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Abstract — A ligand can make the trick: 2,2’-bipyridine was found to promote the
activity of copper ferrite nanoparticles as catalysts for the azide-alkyne “click”
coupling reaction. The reaction proceeded in excellent yields at room temperature,
and the catalyst could be magnetically separated and recycled. Phosphorus and
nitrogen containing ligands were tested and 2,2’-bipyridine proved to be the most

efficient for this reaction.

With nanoparticles (NPs) emerging as a powerful class of catalysts,® there is a great need to develop
means to ensure their recovery.2 One of the most promising strategies has been the use of magnetically
recoverable NPs as recyclable catalysts and many organic transformations have already been developed.?
These systems allow an easy recovery in the presence of an external magnet, avoiding the need for
centrifugation. Iron-based materials are particularly interesting as they combine magnetic properties with
low toxicity and earth-abundance and they have proved effective catalysts for coupling,* hydrogenation
and oxidation reactions.® Other simple magnetic NPs have allowed the scope expansion of such systems.
Copper ferrite (CuFe,O4) NPs are inexpensive, air-stable, magnetically separable, and recyclable catalysts,
which can catalyze C-C,2 C-N,2 C-0. C-S™ and C-Se’ cross-coupling reactions and other
transformations. ™4

The azide-alkyne cycloaddition (AAC) reaction is a good illustration of these developments. The AACE
is of great interest because this ‘click chemistry’ can rapidly create molecular diversity through the use of
reactive modular building blocks.? The catalyzed AAC reaction has found a wide range of applications in
various research areas, including medicinal chemistry'® and material science.'’ Typically the AAC

reaction is catalyzed by Cu(]) salts; alternatively, Cu(II) may be used if coupled with a mild reducer such
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as sodium ascorbate.!2 Cu(l) species may be immobilized onto polymers,” zeolite,* or magnetic
nanoparticles to ease recovery.”> Heterogeneous systems have also been developed including Cu(0) on
charcoal,& Cu(0) NPs,2 microwave irradiated Cu turnings,ﬁ and CuO nanostructures.™ Recently, we
demonstrated that simple, unfunctionalized heterogeneous copper-plated iron NPs are effective catalysts
for the AAC.2® This study was based on the rationale that the addition of Cu(Il) salts to Fe(0) NPs
provided the Cu(I) species necessary for AAC catalysis. In the course of this work, we attempted to
achieve a similar outcome by adding sodium ascorbate to CuFe,O4 NPs to afford in situ reduction.
Unfortunately, this resulted in the complete dissolution of the NPs, and thus prevented recovery. In the
present work, we explored the addition of electron donating ligands to a Cu(Il) containing material,
CuFe,;04 NPs. This system provided a recoverable and very active catalyst for the AAC reaction.

Our initial studies began with the model cyclization of benzyl azide and phenyl acetylene using a catalytic
amount of copper ferrite (Scheme 1). The coupling product was obtained in 15% NMR yield in the
absence of ligand, however the reaction could be accelerated by heating up at 80 "C, providing the

product in excellent yield as a single regioisomer.

©/\N 10 mol% CuFe,Oy4 ©/\N N
3 _<— > —
s =

EtzN, EtOAc, 24 h

15% NMR yield at room temperature
96% NMR vyield at 80 °C

Scheme 1. CuFe,04-catalyzed AAC reaction

Table 1. Screening of reaction conditions for AAC reaction!™

10 mol% CuFe,04

10 mol% ligand

o =0

N,

o,

In search of milder conditions, we sought

to determine the best ligand for the

e nano-CuFe,0;,-AAC reaction at room
Enty  Catalyst Cigand Vield AP temperature. The results are summarized
1 CuFe,0, PPh, 49 in table 1. The use of phosphine ligands
2 CuFe,0, DIPHOS 29 . . .
3 CuFe,0,  acetylacetone trace led to increased yields (Table 1, entries 1
4 CuFe,0,  pyridine 19 and 2). Trace amounts of product were
5 CuFe,04 2-phenylpyridine 9 ] )
6 CuFe,0,  TMEDA 30 obtained in the presence of acetylacetone
! CuFe;0, 1,10-p-)hen. , 4 . (Table 1, entry 3). Monodentate nitrogen
8 CuFe,0;4 2,2-bipyridine 96, 100
9 CuFe,0,  2,2:6'2"-terpyridine trace ligands such as pyridine did not
10 none 2,2'-bipyridine trace .. .
1 Fe.0 2,2'-bi2§ri dine race significantly affect the reaction (Table 1,

[a] Reaction conditions: Benzyl azide (1.0 mmol), phenylacetylene (1.5
mmol), catalyst (10 mol%), ligand (10 mol%), base (1.0 mmol), EtOAc (2

mL), T =rt

[b] NMR yield using an internal standard.
[c] 5 mol% of catalyst and 5 mol% of ligand were used.

entries 4 and 5). Among the bidentate
nitrogen ligands, TMEDA and 1,10

phenanthroline gave very poor results
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(Table 1, entries 6-7). 2,2’-Bipyridine derivatives gave the desired product in excellent yield (over 96%)
(Table 1, entry 8). The amount of catalyst and ligand could be reduced to 5 mol% and surprisingly
afforded 100% conversion. Tridentate ligands afforded only a trace amount of product (Table 1, entry 9).
Control experiments were carried out to confirm that no product was obtained in the absence of copper
catalyst (Table 1, entry 10). Likewise, entry 11 demonstrates the necessity of copper within the ferrite
lattice, because replacing it with iron (Fe;O4) provides only a trace amount of product.

The influence of the solvent was

Table 2. Screening of solvent for AAC reaction o
evaluated under the  optimized

10 mol% CuFe,O, N .. . .
@/\N3 o 10 mol% 2.2-bipyridine ©/\ _ conditions. Diethyl ether, dimethyl
+ _—< >
Et3N, solvent, rt

sulfoxide (DMSO) and methanol

afforded the products in moderate

Ent Solvent Yield [%]™ . .
lry FtOAG 9 é d yields (Table 2, entries 4, 6 and 8). The
2 acetone 94 reaction in water was possible in the
3 toluene 96 .
4 Et,0 67 presence of ligands, however, the
5 THF 100 nanoparticles dissolved and could not
6 DMSO 80 . '
7 MeCN 100 be recovered. Reactions conducted in
8 MeOH 63 ethyl acetate, acetone, toluene, THF
9 H,O 82

and acetonitrile gave the product in
[a] Reaction conditions: benzyl azide (1.0 mmol), phenylacetylene (1.5 & p

mmol), CuFe;O4 (10 mol%), 2,2-bipyridine (10 mol%), EtN (1.0 excellent yield (Table 2, entries 1-3, 5
mmol), solvent (2 mL), T =rt
[b] NMR yield using an internal standard. and 7). The reaction did not require
strict conditions such as anhydrous
(Table 2, entry 9) or degassed solvent or inert atmosphere — a noteworthy improvement over our previous
report with copper plated iron(0) nanoparticles.*”
With the optimized conditions in hand, we focused our attention to substrate generality. Various terminal
alkynes including, aromatic and aliphatic acetylenes, were examined under these optimized conditions
(Table 3). Aromatic alkynes with electron-withdrawing groups (Table 3, entries 4-6) were more reactive
than those with electron-donating groups (Table 3, entries 2-3). Only a trace amount of product was
obtained in the reaction with pyridylacetylene and most of the starting material was recovered. This is
likely due to the strong coordination of the nitrogen in the acetylene, preventing activation of alkyne
moiety. The reaction with an aliphatic alkyne was very sluggish. This reaction, therefore, required slight
heating and a longer reaction time (Table 3, entry 11). The reaction with propargyl alcohol derivatives
afforded the products in moderate to good yields (Table 3, entries 12-14). The reactions of primary, and

secondary alkyl and functionalized azides with various alkynes are also effective to give the products in

moderate yields (Table 3, entries 16-20).
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To expand the utility of nano-CuFe,O4 for AAC, a reaction on a larger scale was carried out with 2 gram
of substrates (Scheme 2). It should be noted that the click reaction successfully afforded the product in
96% yield and 90% of the catalyst was recovered (compared with Table 3, entry 18).

The reusability of the nano-CuFe,04 catalyst was examined and the results are summarized in Figure 1.
The reaction of benzyl azide with phenylacetylene was chosen as a model reaction. The catalyst was
magnetically separated from the reaction mixture after completion of the reaction, washed with solvent

and used directly for further AAC reaction. Acetonitrile, acetone, toluene, THF and ethyl acetate were

Table 3. CuFe,0, catalyzed AAC reactions!™

5 mol% CuFe,O,4
5 mol% 2,2'-bipyridine Rl\N,N\\N

R-N; + =—R? \—={
* Et3N, re R2
1 2 3
Entry Triazole 3 Yield®  Entry Triazole 3 Yield"

-N N:N
I N 3a 96% 11 @ 3k 59%
@wa@ ’ N on ’
p -N
2 @mwt-su 3b  57% 12 @E e 3 87%Y
OH
N=N
4 @N/ CFs 34 8% 14 @N}Q 3n 52%
N OH
N -~
5 @m ) 3¢ 94% 15 T N> 3¢ 38%9
_N N:N
6 Vo) 3 e% 16 AR 3 %

. ON A gl
7 O/Nf@ 3¢ 62% 17 ZQN ]_@ 3 82%
N
o N-N cl NN
8 S N K m T% 18 @N p I 94%

EtO
o N=N Br NN [
' 3 () | 0,
9 R N, s s 19 @d‘ ) I 85%
N=N N=N N
10 ' n-CgH i t 20 \ 7\ t AL
n_Can/Nj iz 3j race @N ) ) 3 9%

[a] Reaction conditions: azide (1.00 mmol), alkyne (1.50 mmol), triethylamine (1.0 mmol), CuFe,O, (0.05
mmol), 2,2°-bipyridine (0.05 mmol), ethyl acetate (2.0 mL), room temperature, 24h.

[b] Isolated yields.

[c] The reaction was carried out at 40 °C for 72 h.

[d] The reaction was carried out at room temperature for 72 h.
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Scheme 2. Gram scale synthesis using nano-CuFe,04 catalyst
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Figure 1. Recycling of the CuFe,O4 catalyst (5
mol%) in ethyl acetate
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Scheme 3. Proposed mechanism for the CuFe;O4
catalyzed AAC

tested as solvents over 5 cycles. Ethyl acetate
proved to be the best solvent with very little
attrition of activity over 5 cycles (Figure 1,
ESI). The catalyst loading was also tested in
the recycling context. One or two mol% led to
a decrease in activity over 5 cycles, while 5 or
10 mol% enabled the system to sustain
catalytic activity.?!

To check for potential leaching of metal into
the solution, ICP-OES analysis was carried out.
After the reaction, the nanoparticles were
magnetically removed and the solution was
filtered through Celite. The reaction at room
temperature and 40 °C were tested (Table 3,
entries 1 and 11). It was determined to be 0.027
and 0.45 ppm, respectively. This result strongly
suggests a heterogeneous mechanism. Figure
la, b in ESI shows the TEM images of the
CuFe,0y4 catalyst before and after use.

The reaction mechanism has not yet been
elucidated, but on the basis of the previously
reported  Cu(Il)-Hydrotalcite  catalyst by
Pitchumani and co-workers,? we propose the
mechanism described in scheme 3. The
reaction may proceed through an activation of

alkyne, followed by cycloaddition of azide and

protonation on the surface of the copper ferrite nanoparticles. The observation of the sole 1,4-adduct as
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reaction product is in agreement with the proposed mechanism.

In conclusion, we have demonstrated the application of CuFe,04 nanoparticles for ‘click’ reaction. The
reaction did not require strict conditions such as anhydrous or degassed solvent or inert atmosphere, and
was applicable for gram scale synthesis. The catalyst could be separated and recovered easily by an
external magnet and efficiently reused several times without significant loss of activity. Further

applications of magnetic nanoparticles are in progress in our laboratory.
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