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s Multicomponent azide-alkyne cycloaddition catalyzed by impregnated
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A new bimetallic catalyst derived from nickel armpper has been used successfully for the first time
the multicomponent reaction of terminal alkyneslism azide, and benzyl bromide derivatives. The
presence of both metallic species on the surfaceagfnetite seems to have a positive and synergetic
effect. The catalyst loading is the lowest everlighied for a catalyst of copper anchored on ang tyfp

10 iron support. The catalyst could be easily remdvenh the reaction media just by magnetic decantatio
and it could be reused up to ten times withoutreeyative effect on the initial results.

Introduction Results and discussion

Although the 1,3-dipolar cycloaddition of azide igatives and ~ Simple azide-alkyne cycloaddition

aIkyr_1es dates back to the nineteenth cerftutiie pioneer and Although our ultimate goal was to get a heterogeseand
1 seminal works of Medéland Shqrpleégroups on the COPPET™ ; recyclable catalyst for the multicomponent versioh azide-
cqtalyzed proce;s were the definitive push forkilmssqmmg of alkyne cycloaddition, the study was started with skandard two-
this process. This process allowed the accessfferatit 1,2,3- component reaction between ethynylbenzenga) ( and

triazoles of.great |ntere§t oq different aregs oi?rﬁigtry and (azidomethyl)benzene2§) catalyzed by impregnated copper on
Pharmacy, |p §hort reaction times, under mild coo, and as magnetite (Table 1).
20 only one regioisomet. .
The tremendous success of the homogenous copper(l)
complexes as catalysts has eclipsed the activiothars, such as Table 1.Optimization of cycloaddition reaction conditions

those derived from ruthenium, platinum, palladi?msi]ver6 or CUO-Fe:0 Ph Ph
. 7 304
nickel,” as well as the use of other heterogeneous onege\éo, | | Ph (0.9 mol%) > >
25 very recently some heterogeneous catalysts havegethas an ‘ + > _ N+ Ph N
alternative. Thus, the particles of coppemr its oxide Ph N, JI /) \[ /:N
derivatives® different copper salt supported on charc8abn Ph N N
organic materials' as well as on inorganic suppdfthave been 1a 2a 3a 4a
tested for this transformation, with copper loadiof these Entry Solvent T (°C) (d) Yield 3a (4a) (%)
30 catalysts ranging from 0.5 to 12 mol%. Interestimgbme of the 1 H.O 110 7 46 (49)
inorganic supports were based on iron, which péechitthe 2 PhMe 70 2 58 (0)
development of magnetic catalyst and separatioit vess for the Z Eﬂmg 12150 g 7335 ((27%)
case of copper supported on iron (5 molekopperferrite (5 5 THE 70 2 43 (7)
mol%)* or ligand-grafted copper on magnetite (2 mot9s). 6 CHC} 70 2 52 (6)
s The intrinsic instability of organic azides, maithose of low 7 MeCN 70 2 15 (6)
molecular weight, has been an important drawbacktha 8 DMSO /0 2 33 (8)
o - < : 9 MeOH 70 2 50 (0)
generalization of this approach for the synthedisnteresting 10 HO 70 1 94 (0)
polyvalent structures. However, the use of a muoitiponent 11 70 2 73 (12)
approach, generating the azide derivative in situdaction of 1z H-0 70 1 82 (1)

wsodium azide and the corresponding organic redgétft® 2 |solated yield after column chromatograpRyReaction carried out
(11d,th.1260,14.150. 16 a5 permitted us to overcome this problem. On absence of catalystReaction performed using only nanomagnetite
the other hand, we have recently developed a nimples and ~ M2%).
robust method to immobilize different metal oxitlemnto
magnetite’® and we initially decided to apply the copper  The initial reaction was conducted in absenceatdlyst at 110
ss impregnated on magnetite catalygb the multicomponent azide- °C in water, obtaining after 7 days a 1:1 mixturdoth possible
alkyne cycloaddition reaction. isomers. Then, the reaction was repeated in theepoe of

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 1
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copper catalyst in toluene at 70 °C giving exclugidebenzyl-4-
phenyl-H-1,2,3-triazole 8a) in a modest yield (entry 2). Both
the decrease and the increase of temperature I fmrmation
of a mixture of regioisomers (entries 3 and 4).1THbe influence
s of solvent was examined, finding that the highestidy was
reached in water (entry 10). Under these condititims role of
magnetite support was studied and high activityhef supposed
inert material was found (entry 12).
Once the activity of copper catalyst was examinéd,
w recycling was studied. After the first trial, theagmetite was
collected with a magnet, washed with toluene améreil, and
dried. The recycled catalyst could be re-used tHoda with
similar results (82-78 %). However, the yield dregdgo 35 % in
the forth use, keeping this level of results dutting following 5
15 cycles (Figure 1). The phenomenon of leaching viadied by
ICP-MS analysis of the resulting reaction solutioixtare, and
1.1 % of the initial amount of copper was detedi@®07% of
iron), which could explained the lost of activityloreover, the
TEM images of the recycled catalyst showed a soiainge in
20 copper particle size from A®6.5 nm of the fresh prepared

catalyst to 6.45.2 nm for the recycled one, which would not

affect the reactivity of the recycled catalyst. dfiy, it should be

pointed out that the BET surface area did not suffegreat

change, from 6.2 ffg for the initial catalyst to 8.4 #y for the
25 used one, which is practically the same specifaar

CuO-Fe;0, Catalyst

=
=)
=]

Yield 3a (%)
o
o

Figure 1. Recycling of CuO-F®, Catalyst for the cycloaddition.

30 Multicomponent cycloaddition processes

After finding that copper catalyst was effective ithe
cycloaddition between azides and terminal alkymesfaced the
problem of the multicomponent versidfr0%e11d:n.12n14.15b,16b.c
using benzyl bromidesg), sodium azidef) and ethynylbenzene
35 (18) as reaction model (Table 2). The reaction in wagve a
mixture of expected heterocycBa together with its regioisomer
4a (compare entry 1 in Table 2 and entry 9 in TableThis
initial trial showed that the change from simpleloaddition to
the multicomponent reaction one was not so sinffiess, a new
40 optimization process on this multicomponent reacti@as carried
out, starting by studying the effect of solventt(is 1-8 in Table
2). The best result was obtained in absence oérthbut a small
amount of the product arising from homocouplingtefminal
alkyne was found® The optimal temperature seemed to be 50
45 (entries 8-11), since at higher temperatures dffeby-products
were formed, and at lower temperatures a modedt yias
achieved. Finally, the increase of amount of retgyé&a and 6,

increased the yield (compare entry 12 in Table thwntry 9 in
Table 1).

50

Table 2.Optimization of multicomponent cycloaddition proses

CuO-Fe;0,4 Ph Ph
| | Ph (0.9 mol%) > >
+ +NaN; — N\ + Ph N\
Ph  Br JI N \[ N
P N N
1a 5a 6 3a 4a
Entry  Solvent T (°C) {d) Yield 3a (4a) (%)
1 H.0 70 3 57 (13)
2 PhMe 70 3 33 (0)
3 THF 70 3 21 (4)
4 CHCl, 70 3 19 (1)
5 MeCN 70 3 16 (0)
6 DMSO 70 3 25 (3)
7 MeOH 70 3 32 (25)
8 - 70 3 69 (0f
9 - 50 2 71 (0)
10 - 25 3 38 (0)
11 - 110 2 53 (6¥
1% - 25 2 83 (0)

2 Isolated vyield after column chromatograpfy1,4-Diphenylbuta-1,3-
diyne was isolated in a 10 %.Reaction performed using 2 equiv
compound$a and6.

Although copper catalysts have been the most ustubr
metal catalysts have also shown some activity licg teaction.
For this reason we tested a series of impregnagsdl watalyst in

ss this  multicomponent version (Table 3), starting nirothe
uncatalyzed reaction (entry 1). From all ductile¢ahexide, only
nickel and copper catalysts showed activity (eatfiel4).

Then, a series of bimetallic derivatives were ®ddfinding
that Pd/Cu systettf could render the expected prod@et(entry

60 15). Very recently, different bimetallic Ni-Cu/C copgite
catalyst&® have been tested in the simple cycloaddition afesz
and terminal alkynes and these results promptad psepare the
corresponding bimetallic one impregnated on matmetits
reaction gave the expected product with an exdetisult (entry

6s 16). The decrease of the amount of Ni-Cu catalyst ha
important detrimental effect, meanwhile its inceeabad a
marginal benefit (compare entries 16-18).

Faced with the excellent result obtained with Himetallic

nickel-copper catalyst we wondered if the yield sa®sult of a

70 simple addition of two independent catalytic sitgswas it the
result of some type of synergic effect. To ansvirat uestion,
the reaction was repeated using both catalystsc@ihper and the
nickel one) with almost the same loading and tiselteseemed to
be the addition of the activity of both catalysteripare entries 5

7sand 6 with entry 19). Therefore, we believe tha Himetallic
catalyst develops a synergetic effect that makespgrior to the
addition of both parts, although the nature of thissitive
interaction is unknown.

Finally, the unsupported metal catalysts wereetesthus, the

0sg:reaction using CuO alone gave the expected prosaatith a
good result (Table 3, entry 20), meanwhile the teelanickel
oxide gave a worse result (entry 21). When the ti@aovas
repeated with the corresponding metal hydroxidévdgves the
yields were slightly lower (entries 22 and 23). Hugiimolecular

2 | Journal Name, [year], [vol], 00—00
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mixture of both metallic catalysts did not show amprovement s  The phenomenon of leaching was studied by ICP-Msysis
of the result obtained by the copper derivativerpare entries  of the resulting reaction solution mixture, and, Jafid 0.2 % of
20, 22 and 24, 25, respectively). the initial amount of copper, and nickel, respesiiy was
detected (0.006% of iron). The TEM images of theycted
catalyst showed a small change in the particle @@ 3.1+1.7
20 Nm of the freshly prepared catalyst to#274 nm for the recycled
Ph one. Moreover, XPS data analysis of bimetallic lyatashowed

Table 3.Optimization of catalyst for multicomponent cyclakttbn

| | Ph Catalyst > only NiO, CuO and C# species (Figure 3), which was
+ B> + NaNj —50 oc 2d > | N\N confrmed by Auger spectroscopy (see Supplementary
Ph ' ' - ,\j/ Information). However, the recycled one showedptesence of
25 Ni(OH), as well as Cu(OH) These small changes, in particle
1a 5a 6 3a size and the nickel species seemed not to affecadhivity of the
Entry Catalyst (mol%) Yield 3a (%) bimetallic catalyst, since it could be reused savéimes with
; FaOF (20) 8 similar activity.
4
3 FeO, (21) 0
4 CoO-Fg04 (1.4) 0 5000
5 NiO-Fg0, (1.0) 5 4000
6 CuO-FgO; (0.9) 83 2
7 RwOs-Fe04 (1.3) 0 2 3000 -
8 Rh,Ox-Fe&0, (0.4) 0 E Data
9 PdO-FeO; (1.2) 0 H PR
10 AgO-Fe04 (1.3) 0 = 1000 X Ni02p3/2
11 0sQ-Fe0, (0.5) 0
12 IrOZ—F%OA (01) 0 08 5 850 855 860 865 870
13 PtO-FeO, (0.5) 0 1000
14 AUZOS'FQOA (01) 0 Binding Energy (eV)
15 PdO/Cu-F;, (1.5/0.9) 42 %
16 NiO/Cu-Fg0, (0.9/0.9) 98 7000
17 NiO/Cu-FgO, (0.2/0.2) 15 5000 cupata
18 NiO/Cu-FgO, (1.8/1.8) >99 . ——Cufit
19 NiO-Fe0; (1.0) + CuO-FgO, (0.9) 87 5000 A Cu202p32
20 CuO (0.9) 78 £ 4000 Az % Cu02p3/2
21 NiO (0.9) 12 _33000 A\ - Cu02p3/2sat.
22 Cu(OH) (0.9) 58 S 2000 4 ] Cu0 2p3/25at.
23 Ni(OH), (0.9) 11 5
24 NiO (0.9) + CuO (0.9) 76 g1 /\ A\
. 07
25 NI(OHk (09) + CU(OHQ (09) 62 8 933 938 943 948 953 958

o
-1000
2Isolated yield after column chromatographfowder < 5um. ¢ Powde ]

. . -2000 indi
< 50 nm.? Reaction performed during 24 h. Binding Energy (eV)

Figure 3. X-Ray photoelectron spectroscopy of the fresh

The bimetallic Ni-Cu catalyst could be recycled amdsed  NiO/Cu-F&O, catalyst.
tenfold, just by collection of the catalyst withaagnet, washing
with toluene and ethanol, and drying, without aepréciation in
its activity (Figure 2).

To know if the reaction took place by the leaclvegper or
nickel species to the organic medium, we perforthedstandard
multicomponent reaction (Table 3, entry 16). Afthat, the
catalyst was removed carefully by a magnet at téghperature,
NiO/Cu-Fe,0, Catalyst and washed with toluene. The solvents of the alsmletion,

40 without catalyst, were removed under low pressuré alkyne
1la, sodium azide§) and 4-bromobenzyl alcohol were added to
the above residue. The resulting mixture was heatgdn at 50
°C for 24 h. The analysis of crude mixture, aftedrofysis,
revealed the formation of compourh in 95% (catalyzed

45 process) and produ@b in less than 1% yield by GC-analysis
(compare with entry 2 in Table 4). Therefore, waldoexclude
that the final leached copper-nickel species wespansible for
the reaction results under the standard conditions.

Once the catalytic activity and the recyclabildly bimetallic
Cycles s0 catalyst were proved, the scope of the reactiontested (Table
4). The reaction gave excellent results indepetygeof

Figure 2. Recycling of NiO/Cu-Fg, Catalyst for the substituent position on the aromatic ring of thenhide5 (entries

Multicomponent Reaction. 2-4). The electronic nature of substituent on twratic ring of

the bromide5 seemed not to have influenced on the results

10

Yield 3a[%]
5 3 &8 8

o
<

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 3
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(compare entries 1-7), since the results disagreits the
Hammett constants. Also, the reaction was accohmgaiswith
akynesl with different groups in the aromatic ring, witb nlear

The multicomponent reaction with symmetrical ingdr
alkynes8 gave the expected compouddvith very modest yield
(Scheme 2). This result highlighted the possiblecsiwity of

correlation of the reached yields with the eledgonature of 30 catalyst, and in order to confirm this, the reattiof benzyl

reaction  with

the

The
gave

s substituents  (entries  8-16).
(bromomethyl)isoindoline-1,3-dione

2- bromide ba, 2 equiv), sodium azidé(2 equiv), ethynylbenzene

expacte (1la, 1 equiv) and 1,2-diphenylethyn@a( 1 equiv) was performed

compound3qg in a modest yield (entry 17). However, it shouéd b under standard conditions, finding exclusively tdoenpound3a

pointed out that the reactions using less electliopreagents

such as aliphatic bromide (1-bromododecane) oryberoride,

w failed after seven days under standard conditisaspvering
unchanged the starting alkyne, as well as in ttee ad using

either an aliphatic substituted alkyne (oct-1-yne).

Table 4. Multicomponent cycloaddition

, NiO/Cu-Fe;0, R,
|‘| R (0.9/0.9 mol%) >
4+ NaN;g — o N
Br 50°C, 2d JI /:N
R"” "N
1 5 6 3
Entry R! R? No Yield (%Y
1 Ph Ph 3a 98
2 Ph 4-BrGH, 3b >99
3 Ph 3-BrGH, 3c >99
4 Ph 2-BrGH, 3d >
5 Ph 2-MeGH, 3e 59
6 Ph 3-MeGH, af 50
7 Ph 3,5-(MeOQ)CeHs 3g 89
8 4-CIGH, Ph 3h 8(°
9 4-CIGH, 4-BrCeH, 3i >99
10 2-CIGH, Ph 3j 45
11 4-BrGH, Ph 3k 42
12 4-BrGH, 3-MeGH, 3l 90
13 4-MeOGH, Ph 3m 42
14 3-MeGH, Ph 3n 55°
15 3-MeGH;, 3-BrGsH, 30 86
16 3-MeGH;, 3-MeGH, 3p 49
17 GH4(CO)N Ph 3q 37
2 |solated yield after column chromatograpHy.Reaction performe
during 4 d.

(94 %) from the analysis of crude mixture.

35
Ar.

R NiO/Cu—Fe304
Ar. (0.9/0.9 mol%) >
[+ ) Ny ————— RN
Br 50°C,6d I N
/
R R N
8 5 6 9a:R=Ar=Ph, 11 %

9b: R = Ph, Ar = 4-nBuCgHs, 5 %
9c: R = Ph, Ar = 3-BrCgH,, 8 %

Scheme 2Multicomponent cycloaddition with internal alkygie

Once the scope of the reaction was studied, wedfdbe
40 problem of reaction sequentiality. For this proposa carried
the reaction with the dibromide derivativil®d, and a double
amount of sodium azidé), obtaining after six days the azidi#
with a moderate yield (Scheme 3).

NiO/Cu-Fe30,4

15 Then, the initial source of benzyl azide was w¢&cheme 1).
The reaction with benzylic alcohols failed afterx silays,
recovering unchanged the initial alkyne. The reactilso failed
using the silyl ether7rb. However, the reaction using benzyl
mesylate gave a modest yield (35%) after 2-daystiggatime.

20 When the reaction time was increased up to 6 dagmsonable *®
yield was isolated (75%). When the reaction wasopered with

benzyl tosylateqd) the result was very modest.

| | (0 9/0.9 mol%) N~y ’/
+ NaN; +
50°C, 6d
11 (59 %)
Ph
/,
N~
4-(OMe)CgHy—— N/N\\N
NiO/Cu-Fe;0, S
(0.9/0.9 mol%)
50°C, 6 d

OMe
12 (87 %)
Scheme 3Sequential multicycloaddition process.

The GC-MS analysis of crude mixture did not shdwe t
presence of corresponding bistriazole, with theteelbisazide

iO/Cu- Ph - . X : .
Ph ('\(l)'g,/gg ;iﬁ%; > so derivative being the main by-product. The isolateile1l was
| | submitted to another cycloaddition process, yigdithe
+ NaN; + - N Y/ p y!
Ph X0 50°C, 6d JI /\N unsymmetrical bistriazole derivativé2 with good yield. This
Ph N approach highlights the possibilities of the cattlyn the
3a synthesis of different substituted triazoles.
1a 6 7a:X=H 0 % (7a)
7b: X = SiMe; 0 % (7b) %
7c: X =S0,Me 75 % (7c)
7d: X = 80270l 12% (7d) Conclusions
s Scheme 1 Multicomponent cycloaddition with  benzyl
derivatives. We have demonstrated that the new bimetallic csttadgrived

4 | Journal Name, [year], [vol], 00—00

This journal is © The Royal Society of Chemistry [year]
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from nickel and copper supported on magnetite wagoad commercially available R®, (4 g, 17 mmol, powder < 5 pm,
catalyst for the multicomponent reaction of terrhiatkynes, ~ BET area: 9.86 fig). After 10 minutes at room temperature, the
sodium azide, and benzyl bromide derivatives. Tresgnce of ~ mixture was slowly basified with NaOH (1M) until paround
both metallic species on the surface of magnetitengd to have s 13. The mixture was stirred during one day at rdemperature

s a positive and synergetic effect. The catalyst ilugdvas the in air. After that, the catalyst was filtered andshed several
lowest ever published for a catalyst of copper aneti on any  times with deionized water (3 x 10 mL). The solidsadried at
type of iron support, and being in the lowest Iefeelany type of ~ 100°C during 24 h in a standard glassware ovenairahy
the heterogeneous ones. The catalyst could beyaasiioved thereafter the expected catalyst.
from the reaction media just by magnetic decantatiend it

10 could be reused up to ten times without any negaffect on the )
initial results. General procedures for the preparation of the prodats

To a stirred solution of sodium azidé, @ mmol) and benzyl

halide 6, 2 mmol) were added NiO/Cu-§#, (50 mg, 0.9 mol%

Experimental of Ni and 0.9 mol% of Cu) and the corresponding @agk{l or 8,

70 1 mmol). The resulting mixture was stirred at 50%@iluthe end
of the reaction. The catalyst was removed by a miagnd the

15 XPS analyses were carried out on a VG-Microtechilstut XRD resulting mixture was quenched with deionized waserd
analyses were obtained on a BRUKER D-8 ADVANCE extracted with ACOEt (3 x 5 mL). The organic phasese dried
diffractometer with Goebel mirror, with a high teempture  over MgSQ, followed by evaporation under reduced pressure tc
chamber (up to 900°C), with a X-ray generatos remove the solvent. The product was usually putifiey
KRISTALLOFLEX K 760-80F (3KW, 20-60KV and 5-80mA). chromatography on silica gel (hexanel/ethyl acetatejive the

20 TEM images were obtained on a JEOL, model JEM-2010corresponding productor 9 (see supporting information). The
equipped with an X-ray detector OXFORD INCA EnergyME  chromatographic analyses were determined with andla
100 for microanalysis (EDS). XRF analyses were olehion a  ionization detector and a 30 m capillary columr820mm diam.
PHILIPS MAGIX PRO (PW2400) X-ray spectrometer eq@gdp s 0.25um film thickness, HP-5 stationary phase), usingogién (2
with a rhodium X-ray tube and a beryllium window. BE mL/min) as carrier gas, P = 10 psi, T(injector) 202°C and

25 isotherms were carried out on a AUTOSORB-6 (Quamtank), T(detector) = 300 °Cxtvalues are given under these conditions.
using N. Melting points were obtained with a Reichert Physical and spectroscopic data, only for new camgs,
Thermovar apparatus. NMR spectra were recorded Bruker follow:
AC-300 (300 MHz fortH and 75 MHz fort®C) using CDClas a ss
solvent and TMS as internal standard ferand*3C; chemical  1-benzyl-4-phenyl-H-1,2,3-triazole (3a):'° White solid; m.p.

a0 shifts are given i (parts per million) and coupling constand ( 104-108°C (hexane/AcOEt); IR (¢fx 3021, 2920, 1450,
in Hertz. FT-IR spectra were obtained on a JASCO UEQ®ike 1223!H NMR (300 MHz, CDC)): § 5.57 (s, 2H), 7.3-7.45 (m,
Miracle ATR) spectrophotometer. Mass spectra (El)rewe 8H), 7.66 (s, 1H), 7.75-7.8 (m, 2|-il)3,c NMR (75 MHz, CDC)):
obtained at 70 eV on a Himazdu QP-5000 spectromgténg 4 § 54.2, 119.4, 125.7 (2C), 128.0 (2C), 128.1, 128(),(329.1
fragment ions irm/zwith relative intensities (%) in parentheses. (2C), 130.5, 134.7, 148.2; EI-M®/z 235 (M', 22%), 207 (14),

ss The chromatographic analyses (GLC) were determingtl & 206 (71), 180 (13), 179 (11), 116 (100), 104 (Zi),(84), 89
Hewlett Packard HP-5890 instrument equipped wittilame (29), 65 (20), 63 (11).

ionization detector and 12 m HP-1 capillary colu@m2 mm
diam, 0.33 mm film thickness, OV-1 stationary phassesing o5 1-(4-bromobenzyl)-4-phenyl-H-1,2,3-triazole (3b):2* White
nitrogen (2 mL/min) as a carrier gawecior = 275 °C.Taetector=  golid: m.p. 150-152°C (hexane/AcOEY); IR (4n 3082, 1489,
40 300°C, Tooiumn = 60°C (3 min) and 60-270 °C (15 °C/miR)=40 1551 197311 NMR (300 MHz, CDCJ): 6 5.5 (s, 2H), 7.17 (d,
gpﬁl' .TL"” ;aée[] Crl‘lrf:Tjé%?gpgg 4(T|LC) was ;a"_igdz Ol 33 H)=8.4 Hz, 2H), 7.3-7.35 (M, 1H), 7.4-7.45 (NH)2 7.52
chileicher chue pateS coateth wi0.2 mm 3 _ -
(d, J(H,H)=8.4 Hz, 2H), 7.7 (s, 1H), 7.8-7.85 (m, 24C NMR

layer of silica gel; detection by U¥, light, staining with ) -
phosphomolybdic acid [25 g phosphomolybdic acid, 40 (75 MHz, CDC}): 6 53.5, 119.4, 122.9, 125.7 (2C), 128.3, 128.2
(2C), 129.6 (2C), 130.3, 132.3 (2C), 133.6, 148.4MS-m/z

45 Ce(SQ), 4 H,0, 60 mL of concentrated ,80, and 940 mL " ) M .
H,0]. Column chromatography was performed usingaitjel 60 315 (M'+2, 9%), 313 (M, 10%), 286 (16), 284 (17), 206 (20),
171 (24), 169 (25), 116 (100), 90 (19), 89 (28).

of 40-63 mesh. All reagents were commercially akdé (Acros,
Aldrich, Fluorochem) and were used as received. GR-MS
analyses were carried out on a Thermo Elemental @GRCell 0 1-(3-bromobenzyl)-4-phenyl-H-1,2,3-triazole (30:**  White

s spectrometer. The Elemental Analysis was perforoeda  Solid; m.p. 85-87°C (hexane/AcOEY); IR (€ 3084, 1460,
Elemental Microanalyzer Thermo Finningan Flash 13&8es. 1432, 1222, 1046\H NMR (300 MHz, CDCJ): 6 5.54 (s, 2H),
7.2-7.25 (m, 2H), 7.3-7.35 (m, 1H), 7.4-7.45 (m,)2R.45-7.5
(m, 2H), 7.71 (s, 1H), 7.8-7.85 (m, 2HYC NMR (75 MHz,

10 CDCly): ¢ 53.4, 119.5, 123.1, 125.7 (2C), 126.5, 128.3, 128.8
(2C), 130.2, 130.7, 130.9, 131.9, 136.8, 148.3; B4z 315

General

General procedure for the preparation of NiO/Cu-FgO,
catalyst

ss To a stirred solution of Cug(1 mmol, 130 mg) and NigH,O
(2 mmol, 130 mg) in deionized water (120 mL) waslexd

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 5
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(M*+2, 8%), 313 (M, 8%), 286 (14), 284 (14), 206 (21), 171 1456, 1227, 1092, 10734 NMR (300 MHz, CDC)):  5.53 (s,

(22), 169 (23), 116 (100), 90 (20), 89 (29).

1-(2-bromobenzyl)-4-phenyl-H-1,2,3-triazole (3d):'* White
s solid; m.p. 101-103°C (hexane/AcOEt); IR (&jn 3051, 1459,
1430, 1220, 1043'H NMR (300 MHz, CDCJ): 6 5.7 (s, 2H),
7.15-7.25 (m, 2H), 7.3-7.35 (m, 2H), 7.4-7.45 (iH)27.62 (dd,

3J(H,H)=7.9 Hz,%J (H,H)=1.0 Hz, 1H), 7.78 (s, 1H), 7.82 (d,

3J(H,H)=7.3 Hz, 2H)*C NMR (75 MHz, CDC})): ¢ 53.8, 119.8,
10123.4, 125.7 (2C), 128.2 (2C), 128.8 (2C), 130.1, 2,3030.4,
133.2, 134.2, 148.1; EI-M®Vz 315 (M'+2, 12%), 313 (M,
11%), 208 (12), 207 (59), 206 (93), 184 (11), 131)( 169 (32),
117 (11), 116 (100), 103 (13), 91 (21), 90 (24)(B49), 63 (10).

15 1-(2-methylbenzyl)-4-phenyl-H-1,2,3-triazole (3€):*?" White
solid; m.p. 98-99°C (hexane/AcOEY); IR (chh 3096, 1462,
1216;*H NMR (300 MHz, CDCJ): § 2.31 (s, 3H), 5.6 (s, 2H),
7.2-7.25 (m, 3H), 7.3-7.35 (m, 2H), 7.35-7.45 (rh))27.54 (s,
1H), 7.75-7.8 (m, 2H)**C NMR (75 MHz, CDCJ): 6 19.0, 52.5,

20119.2, 125.6 (2C), 126.7, 128.1, 128.8 (2C), 1299.4, 130.5,
131.1, 132.5, 137.0, 148.0; EI-M8z 249 (M, 22%), 220 (35),
207 (17), 206 (11), 118(31), 117 (39), 116 (10@p 163), 104
(10), 103 (15), 89 (23), 79 (14), 77 (21).

25 1-(3-methylbenzyl)-4-phenyl-H-1,2,3-triazole (3f):?!  White
solid; m.p. 95-96°C (hexane/AcOEt); IR (chh 3089, 1464,
1222:'H NMR (300 MHz, CDC)): 6 2.34 (s, 3H), 5.52 (s, 2H),
7.1-7.2 (m, 3H), 7.25-7.45 (m, 4H), 7.66 (s, 1HB-7.85 (m,
2H); °C NMR (75 MHz, CDC)): 6 21.3, 54.2, 119.5, 125.1,

30 125.6 (2C), 128.1, 128.7, 128.8 (2C), 129.0, 1286.3, 134.5,
139.0, 148.1; EI-MS$n/z 249 (M', 29%), 221 (13), 220 (61), 206
(36), 179 (20), 118 (14), 117 (17), 116 (100), 166), 103 (14),
89 (24), 79 (13), 77 (20).

s 1-(3,5-dimethoxybenzyl)-4-phenyl-H-1,2,3-triazole  (3g):'%"
White solid; m.p. 90-92°C (hexane/AcOEt); IR (¢n 3086,
1610, 1197'H NMR (300 MHz, CDCJ): 6 3.76 (s, 6H), 5.49 (s,
2H), 6.44 (s, 3H), 7.3-7.35 (m, 1H), 7.35-7.4 (hi)27.68 (s,
1H), 7.75-7.8 (m, 2H)*C NMR (75 MHz, CDCJ): 6 54.2, 55.4

©(2C), 100.4, 106.0 (2C), 119.5, 125.6 (2C), 128.1,.828C),
130.5, 136.7, 148.2, 161.2 (2C): EI-M8z 296 (M'+1, 13%),

2H), 7.18 (d3J(H,H)=8.4 Hz, 2H), 7.36 (FI(H,H)=8.5 Hz, 2H),

60 7.51 (d,3J(H,H)=8.4 Hz, 2H), 7.66 (s, 1H), 7.72 (&I(H,H)=8.5
Hz, 2H);**C NMR (75 MHz, CDC)): 6 53.5, 119.5, 123.0, 126.9
(2C), 128.8, 129.0 (2C), 129.6 (2C), 132.3 (2C), 13339,
147.3; EI-MSmz 349 (M'+2, 17%), 347 (M, 13%), 320 (19),
318 (14), 240 (26), 207 (10), 171 (27), 169 (292 133), 151

es (10), 150 (100), 123 (16), 90 (19), 89 (16); HRMSS(E m/z
calcd for GsH141BrCIN;: 346.9825; found: 346.9828.

1-benzyl-4-(2-chloropehnyl)-H-1,2,3-triazole  (3j):**> White
solid; m.p. 77-78°C (hexane/AcOEt); IR (chh 3083, 1461,

701227, 1056H NMR (300 MHz, CDC)): 6 5.61 (s, 2H), 7.2-7.45
(m, 8H), 8.12 (s, 1H), 8.22 (ddlj(H,H)=7.8 Hz,*J(H,H)=1.8 Hz,
2H): 3C NMR (75 MHz, CDC)): § 54.2, 123.1, 127.1, 127.9
(20C), 128.7, 129.0, 129.1 (2C), 129.2, 129.8, 13031, 1, 134.6,
144.4; EI-MSm/z. 271 (M'+2, 6%), 269 (M, 17%), 242 (12),

75 240 (36), 206 (40), 179 (30), 152 (28), 150 (823 114), 104
(26), 102 (10), 91 (100), 65 (19).

1-benzyl-4-(4-bromophenyl)-H-1,2,3-triazole (3K):%® White
solid; m.p. 143-145°C (hexane/AcOEt); IR (¢jn 3070, 1477,

80 1449, 1222, 1050'H NMR (300 MHz, CDC)): § 5.56 (s, 2H),
7.3-7.4 (m, 5H), 7.5-7.55 (m, 2H), 7.65-7.7 (m, 3HC NMR
(75 MHz, CDC}): ¢ 54.3, 119.5, 122.0, 127.2 (2C), 128.1 (2C),
128.8, 129.1 (2C), 129.4, 131.9 (2C), 134.4, 1471IME m/z:
315 (M'+2, 23%), 313 (M, 24%), 287 (10), 286 (54), 285 (11),

85 284 (53), 207 (12), 206 (40), 204 (11), 196 (734 175), 179
(32), 178 (12), 169 (13), 167 (13), 115 (11), 108)( 102 (12),
91 (100), 88 (14), 65 (19).

4-(4-bromophenyl)-1-(3methylbenzyl)-1H-1,2,3-triazole (3l):
0o White solid; m.p. 127-128°C (hexane/AcOEY); IR {&n3016,
1450, 1225, 1069"H NMR (300 MHz, CDC)): 6 2.35 (s, 3H),
5.53 (s, 2H), 7.11 (FI(H,H)=7.3 Hz, 2H), 7.18 (FI(H,H)=7.3
Hz, 1H), 7.28 (d3J(H,H)=7.3 Hz, 1H), 7.52 (£I(H,H)=8.6 Hz,
2H), 7.65 (s, 1H), 7.67 (d)(H,H)=8.6 Hz, 2H);**C NMR (75
s MHz, CDCE): ¢ 21.3, 54.3, 119.5, 122.0, 125.2, 127.2 (2C),
128.8, 129.0, 129.5, 129.6, 131.9 (2C), 134.3, 13047.1; El-
MS m/z 329 (M'+2, 24%), 327 (M, 22%), 300 (34), 298 (36),
286 (27), 284 (26), 220 (21), 207 (22), 196 (7®4 176), 193
(27), 178 (12), 169 (12), 167 (12), 118 (18), 11T)( 115 (15),

295 (M', 74%), 281 (14), 266 (41), 252 (10), 239 (32), 2B8), 100105 (100), 103 (20), 102 (14), 88 (15), 79; Elerakbminalysis

209 (21), 208 (15), 207 (61), 164 (36), 152 (131 1100), 117
(12), 116 (100), 91 (19), 89 (21), 78 (11), 77 (BH (11).

45

1-benzyl-4-(4-chlorophenyl)-H-1,2,3-triazole (3h):*® White

calcd. for GeH14BrN3: C = 58.55; H = 4.30; N = 12.80; found: C
=58.50; H=4.29; N = 12.69.

1-benzyl-4-(4-methoxyphenyl)-H-1,2,3-triazole (3m):1°P

solid; m.p. 125-127°C (hexane/AcOEt); IR (&n 3060, 1481, s White solid; m.p. 135-136°C (hexane/AcOEY); IR {¢m 1455,

1222, 1069*H NMR (300 MHz, CDCY): 6 5.57 (s, 2H), 7.3-7.4
(m, 7H), 7.65 (s, 1H), 7.72 (d)(H,H)=8.7 Hz, 2H);**C NMR

1250;'H NMR (300 MHz, CDCJ): § 3.82 (s, 3H), 5.55 (s, 2H),
6.93 (d,%J(H,H)=8.9 Hz, 2H), 7.25-7.4 (m, 5H), 7.58 (s, 1H),

% (75 MHz, CDCY): & 54.3, 60.4, 119.5, 126.9 (2C), 128.1 (2C), 7-72 (d,°J(H,H)=8.9 Hz, 2H);"*C NMR (75 MHz, CDC)): ¢

128.8, 129.0 (2C), 129.2 (2C), 133.9, 134.5, 1471IME Mz

54.1, 55.3, 114.2 (2C), 118.6, 123.2, 127.0 (2C),.0.48C),

271 (M2, 9%), 260 (M, 26%), 242 (23), 241 (15), 240 (70):° 1287, 129.1 (2C), 134.7, 148.0, 159.5; EI-M& 266 (M+1,

207 (14), 206 (27), 179 (29), 152 (36), 151 (1®O 1100), 125
(10), 123 (25), 104 (20), 102 (11), 91 (93), 65)(22

55
1-(4-bromobenzyl)-4-(4-chlorophenyl)-H-1,2,3-triazole  (3i):
White solid; m.p. 146-150°C (hexane/AcOEY); IR {{m1487,

6%), 265 (M, 35%), 237 (21), 236 (100), 222 (17), 210 (109 20
(20), 206 (19), 194 (10), 193 (10), 179 (16), 16@)( 146 (82),
119 (29), 91 (63), 89 (15), 76 (13), 65 (24).

15 1-benzyl-4-n-tolyl)-1H-1,2,3-triazole (3n):>2 White solid; m.p.
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145-146°C (hexane/AcOEt); IR (¢fx 3031, 1454, 1220'H CDCly): ¢ 13.9, 14.0, 22.3 (2C), 33.3, 35.3, 35.5, 51.9, 1.25.
NMR (300 MHz, CDC)): § 2.38 (s, 3H), 5.58 (s, 2H), 7.12 (d,e 126.5 (2C), 127.0, 127.5 (2C), 128.0, 128.4 (2C), 432C),
3J(H,H)=7.6 Hz, 1H), 7.25-7.45 (m, 6H), 7.588d(H,H)=7.6 Hz, 129.1 (2C), 129.9 (2C), 133.6, 135.5, 142.4, 1444,5; EI-MS
1H), 7.65-7.7 (m, 2H)}*C NMR (75 MHz, CDC)): 6 21.4, 54.2, m/z 423 (M', 0%), 361 (16), 360 (69), 359 (24), 328 (13), 283
5119.4, 122.8, 126.3, 128.0 (2C), 128.7, 128.8, 1289.1 (2C), (18), 282 (20), 281 (72), 209 (13), 208 (18), 200Q); Elemental
130.3, 134.7, 138.5, 148.3; EI-M8z 249 (M, 25%), 221 (13), analysis calcd. for £HsaNs: C = 82.23; H = 7.85; N = 9.92;
220 (58), 206 (10), 179 (12), 131 (11), 130 (1a@4 (13), 103 s found: C = 82.26; H =7.75; N = 9.89.
(14), 91 (70), 77 (14), 65 (14).
1-(3-bromobenzyl)-4,5-diphenyl-H-1,2,3-triazole (8c): White
10 1-(3-bromobenzyl)-4-(n-tolyl)-1H-1,2,3-triazole (30):® White solid; m.p. 70-73°C (hexane/AcOEt); IR (chh 3054, 1572,
solid; m.p. 90-93°C (hexane/AcOEt); IR (ch 3036, 1429, 1241;'H NMR (300 MHz, CDCJ): ¢ 5.37 (s, 2H), 6.97 (d,
1223, 1084*H NMR (300 MHz, CDC)): 6 2.35 (s, 3H), 5.48 (s, 70 3J(H,H)=7.7 Hz, 1H), 7.1-7.15 (m, 4H), 7.2-7.3 (m,)3M.35-7.6
2H), 7.1-7.3 (m, 4H), 7.4-7.45 (m, 2H), 7.57 {#H,H)=7.8 Hz,  (m, 6H);*3C NMR (75 MHz, CDCJ): § 51.4, 122.7, 126.2, 126.6
1H), 7.65 (s, 1H), 7.7 (s, 1H}*C NMR (75 MHz, CDC)): § (2C), 127.6 (2C), 127.8, 128.4 (2C), 129.3 (2C), 12930.0
1521.3, 53.2, 119.5, 122.6, 122.9, 126.2, 126.4,68,2828.9, 130.1, (2C), 130.3, 130.7, 131.4, 133.8, 137.3, 144.6; B4z 391
130.5, 130.7, 131.7, 136.8, 138.4, 148.3; EI-M3 329 (M'+2, (M*+2, 6%), 389 (M, 6%), 193 (15), 192 (100), 165 (28), 8¢
11%), 327 (M, 12%), 300 (18), 298 (17), 220 (18), 207 (39), 174 (15); Elemental analysis calcd. fop,8:¢BrNs: C = 64.63; H =
(24), 169 (22), 131 (11), 130 (100), 103 814), B9)(89 (13). 4.13; N =10.77; found: C = 64.65; H =4.17; N =690.

20 1-(3-methylbenzyl)-4-(n-tolyl)-1H-1,2,3-triazole (3p): White 1-((2’-(azidomethyl)-[1,1’-biphenyl]-2-yl)-4-phenyt1H-1,2,3-
solid; m.p. 127-128°C (hexane/AcOEt); IR (¢n 3017, 1446, triazole (11): Colorless oil; IR (crit): 2092, 1242*H NMR (300
1220;*H NMR (300 MHz, CDC}): § 2.34 (s, 3H), 2.37 (s, 3H), 20 MHz, CDCkL): § 3.95-4.05 (m, 2H), 5.25-5.35 (m, 2H), 7.15-7.2
5,52 (s, 2H), 7.1-7.2 (m, 4H), 7.25-7.3 (m, 2H)57/.(d, (m, 1H), 7.2-7.3 (m, 3H), 7.35-7.5 (m, 8H), 7.7-Tm8, 2H);°C
3)(H,H)=7.8 Hz, 1H), 7.64 (s, 1H), 7.66 (s, 1HJC NMR (75 NMR (75 MHz, CDC}): § 51.7, 52.3, 119.7, 125.5 (2C), 128.0,

s MHz, CDCk): ¢ 21.3, 21.4, 54.2, 119.4, 122.7, 125.1, 126.3,128.4 (2C), 128.5, 128.6, 128.7 (2C), 128.9, 1296,9, 130.1,
128.6, 128.7, 128.8, 129.0, 129.5, 130.4, 134.68.4,3139.0,  132.9, 133.5, 139.1 (2C), 147.5; EI-M$z 194 (M'-172, 16%),
148.2; EI-MSm/z 264 (M'+1, 7%), 263 (M, 35%), 235 (14), s 193 (100), 192 (28), 166 (14), 165 (56), 164 (113 (10);
234 (62), 220 (41), 207 (18), 193 (18), 131 (1(BQ 1100), 118 Elemental analysis calcd. fonb£El1gNg: C = 72.11; H =4.95; N =
(15), 105 (62), 103 (22), 79 (10), 77 (25); HRMS (ES8VZz calcd 22.94; found: C =72.12; H = 4.98; N = 22.98.

30 f0r C17H17N3 2631422, fOUnd: 2631414

4-(4-methoxyphenyl)-1-((2'-((4-phenyl-H-1,2,3-triazol-1-
2-((4-phenyl-1H-1,2,3-triazol-1-yl)methyl)isoindoline-1,3- 9 yl)methyl)-[1,1'-biphenyl]-2-yl)methyl)- 1H-1,2,3-triazole
dione (3g): White solid; m.p. 186-188°C (hexane/AcOEY); IR (12): Pale yellow oil; IR (crif): 1245;'H NMR (300 MHz,
(cm™): 1715;*H NMR (300 MHz, CDC)): ¢ 6.26 (s, 2H), 7.25- CDCL): ¢ 3.83 (s, 3H), 5.1-5.25 (m, 2H), 5.3-5.35 (m, 2Blp-

35 7.4 (m, 3H), 7.75-7.85 (m, 4H), 7.9-7.95 (m, 2H}18B(s, 1H);  6.95 (m, 2H), 7.25-7.3 (m, 3H), 7.3-7.45 (m, 9HWY7 (s, 1H),
3C NMR (75 MHz, CDC)): 6 49.7, 120.5, 124.1 (2C), 125.8 7.6-7.65 (m, 2H), 7.7-7.75 (m, 2HYC NMR (75 MHz, CDC})):
(2C), 128.3, 128.8 (2C), 130.1, 131.4 (2C), 134.9 (2@B.4, e 0 51.8, 55.3, 60.3, 114.2 (2C), 114.5, 119.5, 12028.0, 125.6
166.5 (2C); EI-MSm/z 304 (M, 31%), 281 (11), 248 (10), 208 (2C), 126.9 (2C), 128.1, 128.6 (2C), 128.7 (2C), 128M.1,
(10), 207 (40), 161 (11), 160 (100), 133 (15), 138), 104 (16), 129.9, 130.0, 130.1, 130.3, 133.3 (2C), 138.6 (2@7.4 (2C),

a0 77 (15), 76 (14); Elemental analysis calcd. fqeHG.N,O,: C = 159.6; EI-MSm/z 499 (M'+1, 5%), 498 (M, 14%), 339 (11),
67.10; H = 3.97: N = 18.41; found: C = 67.11; H 96.N = 325 (15), 324 (13), 309 (11), 295 (16), 294 (1%)2 210), 283
18.42. w00 (14), 282 (62), 180 (27), 179 (100), 178 (61), {8B), 165 (36),

146 (16), 133 (12), 132 (11), 116 (19), 89 (10)erEéntal

1-benzyl-4,5-diphenyl-H-1,2,3-triazole (8a):23 White solid; analysis calcd. for GH,gNgO: C = 74.68; H = 5.26; N = 16.86;
4s m.p. 109-110°C (hexane/AcOEY); IR ('d)a 3058, 1449, 1246; found: C=74.69; H=5.28; N =16.87.

'H NMR (300 MHz, CDC)): § 5.41 (s, 2H), 7.0-7.05 (m, 2H),

7.1-7.15 (m, 2H), 7.2-7.3 (m, 6H), 7.4-7.5 (m, 3A%K5-7.6 (m, Acknowledgements

2H); 13C NMR (75 MHz, CDCJ): § 52.0, 126.7 (2C), 127.5 (2C),

127.7, 127.8, 128.1, 128.4 (2C), 128.7 (2C), 129(),(229.6,
5 130.1 (2C), 130.9, 133.9, 135.3, 144.5; EI-M#%& 311 (M,

17%), 193 (16), 192 (100), 165 (23), 91 (75), () (1

10s This work was supported by the current Spanish $tmio de
Economia y Competitividad (CTQ2011-24151) and Uniteis
Alicante. J.M.P. thanks to M.E.C. for a fellowshhrough the
FPI program. We gratefully acknowledge the polighof our

1-benzyl-4,5-bis(4-butylphenyl)-H-1,2,3-triazole (8b): Pale  =nglish by Mrs. Oriana C. Townley.

yellow oil; IR (cmi): 3030, 1455, 1245'H NMR (300 MHz,

s CDCl): 6 0.89 (t.2)(H,H)=7.3 Hz, 3H), 0.97 (fJ(H,H)=7.3 Hz, o Notes and references
3H), 1.25-1.45 (m, 4H), 1.50-1.7 (m, 4H), 2.55%XH,H)=7.6 2 |nstituto de Sintesis Organica (ISO), and Depagata de Quimica
Hz, 2H), 2.67 (t,3.](H,H):7.6 Hz, 2H), 5.39 (s, 2H), 7.0-7.1 (m, Organica, Facultad de Ciencias, Universidad de #die

6H), 7.2-7.25 (m, 5H), 7.45-7.5 (m 2H1)3C NMR (75 MHz Apdo. 99, E-03080-Alicant&pain. Fax: +35-965903549; Tel: +35-
' ' ' ' ' ' 965903548; E-mail: diramon@ua.es
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