 £+ 3) nm (24%), minor axis = (9 £ 2) nm (20%), aspect ratio
=(1.3£0.2) (15 %).

Transmission electron microscopy (TEM) images of as-synthesized NPs can be found in Figure 1(a-e)
(wide field TEM images can be found in the ESI, Figure S1). The size distribution of the NPs (see ESI,
Figure S2) was obtained by analysing TEM images by the software PEBBLES.’! Magnetite NPs are
spherical and have a very small size dispersion. Manganese (spherical) and cobalt (irregular) ferrite NPs
are slightly smaller and have larger size dispersion. Both are slightly deficient in the divalent metal, as
evidenced by electron energy loss spectroscopy (EELS). Their composition can be expressed as
Cog.78Fe,2,04 and Mng 77Fe; 2304. Octahedral MnO NPs are similar in size to Fe;O4 NPs but have larger
size dispersion. a-MnS NPs are much larger and have spheroidal shape. Electron diffraction (Figure 2)
allowed us to identify the nanocrystals as cubic ferrites (spinel structure) Fe;O,4, CoFe,04, MnFe,O4 and
as rock-salt structure MnO and a-MnS. It should however be noted that the poor resolution of the
diffraction pattern prevented us to distinguish between magnetite (Fe;04) and maghemite (y-Fe,O3), so

that partial oxidation of magnetite NPs cannot be excluded.
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Figure 1. TEM images of as-synthesized (a-e¢) and used (f) nanoparticles. a) Fe;O4; b) CoFe,O4; c)

MnFe,04; d) MnO; e) a-MnS; ) Fe;O, after 5 runs.
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Figure 2. Electron diffraction patterns of as-synthesized (a-e) and used (f) nanoparticles. a) Fe;O4; b)
CoFe,0y4; ¢) MnFe,04; d) MnO; e) a-MnS; f) Fe;04 after 5 runs. Patterns in a), b), ¢) and f) are consistent

with the spinel structure; patterns in d) and e) are consistent with the rock-salt structure

The FT-IR spectra of the NPs confirmed that they are coated with a layer of fatty acid in the
carboxylate form. The spectra of Fe;04 and a-MnS NPs are shown in Figure 3 as examples of NPs coated
with oleic and stearic acid, respectively. Both spectra display the characteristic peaks of fatty acid anions:
the C-H stretching vibration of CH, and CH; groups (2956-2851 cm™') and the symmetric and asymmetric
stretches of the COO- group (ca. 1550 and 1430 cm!). The weak peak at 3004 cm™! (C-H stretching of sp?
carbon) and the strong peak at 590 cm! (Fe-O stretching) are only present in the spectrum of oleic acid
coated Fe;O4 NPs. The density of the fatty acid ligands on the NP surface affects both the number of
catalytic sites and the ease by which the reactants and products can diffuse to and from the NP. The
ligand density collected in Table 2 were calculated by dividing the amount of fatty acid measured by
elemental analysis by the surface area of the inorganic core calculated from TEM data. (The relevant
equation is developed in the ESI) The ligand density is approximately constant among the NPs (1.44 —

1.52 molecules/nm?), except for the higher value of MnFe,O, NPs (1.93 molecules/nm?). These values

11
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are at the low side of the ligand density range (1.2 — 6.6 molecules/nm?) for long-chain ligands, calculated

from the data collected in Ref..>2

Fe30 4

Fe30 . after 5 cycles

a-MnS

500 1000 1500 2000 2500 3000 3500 4000
Wavenumber / cm'1

Figure 3. Selected FT-IR spectra of NP catalysts. Blue: fresh Fe;04 NP catalyst. Red: Fe;O4 NP catalyst
after 5 runs of the 1¢ + 2 cycloaddition. Black: a-MnS catalyst.

Table 2. Ligand density of the metal oxide and sulfide nanoparticles.

Ligand density
NP Surface ligand  C (w/w %) H (w/w %) (molecules/nm?)
Fe;04 Oleic acid 3.75 0.59 1.44
CoFe,04  Oleic acid 10.77 9.48 1.52
MnFe,O, Oleic acid 14.41 13.28 1.93
MnO Stearic acid 6.12 6.68 1.45
o-MnS Stearic acid 1.84 2.03 1.51

3.2 Azide-alkyne cycloadditions

Because of the well-known relevance of the azide-alkyne cycloadditions,-* we decided to investigate
the reaction between azides 1 and methyl propiolate 2 or dimethylacetylene dicarboxylate 3 (Figure 4) in
the presence of catalytic amounts of the NPs listed in Table 1. The appropriate reaction conditions were
established by studying the reaction between the azide 1a and methyl propiolate 2 in anhydrous toluene
(Scheme 1, Table 3), this azide was chosen since further synthetic transformations of cycloaddition

products can be envisaged.>>

12
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(:[N_( Ph™ >N, Ph—N,
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Figure 4. Organic reactants for the NP-catalysed azide-alkyne cycloaddition.

COOMe

N N
NPs 1 \ 1 \
¢ + 2 —» N + N COOMe
toluene N N
| |
R R
4a-c 5a-c

|
aR= C{ ;,b:R=CH2Ph,c:R=Ph
N~
0

/
H

Scheme 1. NP-catalysed cycloaddition between azides 1a-c and methyl propiolate 2.
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Table 3. Cycloaddition between azide 1a and methyl propiolate 2.2

Entry NPs Wre /Wia? wum /wia?  Time T 4a +5a 4a : 5a
(%0) (%0) (h) ) (%)
1 — — — 240 20 45¢ 51:49
2 — — — 24 45 574 57 :43
3 — — — 8 95 89 68 :32
4 Fe;04 21 — 24 20 574 65 :35¢
5 Fe;0y4 21 — 7 45 95 83:17¢
6 Fe;04 21 — 3 75 88 67 :33¢
7 Fe;0y4 21 — 2 95 80 68 : 32¢
8 CoFe,Oy4 10 3.7 (Co) 8 45 93 75 :25¢
9 MnFe,04 6.4 2.2 (Mn) 6 45 88 71 :29¢
10 MnO _ 3.6(Mn) 7 45 66 65 : 35¢
11 MnO — 3.6 (Mn) 40 45 83 65 : 35¢
12 o-MnS — 3.1 (Mn) 8 45 62 70 : 30¢
13 o-MnS — 3.1 (Mn) 40 45 78 69 :31¢

an the presence of iron(IIl) oleate or bulk Fe,O;: (4a + 5a) < 10%, 4a : Sa undetermined.
bPWeight ratio. “‘Unreacted 1a, 55%. 9Unreacted 1a, 40%. ¢As determined by '"H NMR analysis.

As can be seen from Table 3, the “metal free” reaction required long reaction times and yielded poor
reactant conversion at room temperature (entry 1). By limiting the reaction time to 24 h at 45°C, the
conversion of the reactants was also low (entry 2). At higher temperature (entry 3) the reaction proceeded
smoothly as expected for a typical thermal cycloaddition. Similar cycloadditions display similarly high
yield when carried out in water.’® Both reactant conversion and reaction times were satisfactory in the
presence of Fe;O4 NPs at 45°C (entry 5), while at room temperature some amount of unreacted 1a was
recovered (entry 4). At higher temperatures, good results were obtained (entries 6 and 7) although in these
cases any catalytic activity of the Fe;O4 NPs can be hardly revealed. Not unexpectedly, the heterogeneous
reaction mixture in the presence of bulk Fe,O; did not produce appreciable results. On the other hand, a
homogeneous solution of iron(Ill) oleate were also ineffective, probably due to the crowded,
hexacoordinated nature of the iron atom in this complex. In the presence of cobalt and manganese ferrite
NPs (entries 8 and 9) at 45 °C, results similar to that observed with Fe;04 NPs were achieved. As far as
manganese oxide and sulfide nanoparticles are concerned (entries 10 - 13), their ability to act as catalysts
was poorer in comparison to the ferrite NPs. The ligand density is low enough to allow the reactants and
products to diffuse to and from the metal oxide surface resulting in a generally good catalytic activity.
The better performance of ferrite NPs, in particular Fe;O4, must be ascribed to the nature of the surface

catalytic in view of the similar ligand density among the NPs. In all cases listed in Table 3 the observed
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regioselectivity, favouring the 4-cycloadduct in all cases, was higher than of the uncatalysed reaction
although the results are not impressive since the regioselectivity is partial and not much different from
that of the uncatalysed reaction (vide infra).

A related methodology has been published,>” in which naked maghemite (y-Fe,O;) NPs supported
on hydroxyapatite were shown to catalyse the reaction of an organic halide with an alkyne in the presence
of NaNj in water at 100 °C. This methodology is different from our one as to the nature of the NPs
(naked, supported vs. coated, colloidal), the different reactants and solvent, and the reaction temperature.
Furthermore, we extended the scope of the reaction and compared the activity of four different oxides and
a sulfide.

In order to further investigate the behaviour of the metal oxide and sulfide NPs listed in Table 1,
we considered the cycloaddition between benzylazide 1b, phenylazide 1¢ and methyl propiolate 2
(Scheme 1, Table 4). While the reaction times were dependent upon the azide, the reactant conversion
was satisfactory for all the NPs. Again, the best conversion and regioselectivity were achieved in the
presence of the Fe;O4 NPs.

Because of the close similarity of the 'H-NMR spectra of the isomeric cycloadducts 4 and 5, the
independent synthesis of the 4-substituted 1,2,3-triazoles 4 were performed in the presence of copper (I)

oxide in toluene (see Experimental Section).

Table 4. Cycloaddition between azides 1b,¢ and methyl propiolate 2.

Entry NPs R! Wre Wibe  Wm/Wipe Time T 4+5 4:5
(%0) (%o) (h) (°C) (%)

1 — CH,Ph — — 22 75 85 73:27
2 Fe;04 CH,Ph 48 — 24 45 96 82:182
3 CoFe,O; CH,Ph 23 8.5 (Co) 24 45 90 76 : 2442
4 MnFe,O, CH,Ph 15 5.1 (Mn) 20 45 88 78 : 222
5 MnO  CH,Ph _ 82 (Mn) 21 45 80 81: 19
6 o-MnS CH,Ph — 7.1 (Mn) 22 45 84 78 ;222
7 — Ph — — 20 90 99 75:25
8 Fe;O4 Ph 54 — 8 45 99 82:182
9 CoFe,O; Ph 26 9.6 (Co) 8 45 95 82:182
10 MnFe,O, Ph 16 5.5 (Mn) 8 45 95 78 : 222
11 MnO Ph _ 9.1(Mn) 8 45 92 74 : 26
12 o-MnS Ph — 7.9 (Mn) 8 45 95 77 :232

aAs determined by 'H NMR analysis.
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By submitting azide 1a to the reaction with dimethylacetylenedicarboxylate 3 (DMAD), the
cycloadduct 6 was obtained quantitatively in the presence of both Fe;O, and MnFe,O,4 at 20 °C (Scheme
2, Table 5). The uncatalysed cycloaddition also occurred in the same conditions requiring longer reaction
times. Notwithstanding it is known that Huisgen cycloadditions usually occur at high temperature,®® this
latter result should be related to the high dipolarophilic aptitude of DMAD. The obtainment of the 1,2,3-
triazole 6 represents a dissimilarity with respect to Sharpless’ “click” azide-alkyne cycloaddition since it
is well-known that it does not occur onto 1,2-disubstituted acetylenes. However, a few examples of Cu(I)

complexes have been shown to catalyse the cycloaddition to internal alkynes.>

H
N N
NPs N
fa+ 3 —— > » ONTN
20 °C o —
MeOOC COOMe
6

Scheme 2. 1,2,3-Triazole 6 obtained from the cycloaddition between azide 1a and DMAD 3 in the
presence of NPS (see also Table 5)

Table 5. Cycloaddition between azide 1a and DMAD 3.

Entry  NPs Wre Wia  Wwmn Wi1a Time T 6
(%0) (%0)  (h) O (%)
1 — — — 96 20 72
2 Fe;04 5 — 22 20 99
3 MnFe,0y4 6 2 20 20 91
4 — — — 4 95 95
5 FG304 5 — 1 95 99

The recycling of the NPs was studied for the cycloaddition of 1c to 2 catalysed by Fe;O, NPs. We
performed two series of experiments. The first one follows a conventional protocol: the NPs were
magnetically recovered, washed, and immediately dispersed in fresh solvent. In the second series, the
magnetically recovered NPs were washed, dried, and weighted before dispersion in fresh solvent in order
to measure the loss of NPs due to manipulation. Figure 5 shows the cycloaddition yield for 5 cycles. The
isolation yield, as measured in the conventional recycling experiments, decreases with recycling and falls

below 50% of the initial value at the fifth cycle.
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From the second series of experiments, we learned that the NP mass decreases after each cycle due
to manipulation (see ESI, Figure S3). However, it was not possible to envisage the presence of iron in the
mother solution i.e. in the cycloadducts mixtures. It is likely that the tiny amount of Fe;O4 NPs (5.5 mgg,
per cycle on average, compared to ~750 mg of cycloadducts) was lost by washing of the mother solution
with water followed by crystallisation of the crude triazoles. When the isolation yield is scaled by the
remaining amount of NPs, it remains constant for four cycles and falls to 80% of the initial value at the
fifth cycle. The recycling ability of these NPs is not striking but one should recall that they are cheap and
do not present serious waste management problems being composed of biocompatible iron oxide and

fatty acids so extended recycling is not as important as for precious or toxic catalysts.

[EEY

(=]

o
q

80 - - - =
60
40

20

Yield normalized to first cycle
o

1 2 3 4 5
Cycle

Figure 5. Catalyst recycling for the 1¢ + 2 cycloaddition catalysed by Fe;O4 NPs. Blue: isolation yield.
Orange: isolation yield scaled to the NP loss. All yields are normalized to the value at cycle 1. Error bars

represent 2 standard deviations.

To better understand the fate of the catalytic NPs, we analysed Fe;O4 NPs after the fifth conventional
run by TEM and FT-IR. The FT-IR spectra of fresh and used catalyst are similar (Figure 3), showing that
NPs maintain the oleic acid coating. Note that no peaks attributable to 1c¢ or 2 can be seen. The iron oxide
NP core maintained the magnetite structure after the five cycloaddition runs as shown by the ED patterns
in Figure 2. TEM images show that the NPs formed large agglomerates with size > 100 nm, in which the
Fe;0y4/0leic acid NPs maintain their individuality (Figure 1). The size of the NPs in unaffected by the use
as a catalyst. Thus, in addition to NP loss by manipulation, another cause of decreased activity of the NPs
is the agglomeration of the otherwise unchanged NPs that slows down the diffusion of reactants and
products to and from the NP surface and lowers the number of catalytic sites available for reaction. These
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results suggest that the recycling ability of the NPs could be increased by (i) improving the magnetic
separation by optimized magnetic field gradients and (ii) sonicating the dispersed NPs

The comparison of the present results with those previously obtained through an uncatalysed
cycloaddition must be limited to the reaction between phenylazide 1¢ and methyl propiolate 2. In fact,
cycloadducts 4a and 5a are novel products, while the 1,2,3-triazoles 4b and Sb arising from the reaction
of benzylazide 1b and methyl propiolate 2 were obtained as unique regioisomers in the presence of
copper(I) % or Cp*RuCI(PPhs), ®' catalysts, respectively. As described by Huisgen,®> phenylazide 1c¢
reacted with methyl propiolate 2 in the absence of solvent for 12 days at r.t. plus 34 h at 60 °C yielding a
mixture of 1-phenyl-4-methoxycarbonyl-1,2,3-triazole 4¢ and 5-methoxycarbonyl isomer Se¢ in 88 : 12
ratio (83 % combined yield). In a previous report,> we investigated the reactive behaviour of
phenylazides and methyl propiolate in boiling tetrachloromethane. After 36 h, the 1¢c+2 cycloaddition
gave 4c¢ : 5¢ =75 : 25 (> 96% overall yield). Comparison of these results with Table 4 shows that NP
catalysis provides better yield and similar regioselectivity in a much shorter time and at lower
temperature. Furthermore, the use of a copper(I) nanocatalyst was able to furnish selectively both the 4-
methoxycarbonyl-1,2,3-triazoles 4b%° and 4¢.?° In both cases, yields > 90% were achieved in a few hours
at RT.

Compared to the above mentioned Huisgen-type cycloadditions,’®% our present results show that the
catalytic effect of the studied NPs is such to increase the reaction rate without significantly enhancing the
regioselectivity in favour of the 4-substituted triazoles 4. This behaviour may be ascribed to the reversible
formation of a labile azide-NP intermediate that reacts with the alkyne faster than the free azide. The
intermediate arises from the interaction between the azide moiety and the uncoordinated metal ion at the
NP surface, as shown in Scheme 3. This hypothesis is based on the following considerations. First, we
have shown that the catalytic effect is due to the NP surface, most probably to under-coordinated metal
ions, since both bulk iron oxide and iron(III) oleate and do not increase the cycloaddition rate. The lack of
azide degradation, the absence of by-products, and the occurrence of the cycloaddition to a 1,2-
disubstitued acetylene are consistent with the formation of an azide-NP intermediate. It seems likely that
organic azides ligate to surface iron ions since both complexes of Fe(IIl) with the N3~ anion % and
transition metal complexes with aromatic azide ligands 9 are known, despite that Fe(III) complexes with
organic azide ligands have not been reported (at the best of our knowledge). Ligation of the alkyne ester
to surface iron ions is unlikely as Fe(Ill) complexes with alkynes or esters seem to be of very minor
importance.

However, further investigations would be desirable to unravel the details of the mechanistic features

concerned to the catalytic activity of the mentioned nanoparticles. In order to get further support to the
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proposed mechanism of the NP-catalysed azide-alkyne cycloaddition, we carried out DFT calculations

that are reported in the next subsection.
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Scheme 3. Proposed catalytic cycle for the NP-catalysed cycloaddition between azide 1 and alkyne 2 in
the presence of magnetite NPs. The key step is the adsorption of the azide onto an under-coordinated Fe
site at the NP surface. For the sake of clarity, we pictured a single transition state structure but it is
understood that both regioisomeric transition states occur. A similar cycle is thought to be effective for

mixed ferrites, MnO, and MnS.

3.3 Computational results

DFT calculations were carried out to assess the plausibility of our working hypothesis that the increased
reaction rate is related to the adsorption of the azide on the NP surface via the interaction between the
azido group and under-coordinated surface metal ions. Theoretical computations focused on the
cycloaddition of phenylazide 1¢ to methyl propiolate 2 catalysed by iron oxide NPs. The problem was
attacked in two ways. First, we employed a periodic model where 1c is ligated to an under-coordinated
iron(IIT) ion at the (100) surface of a magnetite (Fe;O,4) slab. Periodic calculations with full geometric
relaxation provides a description of the electronic structure of the 1c-magnetite system allowing us to

discuss the NP catalytic effect using a frontier molecular orbital (FMO) approach. Since periodic
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calculations do not allow one to locate transition states (TSs), we secondly used simple molecular models
(neutral Fe(OH); #° or Fe,(OH), fragments ligated to 1¢) to calculate the regioisomeric TSs of the 1¢ + 2

reaction.

Figure 6. Minimum-energy structure of the 1e¢-magnetite adsorption complex. Colour code is as follows.

White: hydrogen; black: carbon; blue: nitrogen; red: oxygen; pink: iron.

Figure 6 shows the unit cell of the magnetite (100) surface adopted in the periodic computations and the
lc azide molecule adsorbed in its minimum energy conformation. We are confident that the results
discussed below do not significantly depend on the surface orientation.

According to the FMO approach, reactivity is enhanced when the energy gap between the highest
occupied (HOMO) and the lowest unoccupied molecular orbital (LUMO) of the reactants decreases. In
molecular systems, the available electronic states correspond to a set of discrete orbital energies. In
periodic systems, available electronic states can be found in extended energy intervals (bands) and are
collectively pictured by a continuous curve representing the density of available states (DOS). The larger
the DOS in a given energy range, the larger the number of states accessible to electrons. We note here
that, since magnetite is a magnetic material with a different number of spin-up and spin-down electrons,
ab initio computations provide two distinct sets of electronic states and hence two different DOS, one for
each spin component. To get clear evidence of the energy range where the orbitals of a given atom group
contribute significantly to global electronic states, we projected the DOS of 1¢-magnetite onto the orbitals

of azide nitrogens, phenyl carbons and the iron atom interacting with 1¢. The analysis conducted below
20
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safely assumes that the reaction between 1c-magnetite and 2 involves electronic states with significant
orbital contribution coming from the -Nj (1¢) and the —C=C- (2) moieties.

The DOS of 1¢ adsorbed onto the (100) ferrite surface is shown in Figure 7 along with the orbital
energies of the isolated 2 and 1¢ molecules, while relevant HOMO — LUMO gaps have been collected in
Table 6. For the isolated molecules, we have highlighted the MOs with a large contribution from the
reactive moieties —Nj3 (blue, 1¢) and —C=C- (black, 2). For the 1e-magnetite system, the contributions to
the DOS from azide nitrogens (blue), phenyl carbons (grey) and the iron atom interacting with 1c¢ (red)
show where the electronic states relevant to the reaction are located. Pictures of relevant electronic states

of 2, 1¢, and 1c-magnetite can be found in the ESI (Figure S4).

Table 6. Computed HOMO-LUMO energy gaps (eV) for selected systems.

System spin component AE [HOMO(1¢) — AE [HOMO(2) —
LUMO(2)] LUMO(¢)]
1c¢ + 2 (gas phase) both 3.2 4.7
lc-magnetite + 2 down (minority) 33 34
1c-magnetite + 2 up (majority) 2.5 3.5

As can be seen in Table 6, the HOMO-LUMO gaps between 1¢ and 2 are 3.2 and 4.7 eV, indicating
HOMO-dipole control. Adsorption of 1c¢ onto the magnetite surface produces marked effects on its
electronic structure, which affect the HOMO-LUMO gaps (Figure 7). The overlap of azide and iron peaks
in the DOS shows that the molecular states of 1¢ hybridize with states located on the magnetite iron

atoms (see the states pictured in Figure S5 in the ESI).
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Energy (eV)

Figure 7. Electronic states of isolated 1¢ and the 1c-magnetite complex compared with the states of 2.
The states of isolated 1¢ (middle) and 2 (left and right ends) are represented as thick lines. The states of
isolated 1c¢ having large contribution from the —N; moiety are blue and the states of having large
contribution from the -C=C— moiety are black. The density of states (DOS) of spin down (left panel) and
spin up (right panel) electrons of the magnetite-lc complex are portrayed as continuous curves.
Contributions from different moieties are color coded as follows. Blue: azide nitrogens, grey: phenyl
carbons, red: iron atom interacting with 1c. The Fermi level is displayed as a dotted horizontal line
(electronic states below the Fermi level are occupied, states above it are empty). The energy shift of the
lc HOMO and LUMO upon adsorption are indicated by blue arrows. Relevant HOMO-LUMO

interactions are highlighted with dashed lines.

As concerns the spin-down electronic states (left panel), we note that the peak corresponding to the
HOMO(1c¢) state slightly mixes with Fe orbitals, and its energy slightly lowers with respect to the gas-
phase (=0.1 eV). A little hybridization among Fe and N states occurs also for the LUMO(1c¢c) peak,
leading to a much larger energy shift of about —1.3 eV. Consistently, upon adsorption of 1c¢ onto
magnetite, the HOMO(1¢) — LUMO(2) gap changes slightly with respect to the isolated molecules (see
Table 6), while the HOMO(2) — LUMO(1c¢) drops from 4.7 to 3.4 eV.

The hybridization of 1c¢ frontier orbitals with spin-up magnetite states is stronger and more intriguing.

The LUMO(1c¢) orbital hybridizes with states at the surface of magnetite, giving rise to a peak at about —
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2.8 eV. The HOMO(1¢) strongly mixes with magnetite states giving rise to a broad band of HOMO-like
azide-iron states ranging from —5.5 eV to about —4.5 eV. The spin-up HOMO-LUMO energy gaps
between 1c-magnetite and 2 drop to 2.5 [HOMO(1¢) — LUMO(2)] and 3.5 eV [HOMO(2) — LUMO(1¢)],
values much smaller than those of the 1¢c + 2 reaction. These spin-up le-magnetite hybrid electronic
states, which contain large contributions from the -N; moiety, provide a faster HOMO-dipole controlled
reactivity channel.

The computational results on the periodic model thus suggest that the adsorption of azide 1c¢ on the
magnetite surface is likely to increase the cycloaddition rate because of lower energy gaps for both spin-
down (azide-like orbitals) and spin-up (hybrid orbitals) electrons. It is less clear what effect adsorption
might have on the regioselectivity since HOMO-dipole control is weaker for magnetite-adsorbed 1¢ (JAE
= 1.1 and 1.0 eV) than for isolated 1¢c (JAE =1.5eV).

To gain more insight, we then turned to the investigation of the relevant TSs in the above delineated
simple molecular model. The geometry of the regioisomeric TSs of 1¢-Fe(OH); + 2 and 1¢-Fey(OH), + 2
optimized at the OPBE/LANL2/LANL2DZ level are shown in Figure 8. (The 1¢ + 2 TSs and the 1c-
Fe(OH); and 1¢-Fe,(OH), adducts can be found in the ESI, Figure S6).
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TS 1c-Fe(OH); + 2 » 4 TS 1c-Fe(OH); + 2 > 5
4’{ Q 9
o

; 2.16

TS 1c-Fe,(OH). + 2 — 4 TS 1c-Fe,(OH). + 2 > 5

Figure 8. Structure of the regioisomeric transition states of the 1c¢-Fe(OH); + 2 and 1¢-Fe,(OH), + 2
reactions. Relevant distances are given in angstrom. Colour code is as follows. White: hydrogen; grey:

carbon; blue: nitrogen; red: oxygen; pink: iron.

The presence of the Fe-O clusters does not affect much the TS structures. With respect to the 1¢ + 2 case,
the TS leading to 4 is more symmetrical than that leading to 5 and the length of the forming bonds
changes by less than 0.1 A, except for one case. The activation energy Ef = E(TS) — E(1¢) — E(2) for the
cycloadditions between 2 and both ligated and non-ligated 1¢ leading to the 4 and S cycloadduct are
collected in Table 7. The ligation of 1c to Fe-O clusters decreases the TS energy of both regioisomeric

pathways leading to a significant increase of the reaction rate, in agreement with experiments. However,

24



Page310f 113 New Journal of Chemistry

oNOYTULT D WN =

the data are inconsistent with respect to regioselectivity. One model favours the 4 cycloadduct whereas
the other one favours the S cycloadduct. This is not unexpected due to (i) the simplistic models employed
and (ii) the high accuracy (< 1 kcal/mol) needed to predict the regioselectivity. The computational results
based on the molecular model systems support the FMO analysis of the periodic model calculations. We
can thus conclude that DFT calculations support the hypothesis that the observed catalytic effect is due to

the coordination of 1c¢ to an under-coordinated iron ion at the NP surface.

Table 7. DFT (OPBE/LANL2/LANL2DZ) activation energy E* (kcal/mol) for the 4- and 5-regioisomers
of the cycloaddition between 2 and both ligated and unligated 1c.

4 5
Ic 17.2 17.1
le-Fe(OH); 15.0 13.1
1c-Fe,(OH), 10.1 16.1

4. Conclusions

A novel protocol for the catalysed azide-alkyne cycloaddition has been developed, which involves upon
Earth-abundant, first-row transition metal oxides and sulfide nanocatalysts. These solvent-dispersible,
inexpensive magnetic nanoparticles allowed milder reaction conditions and better product yields
compared to the corresponding examples of the classic Huisgen reaction. The regioselectivity of the
catalysed cycloaddition towards the 4-cycloadduct was to some extent improved with respect to the
thermal process, and the reaction to 1,2-disubstituted acetylenes was proved to be feasible. Experimental
and computational results support the hypothesis that the reaction rate increase is due to enhanced
reactivity of the adduct between the azide and an under-coordinated iron ion at the surface of the NPs

with respect to the free azide.
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