-

View metadata, citation and similar papers at core.ac.uk brought to you byji CORE

provided by Archivio della Ricerca - Universita di Pisa

Aminopropyl-silica supported Cu nanoparticles: an efficient catalyst for

continuous-flow Huisgen azide-alkyne cycloaddition (CUAAC)

Ravindra P. Jumd&Claudio Evangelist;” Alessandro Mandofi? Nicola Scotti® and Rinaldo
Psarg”

2CNR, Institute of Molecular Science and Technologies (ISTM), Via G. Fantoli 16/15, 20138 Milan,
Italy; PDepartment of Chemistry and Industrial Chemistry, University of Pisa, Via G. Moruzz 3,

56124 Pisa, Italy,

Abstract

Cu nanopatrticles prepared by metal vapor syntligBisS) were immobilized on 3-aminopropyl
functionalized silica at room temperature. HRTEMlgais of the catalyst showed that the copper
nanoparticles are present with mean diametersddnmit the range 1.0 — 4.5 nm. TPR analysis were
performed in order to study the oxidation statéhefsupported copper nanoparticles. The
supported catalyst was used both in batch angacked-bed reactor for continuous-flow CuUAAC
reaction. The activation of the copper catalystdguction using phenyl hydrazine in continuous
flow conditions was demonstrated. Along with thghhcatalytic activity (productivity up to 1689
mol/mol), the catalyst can be used several timéls megligible Cu leaching in the product (< 9
ppm), less than allowed Cu contaminant in pharmazads. The applicability of packed-bed flow
reactor was showed by sequentially converting difiesubstrates in their corresponding products

using same column.
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1. Introduction

The regioselective Cu(l) catalyzed 1,3-dipolar ezakyne cycloaddition leading to 1,4-
disubstituted-1,2,3-triazoles (CUAAC) was indepertlyentroduced by the groups of Meldal and
Sharpless.[1-3] Since then, the broad applicabiise reliability and high efficiency of this
reaction stimulated an increasing interest for @ewange of synthetic applications, from drug
discovery to material science and chemical biol@dg¥2] Different copper sources have been
described for the CUAAC, including simple halidésand coordination complexes in
homogeneous or heterogeneous form.[1322Jm the last decade nanostructured Cu systems are
being explored in both homogeneous and heterogserfeom in CUAAC reactions.[13,14,23-30]
The combination of supported Cu-based catalystdlandreactor technologies represent a step
forward in terms of reliability, time, safety, andsts over traditional batch reaction conditions.
Recently, considerable efforts in this directiondndeen devoted to the preparation of innovative
Cu-based catalysts by using different strategigeetéorm CuAAC in flow.[31-38However, the
development of highly recyclable heterogeneousesystwith a copper contamination content into
the final product at the acceptable levels, stithains a challenge.[35]

Here we report the preparation of Cu nanopartisiggorted on 3-aminopropyl
functionalized silica (APSig) by metal vapor synthesis (MVS) technique andrthge as catalyst
both in batch and in continuous-flow Huisgen azatleme cycloaddition (CUAAC). Supported Cu
catalyst showed remarkable activity and stabilitgontinuous-flow CuAAC with a very low Cu
leaching in the product. In addition, the activatand re-generation of the catalyst by flowing
phenyl hydrazine as a reducing agent for coppes,deanonstrated. In order to better understand
the morphology and the active phase of the supgpadpper nanoparticles, high resolution electron
microscopy and temperature programmed reductioR] Hpalysis, both in the pristine state and

after use in catalysis, were performed.

2. Experimental



2.1. General

All the reactions involving sensitive compounds &vearried out under dry argon by using
conventional Schlenk technique. All anhydrous solsevere either purchased in Sure/Séal
bottles or dried by standard procedure. Cu she8siizn, 99.999 % trace metals basis, were
purchased from Strem Chemicals. Acetone (Aldriaddpct) was dried over molecular sieves and
stored under dry argon. 3-Aminopropyl functionadizglica gel (40 — 63am, extent of labelling: ~1
mmol/g NH was purchased from Silicycle. If not noted otheryithe other compounds were used
as received. TLC analyses were carried out withHdeey-Nagel ALOX-25 UV254 plates (0.25
mm) and chromatography purifications with Merck 93ish grade silica-gel (230-400 mesh).
Unless noted otherwis& and**C NMR spectra were recorded as CP€dlutions on a Varian
INOVA-600 spectrometer operating at 600 MHz and W84z for *H and*C, respectively.
Chemical shifts are reported in ppm relative to T#F) or to the solvent'{C, CDCk at 77.16
ppm). Data are summarized as follows: chemicat,amifiltiplicity (s = singlet, d = doublet, t =
triplet, g = quartet, m = multiplet, dd = doublétdmublets, ddd = doublet of doublet of doublets, d
= doublet of triplets, td = triplet of doublets amd= broad), coupling constants, and integration.
Electrospray mass analyses were carried out ipdkgive [MS(ESI+)] or negative [MS(ESI-)] ion
mode on methanolic solutions, with a Perkin-Elmeie$ Api 3000 spectrometer. Inductively
Coupled Plasma-Optical Emission Spectrometer (IGSQCAP 6200 Duo upgrade,
Thermofisher). For ICP-OES, a sample (1 mL) of sotuwas heated over a heating plate in a
porcelain crucible in the presence of aqua regial(? for four times, dissolving the solid residue i
0.5 M aqueous HCI. The limit of detection (lod)adated for copper was 0.01 ppm. Electron
micrographs were obtained with a Zeiss LIBRA 200&dyipped with: 200 kV FEG, in column
second-generation omega filter for energy seledpextroscopy (EELS) and imaging (ESI),
HAADF STEM facility, EDS probe for chemical analysintegrated tomographic HW and SW.
Before introduction in the instrument, the samplese ultrasonically dispersed in isopropyl

alcohol and a drop of the suspension was depasitedholey carbon gold grid (300 mesh). The



histograms of the metal particle size distribufionthe Cu samples were obtained by counting at
least 500 particles onto the micrographs. The npeaticle diameter (g) was calculated by using
the formula & = > dini/> ni, where nis the number of particles with diametertemperature
Programmed Reductions (TPR) profiles were recovdéda modified version of the Micromeritics
Pulse Chemisorb 2700 apparatus. The catalysts ¢j@vere diluted with quartz, pre-treated under

Ar at 150 °C and reduced at 8 °C/min with a 8%Ad mixture at 15 mL/min.

2.2. Preparation of Cu nanoparticles supported on 3-aminopropyl-silica (CW/APS O,)

The synthesis of Cu/acetone solvated metal atoiM#&)Svas carried out in a static MVS reactor,
similar to those previously described.[39,40] ltygical experiment, copper vapors, generated by
resistive heating of an tungsten-alumina cruciblled with ca. 500 mg of copper shots, were co-
condensed at liquid nitrogen temperature with aee{@00 mL) in the glass reactor chamber of the
MVS apparatus in ca. 2 hours (P = 5 X*10Bar). The reactor chamber was warmed to the ngglti
point of the solid matrix (ca.-80 °C) and the réisgl brown solution was siphoned at low
temperature in a Schlenk tube and kept in a refitge at -40 °C. The content of the copper in
SMA was 0.4 mg / mL, as determined ICP-OES analysortion of 50 mL (20 mg of Cu) was
added to a suspension of 3-aminopropyl functioedliilica support (2 g, previously degased for
three times at 25°C and kept under dry argon athers)in acetone (20 mL). The mixture was
stirred for 12 h at room temperature. The cologriEsution was removed and the light-brown
solid, containing 1 wt. % of Cu, was washed 3 tinvéh n-pentane (20 mL) and dried under
reduced pressure. The same procedure was usegpar @ Cu/APSi@system containing 0.55
wt.% of Cu. The catalysts were stored under drpmai@mosphere by using standard Schlenk

techniques.

2.3. CUAAC reaction in batch conditions: general procedure



A 25-mL Schlenk tube fitted with a glass frit andgcock side arm, was charged under
argon with Cu/APSI®(65 mg, 1 wt.% of Cu, 0.01 mmol, 0.02 equiv.), aingd THF (2 mL),
followed by benzyl azide (62.5uL, 0.5 mmol, 1 equand phenyl acetylene (65.9 pL, 0.6
mmol, 1.2 equiv.). The flask was closed under am@ueh kept stirring at 25°C, for the time t
(Table 1). Then the mixture was filtered througé émclosed frit, collecting the filtrate and
catalyst rinses with THF (2 x 2 mL). For the regatien, the catalyst was treated with the
solution of PANHNH (34 pL, 0.35 mmol) in THF (5 mL) for 15 h at rodemperature.

Then catalyst was washed with THF (2 x 5 mL), dueder argon flow and used in next run.

2.4. Control experiments for catalytic activity in solution.

Each of two 25 mL Schlenk tubes (A and B) fittedhaa medium porosity glass frit and stopcock
side arm, was charged under argon with Cu/ARE6 mg, 1 wt.% of Cu, 0.01 mmol, 0.02
equiv.). The catalyst in Schlenk-A was pre-actidatgth PAnNHNR (9.8 pL, 0.1 mmol), washed
with THF, and dried as above, while the catalyssamlenk-B was used in its pristine form. Each
tube was charged with THF (2 mL), benzyl azide (@rBol, 1 equiv.) and phenyl acetylene (0.6
mmol, 1.2 equiv.), sealed under argon and keptragiat 25°C, for 2 h. Then the mixtures were
filtered through the enclosed frit under argon iatmther Schlenk tube. NMR analysis of small
amount of mixture from Schlenk-A and Schlenk-Bhas$ stage showed 50 and 35 % conversion,
respectively. Keeping reaction mixture at 25°C uratgon for additional 4 h showed only slight

increase in conversion of benzyl azide to 1,2 &ztl product (See Figure 2S).

2.5 Preparation of Cu/APS O, packed-bed reactor

Packed—bed reactor was prepared in a commerciailale PTFE tubing with Luer-lock
fitting (Figure. 1S, 161 x 1 mm i.d.). As shownFig. 1, glass wool and a piece of smaller
PTFE tube (0.d. 1/16”) were used as a frit at thenig end devoid of the Luer-lock fitting.

Catalyst was packed by sucking Cu/APSif@m Schlenk tube with the help of vacuum. In



order to keep the catalyst bed in place, glass wodla short piece of 1/16” o.d. PTFE

tubing was also placed at the other end of thetoeac

2.6 CUAAC reaction under continuous-flow conditions. general procedure

The Luer-lock PTFE tubing packed with Cu/APS{@90 mg Cu/APSIiQ 1 wt.% or 230 mg
0.55 wt% Cu loading, respectively) was connected 5omL SGE Gas-Tight syringe and
flushed with dry THF for 30 min at 5¢L-min flow rate. The CUAAC reaction was then
carried out at 25°C, by flushing the solution dgents (benzyl azidd), 3.75 mmol, 1
equiv.; phenyl acetylen@), 4.5 mmol, 1.2 equiv.; solvent = THF, 15 mL) thgh the
reactor at 5QL- mint flow rate. For regeneration, the reactor was faswith PhNHNH
(103pL, 1.05 mmol) in THF (5 mL) at 50L-min? flow rate. For the runs carried out in
presence of reducing agent, PnNHNBO uL, 0.30 mmol) was used in the feed mixture. The
catalyst was washed with anhydrous THF (2 x 5 nfiteraach run as well as after
regeneration. The copper content in the crude mtostas determined at this stage, by ICP-
OES analysis of the combined eluates from eachRonpurification purposes, the reaction
mixture was treated with water (20 mL) and extrdatéth CHCl> (2 x 15 mL). The
combined organic layers were dried ovepB{&, the volatiles were removed with a rotary
evaporator and the residue was purified by flagbrolatography (Sie) n-hexane:AcOEt =

3:1).

3. Resultsand Discussion

3.1 Preparation and characterization of Cu nanoparticles supported on 3-aminopropyl

functionalized silica (Cu/APS Oy)

Cu nanoparticles were prepared by MVS techniquegt}land supported on APSiCsee 2.2). The
MVS approach allowed to deposit very small coperaparticles (< 5 nm) at room temperature

directly in its reduced form, so that, calcinataond activation processes, which can eventually



modify the structure of hybrid organic/inorganigport, was avoided. The choice of amino-
functionalized silica was dictated by the abilifypoimary alkyl amines to stabilize Cu
nanoparticles,[43] and the strong tendency of arfunctionalized silica to bind copper
species.[44-48]

Transmission electron microscopy (TEM) analysis paidormed in order to study the
metal particle size distribution of the Cu/APSK&amples. Copper nanoparticles turned out to be
highly dispersed on the functionalized silica suppad mainly present in a narrow size
distribution (ranging 1.0 - 4.5 nm), with an avexafilameter close to 2.5 nm (Figure 1). A very low

amount of larger particles ranging from 10-15 nndimmeter, were also detected.

[Figure 1, near here]

In order to investigate the crystalline phase aftstg Cu (0) nanoparticles obtained by
MVS approach, high resolution TEM analysis werdgrened on the Cu/APSig{atalyst (Figure
2).[49] Lattice planes extend to the whole partiglthout any stacking faults or twins, indicating
their single crystalline nature. Lattice fringe Bs& recorded on larger Cu particles (> 10 nm,
Figure 2A) exhibited spots in the FFT pattern 4t that are ascribed to the spacing of (1 1 1)
planes of the face centered cubic (fcc) struct@iraetallic Cu.[50] Besides, the FFT pattern of
smaller Cu nanoparticles (< 5 nm) showed spotssaf2vhich can be attributed to the (002) lattice
spacing of Cu(ll) oxide (Figure 2B).[51] Moreovéigh resolution micrographs revealed an
amorphous phase bonded to the surface of the Gialparthat can be due to the presence of the
residual APSiQ@support. The data showed that the starting smah@oparticles prepared in their

reduced form are readily oxidised after expositioair.

[Figure 2,near here]



Temperature Programmed Reduction (TPR) was caoued order to get detailed information
about the nature, oxidation state and reducibalitgupported Cu catalyst.[52] The

analysis consists in a reductive treatment of #talgst under controlled temperature program and
hydrogen concentration conditions. The reducibibtyhe supported phase strongly

depends on the particles dimension, the metal tgiatate and the interaction with the matrix
used as the support. The TPR of the Cu/ARSHyure 3a) shows a narrow peak with a maximum
at 260 °C, that further confirms the presence oy waiform and small particles that easy reduce
under H flow. The reduction temperature is in agreemeth wie presence of a Cu(ll) oxide, as

detected by HRTEM.[52]

[Figure 3, near here]

3.2 Catalytic behaviour of CW/APSO- catalyst.
In order to evaluate the catalytic efficiency of supported Cu-nanoparticles, the Cu/ARSIO

system was first employed under batch reactionitiond (Table 1).

[Table 1, near here]

We were pleased to find that full conversioridb the 1,2,3-triazole produstwas
achieved in 6 h by using 2 mol. % of Cu catalysbaim temperature. Remarkably, the reaction
proceeded in the absence of any basic additivgestigg that the primary amine groups on the
support could play a duel role, as a stabilize€oiparticles and as a heterogeneous base. The
recovered catalyst could be reused in next 3-rengiés 1-4, Table 1), albeit at the expense of a
steady decrease of the specific activBj). The ICP-OES analysis showed a very low amount of
Cu species leached in the reaction mixture aftein eatalytic run (< 0.05 wt.% of the total
available Cu content, corresponding to 0.39 ppsoiation, entries 1-4, Table 1). Given the

negligible metal leaching, oxidation of the Cu et to less active Cu(ll) oxide, as also evideince



by HRTEM and TPR analysis, was therefore considasetthe most likely explanation of the loss of
catalytic activity on recycling.[53]

In order to test this hypothesis, the effect oftleatment of the Cu/APSigatalyst with phenyl
hydrazine (PhNHNE) was evaluated. The use of this reducing agerddimctively obtaining Cu(l)
species has been reported in different reactioh®$ Interestingly, th&A of the PhNHNH-

treated system was almost doubled with respetigmon-activated catalyst (entry 5 vs. entry 1).
TPR analysis of the PhNHNHreated system (Figure 3b) exhibited a shift eftéduction peak at
higher temperature (500 °C) and a shoulder at &d@0 °C. This change in the TPR profile
confirms that a new copper phase appears aftéraagment with phenyl hydrazine, which can be
attributed to formation of GO phase.[56] Recycling this catalyst showed sindkareasing trend
of activity as that of first set of reaction; ndmeless pre-activation allowed a more effectiveafse
supported catalyst, as higHek values were noticed (entries 5-7 vs. entries T-A¢se results
agree with the previously reported evidences omdleeof Cu(l) as catalytically active species in
CUuAAC reaction. Indeed, as demonstrated by thexaedind experimental studies, the reaction
mechanism involves the initial formation of Cu(bedylide species followed by the azide
attack.[41,57-68] On the other hand, the ICP-@&t showed comparatively larger amounts of
copper species released in the reaction mixtureruhese conditions. From the above results it
was clear that PnNHNHSs able to reduce the oxidized surface layer ppeo particles and keep it
in the active state, but at the same time it fat@igome extent the release of the metal in the
reaction mixture.[69] In order to establish theunatof the catalytic systems we monitored two test
reactions performed in batch conditions with thé ARSIO, system untreated and pre-treated with
phenyl hydrazine, respectively (Figure 2S). Aftenducting the reaction of phenylacetylene and
benzyl azide for 2 h, 1,2,3-triazole was produced yield of 35 % (untreated Cu/APS)@nd 50

% (pre-activated Cu/APSHK) respectively. After that the catalysts were reatbfrom the reaction
vessels and the reaction were stirred for furthlerad 25°C in absence of the catalysts a further

conversion of less than 5% was observed. The sepaiht out the significant heterogeneous



contribution of the copper-based catalyst configrtimat the click reaction can occur at the surface
of the supported copper particle, as recently tepof70]

The catalytic behavior of MVS-derived Cu catalystsweompared with that of previously
reported Cul immobilized on APS}QCul/APSIQ).[71] For this purpose Cul/APSi@atalyst was
prepared following the reported procedure.[70] Dtesps easy preparation and hi§hA (entry 8),
freshly prepared Cul/APSiQurned out to suffer from a nearly one order ogmtude larger metal
leaching (16% of total Cu content) than the MVSabat. Not surprisingly this led to a significant
drop of catalytic activity upon recycling Cul/APSIntry 9) and the inability to recover the initial
performance by treatment with PhNHMéntry 10).

With these promising results in hand we set o@vi@muate the performance of this system
under continuous flow conditions. The flow expenntsewere carried out using a home-made
reactor packed with Cu/APSi(@72] Given the findings in the batch runs, theabatt was subjected
to pre-activation in flow, by flushing the reacteith PnANHNH in THF. After brief initial
optimization of flow rate, 3.75 mmol dfwas quantitatively converted in 5 h into the cep@nding

1,2,3-triazole produ@ at 50 pL mint (Table 2, entry 1).

[Table 2, near here]

The same flow reactor was employed next in twotadil runs, without any intermediate
regeneration of the catalyst (entries 2-3). Eveudin therecordedSA values were higher than
obtained in batch (Table 2, entries 1-3 vs. Tablentries 5-7), a steady reduction of the convarsio
was noted in the course of the successive cyckssdhing that the activity decrease could be due
to the partial oxidation of the catalyst by adveotis oxygen, TPR analysis was performed on a
sample of Cu/APSi®pre-reduced with PhnNHNHand then exposed to air (Figure 3c).
Interestingly, the reduction profile of the air-@gged sample showed a relatively small peak with a
maximum at around 250 °C, which can be traced batke formation of the CuO phase. At the

same time, the broad peak with shoulder at higtraperature, related to € nanoparticles, was
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still present, thus showing that only partial redation of the metal occurs when the
phenylhydrazine-treated catalyst is handled innaihe dry state. Moreover, comparatively lower
copper leaching was observed in continuous-flovs tian in batch. This could be explained by the
reduced mechanical stress on the catalyst witreptdp the stirred-flask conditions where, indeed,
some grinding of silica particles by magnetic sigrwas noticed. Furthermore, the catalytic
activity was increased significantly if the flowaetor was regenerated before next use by flushing
with PhANHNR (1.05 mmol, 0.21 M in THF) (entry 4) and restooeanpletely when the reducing
agent (0.3 mmol, 0.02 M) was included in the reacteed (entry 5). With this latter modification
the catalyst provided rather const&Atvalues in subsequent runs (entries 6 and 7) alit,

already noticed in batch, at the expense of a soanease in the copper leaching (entries 4-7 vs. 1-
3).

Overall the packed-bed reactor could be used effdgtfor seven times (entries 1-7), thus
obtaining higher total productivity of cataly§t(= 727)[73] than in batchHPg = 200 and 150 for the
two sets of reactions, Table 1 entries 1-4 andrg@spectively). The amount of copper present in the
combined products from all the flow reactions (58n) was much less than reported for other
supported Cu-systems.[31-38] Nonetheless, the iiegdbvel in these initial experiments was still
above the generally accepted Cu contamination amrpaceuticals (15 mg K3 [35] In order to
solve this problem we speculated that loweringameunt of Cu on APSig&could increase the
stability of supported nanoparticles, due to thailability of comparatively more amino groups on
the silica surface. Moreover, decreasing the redpagent to the minimum amount required for
keeping the catalyst in the active form could helpmit the metal dissolution.

To investigate the assumptions made above, a nh bacatalyst with lower Cu loading
(0.55 wt.%) was prepared and second set of floveexents were carried out (Figure 4). Despite
the comparatively lower amount of Cu immobilizedhe device, the reactor was still able to
quantitatively convert to the 1,2,3-triazole produ8tat 50 pL mint flow-rate (run 1, Figure 2).

After the initial activation, a minute amount of NdHHNH: in the feed (0.10 mmol, 0.007 M) was

11



able to keep the catalyst active for the next fines. Afterwards a clear decrease in activity was
noticed from Run 6 to 8. Regeneration at this staitfe PhANHNH in THF permitted restoring the
activity of catalyst to a large extent (Runs 9 a0y while almost the initial conversion could be
attained by decreasing the flow-rate to 25 pL/nmd adding a larger amount of reducing agent
(0.05 M) to the feed (Runs 11 and 12). Compariddheresults of Figure 4 with those obtained in
the initial set of flow experiments (Table 1, eesril1-17) confirmed the anticipated advantages of
using Cu/APSIQ (0.55 wt.%) instead of Cu/APSi@1.0 wt.%). Indeed, with proper modification
of the reaction conditions the former could be useny effectively for 12 times and provided
notably higher and stabfA values than the latter. As a consequence, thegoaductivity

obtained with Cu/APSIi€X0.55 wt.%) in flow Pn = 1689) was more than two times larger of that
achieved with Cu/APSIi§)(1.0 wt.%) under comparable conditions (vide supfd] Most

importantly, ICP-OES data for all the flow reacsoshowed now very low copper leaching in the
reaction mixture (8.1 ppm)[75], which is below theximum allowed limit for pharmaceuticals
and demonstrates the unique features of the naististed MVS system described in this work with

respect to bulk copper catalysts and devices repaot date.[31,34-37]

[Figure4, near here]

In order to further demonstrate the applicabilitypor packed-bed flow reactor, the substrate
scope was briefly examined (Table 3). A new decmeataining Cu/APSI®(0.55 wt. %) was
prepared and employed to sequentially promote mimoo the CuAAC reaction of different
substituted azided&-d) with phenylacetylene. Functional groups on thdepartner seems not to
have a decisive effect on the catalytic activig/banzyl azides with substituentsvata andpara
position reacted to give the corresponding 1,4&&tle product8a-d in essentially quantitative
yields. Remarkably, the same packed-bed reactouses for running CUAAC reaction of the four

different substrates, by intermediate washing tdlgat bed with THF and treatment with

12



PhNHNH.

[Table 3, near here]

Conclusions

New 3-aminopropylsilica supported copper catalizstge been developed, which showed
remarkable activity and recyclability in continueflmy CuAAC. With respect to other

immobilized Cu catalysts reported to date, inclgdianostructured ong85,36,76-81] these novel
systems displayed improved performances espedmallyhat it concerns the low metal leaching
and extended re-use under optimized conditionsudbty, these unique properties can be traced
back to the use of MVS-derived Cu nanoparticlestargossibility to prepare, by this technique,
supported metal catalyst containing particles elttw nanometer range and without contamination
by foreign substances. Moreover, the results cowdd that the 3-aminopropylsilica support is able
to stabilize Cu particles without compromising tagalytic activity. As a matter of facts, the flow-
reactions positively compete with the batch onass effording larger quantity of product (i.e.
greaterP, of catalyst) and simplified separation procedu@seful tailoring of reaction conditions
and Cu loading on APSiallowed exploiting the supported catalyst moredtff/ely and for

longer time and also to diminish the metal leachmthe reaction medium. In this context the
feasibility of extending the catalyst’ life-time logduction in continuo of phenylhydrazine was also
demonstrated for the first time. The versatilitytioé flow-system was also proven by sequentially

converting different substrates to 1,2,3-triazaledpicts with the same column.
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Figure 1. Transmission electron microscopy (TEM) image &kahly prepared Cu/APS{O
sample.
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Figure 2. HRTEM micrograph of Cu nanoparticles and invel®&d pattern taken from A and B
squared areas, respectively.
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Figure 3. TPR profiles of Cu/AP-Si@ freshly prepared (blue line), reduced with phaggrazine
(red line) and air-exposed after the reductiondgre).
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Figure 4. Continuous-flow click reaction between phenyl acetylene and beazigle using
Cu/APSIQ (0.55 wt.%).
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Reaction conditions for each run: Cu/APSIQ 0.55 wt.% (230 mg, 0.02 mmol of Cu), benzylazide
(3.75 mmol), phenylacetylene (4.5 mmol), THF (15)pRhNHNHR: (9.8 uL, 0.1 mmol), flow-rate

= 50uL/min, T = 25°C. aPre-activated with PANHNH69 uL, 0.7 mmol in 5 mL THF); b25
uL/min flow-rate, pre-activated and reaction rurpmesence of PhANHNH69 uL, 0.7 mmol) added
to the feed.
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Table 1. CUAAC reaction in batch reaction conditions ust\gAPSIQ catalyst
Table2. CUAAC reaction in continuous-flow reaction conaiits using Cu/APSig@catalyst
Table 3. Substrate scope in continuous-flow CUAAC reactisimg Cu/APSIiQ catalyst
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Table 1.

Entry | Catalyg | Time[h] | Conversion [%]® | Specific Activity (SA) [h]® | Leaching[%]M
Cu/APSIO 2 38 9.5
Lo towtw 6 100 0.005
Re-cycled 2 21 5.25 -
2 fromrun 1 6 100 < limit
Re-cycled 2 9 2.25
3 from run 2 24 99 0.05
4 | Reoyeled| 54 79 1 0.06
5 Cu/APSIQ 2 70 175 19
1.0 wt.% 4 100 '
6 Re-cycled 2 50 12.5 15
fromrun 5 6 100 '
2 15 3.75
" | fomnns | 30 13
12 100
8 Cul/APSIG 2 71 17.7 16
1.0 wt.% 6 93
Re-cycled 2 22 5.5
9 from run 8 6 76 14
Re-cycled 2 29 7.3
dl
10 from run 9 6 66 5

Reaction conditions: Cu/APS}QL.0 wt. % (65 mg, 0.01 mmol of Cu) benzyl azide5(@hmol, 1 equiv.), phenyl
acetylene (0.6 mmol, 1.2 equiv.), THF (2 mL), T5°@. [a]determined byH NMR; [b] Calculated as moles of benzyl
azide converted/moles of Cu per hour (calculatdadr & h); [c] determined by ICP-OES, on the bagishe total
available copper; [d] catalyst pre-activated ustgNHNH: (34 pL, 0.35 mmol) in THF (5 mL).
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Table 2.

Entry | Conversion [%]® | Specific Activity (SA) [h™]® | Leaching[%]9
11d 99 24.7 <0.01
2 73 18.3 0.2
3 50 12.5 0.3
4 85 21.2 2.7
5lel 100 25.0 1.2
6l 94 23.5 5.2
7tel 79 19.7 4.8

Reaction conditions: Cu/APS} .0 wt.% (190 mg, 0.03 mmol of Cu), benzyl azi@e/% mmol, 1 equiv.), phenyl
acetylene (4.5 mmol, 1.2 equiv.), THF (15 mL), floate = 50uL/min, T = 25°C, t = 5 h. [a] determined Byl NMR;
[b] Calculated as moles of benzyl azide convertet#sof Cu per hour (calculated after 2 h); [c]edatined by ICP-
OES, on the basis of the total available coppédrcdtialyst pre-activated using PANHMH.03uL, 1.05 mmol) in THF
(5 mL); [e] PhANHNR (30 uL, 0.30 mmol) was added to the reaction feed.
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Table 3.

Substrate 1

Substrate 2

Product

Conversion [%]®@

©/\N3
o
O,N

N3
3
N3

AT

=

©/\'¥ N 99

N:N

MeO ~N

/©/\’\\'il\\ %

O,N ~N

0

oo -
N\

Reaction conditions: Cu/APSH00.55 wt.% (223 mg, 0.019 mmol of Cu), benzyl azi®.5 mmol, 1 equiv.), phenyl
acetylene (3.0 mmol, 1.2 equiv.), THF (10 mL), PH#\H> (9 uL, 0.095 mmol), flow-rate = 5QL/min, T = 25°C.
Before each run the catalyst was activated with NN, (66 uL, 0.67 mmol in 5 mL THF). [a] Calculated Bid

NMR.
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