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The first study of a copper(l)-catalyzed azigakyne click
reaction in ionic liquids (ILs) is reported. The cycloaddition
of a sugar azide with a sugar acetylene (CuRREtN,

80 °C) was carried out in 10 ILs as well as in standard
molecular solvents (toluene and DMF) to give the 1,4-
disubstituted triazole-linkedC-disaccharide. The highest

yields (84 and 95%) were registered in Ammoeng 110 and

[Csdabco][N(CN}]. The latter solvent was recycled in four

subsequent reactions without loss of the reaction efficiency.

Reactions carried out in the absence of thanigls base

afforded mixtures of 1,4- and 1,5-disubstituted triazole

regioisomers.

Since Sharpless and co-workers’ seminal repantsthe so-

been amply documented that this highly regioselective triazole
annulation served as a powerful ligation tool of the most
disparate molecular fragments, thus leading to the metaphoric
view of the triazole ring as a robust keystone in complex
molecular architectureésThe wide scope of CUAAC is firmly
demonstrated by the use in different areas of life and material
sciences. DNA labelingand oligonucleotide synthesisas-
sembly of glycoclustePsand glycodendrimer¥, preparation of
stationary phases for HPLC colurkhdevelopment of micro-
contact printingt?2 new polymer synthesisS, conjugation of
molecular cargos to the headgroup of phospholiptdand
construction of bolaamphiphilic structutésare just a few
examples. While a lot of efforts have been made on the search
of improved copper-based catalysts, the issue regarding the green
aspect of the method has not so far been addressed. While it is
well-known that the CuUAAC can be carried out in water as a
green solvent, the lack of solubility of the reactants can create
a serious obstacle to the use of this reaction medium. The use
of ionic liquids (ILs)*8 is another way to meet the principles of
green chemistry. In addition to this fundamental aspect which
is however occasionally questionEdecent studies have shown
substantial effects on reactions carried out in*flyghile most
reactions proceed as in ordinary organic liquids. Innovations
on the use of chiral ILs in asymmetric synthesis have been
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SCHEME 1 TABLE 1. Effect of the Solvent in the Cu-Promoted Cycloaddition
B0 OBn Ns Cul (0.5 eq.) cs)i:ﬁe%]g i)on a 0.1 mmol Scale to Give th€-Disaccharide 3 (see
W BnO O i-ProEN (5 eq.)
BnO = + BnO » entry solvent yield (%)
BnO BnO Gcp, Solvent (see Table 1) cation anion
1 2 80°C, 16 h
(1.1eq.) 1 toluene 96
BnO OBn NN 2 DMF 70
o} \
BHOW/N /—/<O_>)‘OH
o an%ﬁ‘ 3 e:N\(+) " clt) 84°
Et” Bt
3 B0 bk, ab
reportedt® ILs can be excellent solvents for metal-catalyzed ~\
reactions because they are able to dissolve metal salts and 4 ,NVN AV BF, () 68
stabilize the formation of metal nanoparticles, nanorods, and 5
so on?® The economical aspect regarding the use of these
solvents is still a pending problem due to their high cost. This, 5 " N (CN), ) 50
however, is partly compensated by their potential recycling. New 6
techniques based on IL-supported spediesay contribute to
relieve this serious drawback. Also in respect to this broader g " TiN () 71
outlook, it is quite surprising that studies have not so far been 7
reported on the CUAAC reaction carried out in A2 herefore, ~\
we were spurred to address this issue and considered a model /N@N ON ae, () 61
CUAAC reaction in a field of our direct interest such as the VN ¢
assembly of triazole-linked oligosacchari¢fesnd glycoconju- 8
gates’?* Toward this end, we have selected the hitherto a\\
unreported coupling of perbenzylated ethy@balactosidé® /N\/N\/\ k _
1 with methyl 6-azidoglucopyranosiéfe2 to give the triazole- 8 \ NENneO 59
linked disaccharid&® (Scheme 1). Carbohydrates are densely 9
functionalized compounds and therefore are perfect test vehicles +)
to probe the fidelity of the click reaction in ILs. Moreover, NN B () 62
performing a click reaction in ILs appeared to us a non-trivial ﬁN
task, the main inconvenience that might occur being the 10
sequestering of the copper catalyst by complexation with the +)
solvent. Three types of ILs were considered by cation variation 4 N Br () 76
(i.e., the ammonium derivativé, the bmim-based derivatives ZNJ
5-9, and theN-alkyl dabco-cation-based derivativé§—13). 1
Structural diversity was also introduced by the anion change. )
Crucial to the use of the selected ILs was the ability to dissolve " " BF4 70
Cul and a low viscosity, thus enabling an efficient stirring of 12
the reaction mixture. - e
The cycloaddition ofl and 2 was first performed at room 12 " 13 N (CN)2 91(995)

temperature overnight on a 0.1 mmol scale in the presence of
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Rao, C. N. RChem—Eur. J 2007, 13, 6123-6129. (c) Fei, Z.; Zhao, D.;
Pieraccini, D.; Ang, W. H.; Geldbach, T. J.; Scopelliti, R.; Chiappe, C.;
Dyson, J. POrganometallics2007, 26, 1588-1598.
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47, 1545-1549.
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2932.
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a After extraction of the reaction mixture with AcOEt and column
chromatography on silica gél Washed twice with ED, then dried under
vacuum, before the cycloaddition reactiéfReaction mixture extracted with
Et,0 instead of ACOEt? Contaminated by 5% of the 1,5-regioisoniet
¢lsolated yield @ a 1 mmol scale.

Cul (0.5 equiv) and freshly distilledPrEtN (Hunig's base, 5
equiv) using the ionic liquidd—6 as the solvents. Under these
conditions, theC-disaccharid8® was obtained in only 2530%
isolated yield, while the reaction mixtures were mainly formed
by unreacted alkynel and azide2. Raising the reaction
temperature to 80C, we found that the cycloaddu&twas
recovered in much higher yields (584%, entries 35).
Reactions under these optimized conditions were carried out in
other ILs as well as in toluene and DMF as standard molecular
solvents (Table 1, entries 1, 2, ang-B2). In all cases, with
one exception only (entry 8), the reaction afforded exclusively
the cycloadduc8 in fair to excellent isolated yields. A yield of

3 (91%) comparable to that in toluene (96%) was obtained in
the N-octyl dabco-cation-based dicyanamideg{{&@co][N(CN}],
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SCHEME 2 TABLE 2. Cycloaddition in the Absence of Hinig's Base (80°C,
o OBn | 16 h)

neat Q / \\N entry solvent yield (96) 3:14ratio®
1+2 —  » 3 4 BnO N 1 toluene 96 1:0
80°C, 16 h BnO 2 4 60° 25:1
41% BnO Q 3 9 61 1711

BnO 4 10 62 1:15

(3:14=1:18) BnO Loy 5 11 34 1:1.0

14 ° 6 12 71 6.0:1
7 13 41¢ 9.0:1

13 er.‘”y 12) The yl_elds in this IL (_jecreased_by _shqrtenlng the a After extraction of the reaction mixture with ACOEt and column
reactlor_l time (74,%'1 4 hand 81% in 8 h), which indicated the chromatography on silica gél.From 'H NMR analysis The reaction
convenient reaction time employed (16 h). mixture was concentrated and applied directly to a column of silica gel.
The 1,4-disubstitution pattern of the triazole linkerdnvas d Reaction mixture extracted with £ instead of AcCOEt® The reaction
established by3C NMR spectroscopy according to our recent Mixture was diluted with BO and extracted with ACOE.
method? In fact, a large and positivA(dcs—dcs) value (22.0
ppm) was found in thé3C spectrur® as observed in other  run. Noteworthy, the registered yields of isolatddn four
compounds prepared by click reaction, including triazole-linked subsequent runs were 91, 77, 80, and 80%. Hence, a single stock
C-glycoside cluster8, C-oligosaccharide®® and C-glycosyl of 13 enabled the coupling of 0.4 mmol (ca. 200 mg) of each
amino acid€4 On the other hand, in agreement with earlier reaction partnerl and 2 to give the disaccharid8 with an
findings227the 1,5-disubstituted triazolet prepared by thermal ~ average yield of 82%. The preparative value of the CUAAC
coupling of 1 and 2 neat (Scheme 2) displayed a small and under study was further demonstrated by a reaction carried out
negativeA(dcs—dcs) value as small as-3.3 ppm. on a 1 mmol scale of each reagelnaind 2. In this case, the
It is worth noting that the empirical riie28establishing that  yield of isolated3 (0.98 g) was 95%.
the H-5 proton in 1,4-disubstituted triazoles resonates always While all runs reported in Table 1 were carried out in the
downfield compared to the H-4 proton in the corresponding 1,5- presence of-PrLEtN, we planned on performing reactions in
isomer is not always reliable, especially in the case of complex ILs without this base since successful click aziddkyne

molecules such as the disaccharidand 14. Actually, the reactions were reported in the absence of such an addttive.
triazole proton in3 was at upper fieldd@us = 7.57 ppm) than Moreover, we observed that, contrary to literature precedent
that of the proton of the regioisomé# (ops = 7.68 ppm). which encourages use of exces&nitys base’® the reaction of

Instead, the free hydrox@-disaccharided5 and 16, obtained 1 and2in toluene without addedPrEtN afforded exclusively

by catalytic hydrogenation & and14, respectively, displayed  the cycloadducB with the same high yield (96%) as in the

in their NMR spectra chemical shift values in accord with both presence of the base (Table 1, entry 1; Table 2, entry 1). Quite

rules [L5: (Ops = 8.02 ppm;A(dca—0dcs) = +21.6 ppm;16: disappointedly, applying the same conditions to the reaction

(Ona = 7.79 ppm;A(Scs—dcs) = —5.3 ppm)]. carried out in the non-basic 14, we found that the 1,4- and
1,5-regioisomers8 and 14 were formed in low overall yield
although with a net predominance of the former (Table 2, entry

Ho JOH N=N Ho /O N ) .
W\N %/47\\N 2). Hence, the presence BPRLEtN appeared to be crucial for
HO X HO N7 the occurrence of the effective click cycloaddition in thedlL

HO HO’% HO Therefore, we hoped that click chemistry could take place again
HO Ho HO O in a basic IL such as the bmim-bas@dlisplaying a structural
OCHs Ho—% motif around the basic nitrogen atom in the alkyl chain similar
15 16 OCH, to that in Hinig's base. In the event, the IL would serve as

promoter and reaction medium. Instead, a modest yield was

The workup of the reaction mixture was a non-trivial again registered, and the two regioisomers formed in nearly
operation for reactions carried out in ILs. Although ethyl acetate equal amounts (Table 2, entry 3). Similar results were found in
appeared to be the solvent of chéftier the efficient extraction other basic ILs such as the dabco-derived N&-13 We
of the product3, small amounts of the IL were extracted by suggest that the event feared at the outset of the research about
this solveni® and then retained by the silica gel column used copper sequestering by the3ALand therefore impairing the
for the chromatographic purification & Consequently, the  catalytic cyclé® did in fact occur. The presence oPrLEtN
method suffered from the partial loss of these costly IL solvents. serving as a copper ligaffdprevents such a drawback by the
Nevertheless, the recycling @B was considered. To this end,
following the workup of the reaction mixture, to the recovered  (31) (a) Fazio, F.; Bryan, M. C.; Blixt, O.; Paulson, J. C.; Wong, C.-H.
IL still containing the copper catalyst was added thenidis J. Am. Chem. So@002 124, 14397-14402. (b) Lipshutz, B. H.; Taft, B.

; ; ; . Angew. Chem., Int. EQR00§ 45, 8235-8238.
base, and the resulting mixture was employed in a SUbsequenF (32) Both cations and anions of the 1Bs-13, as well as-Pr,EtN, can

serve as ligand for copper(l) ions. See: (a) MacFarlane, D. R.; Pringle, J.
(27) Rodios, N. AJ. Heterocycl. Chenil984 21, 1169-1173. M.; Johansson, K. M.; Forsyth, S. A.; Forsyth, &hem. Commur2006
(28) (a) Alonso, G.; GaferLopez, M. T.; Gar@-Mutpz, G.; Madréero, 1905-1917. (b) Batten, S. R.; Harris, A. R.; Jensen, P.; Murray, K. S.;

R.; Rico, M. J. Heterocycl. Cheml197Q 7, 1269-1272. (b) Crandall, J. Ziebell, A.J. Chem. Soc., Dalton. Tran200Q 3829-3836. (c) Ding, C.

K.; Crawley, L. C.; Komin, J. BJ. Org. Chem1975 40, 2045-2047. (c) F., Yu, Y.; Jensen, R. H.; Balfour, W. J.; Qian, C. X. @hem. Phys. Lett.

Wang, Z.-X.; Qin, H.-L.Chem. Commur2003 2450-2451. 200Q 331, 163-169.

(29) When using IL4 as the solvent, the reaction mixture was extracted (33) (a) Rodionov, D. O.; Fokin, V. V.; Finn, M. GAngew. Chem., Int.
with diethyl ether because this ionic liquid is quite soluble in AcOEt (ca. Ed.2005 44, 2210-2215. (b) Bock, V. D.; Hiemstra, H.; van Maarseveen,
70 mg/mL). The solubility of4 in AcOEt did not vary significantly in the J. H.Eur. J. Org. Chem2006 51-68. (c) Nolte, C.; Mayer, P.; Straub, B.
presence of D. F. Angew. Chem., Int. EQ007, 46, 2101-2215. (d) Straub, B. FChem.

(30) The solubility of pure IL13 in AcOEt at rt was ca. 25 mg/mL. Commun 2007, 3868-3870.
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IL. Considerations on some physicochemical properties of ILs then cooled to room temperature, diluted with toluene (ca. 0.5 mL),
may clarify this point. The interactions between anions and and eluted from a column of silica gel with cyclohexaifecOEt
cations in ILs produce ionic organized networks in the solid, (from 3:1 to 2:1) to give first a mixture of unreactédnd2, then
liquid, and gas phase, with the charge ordering degree deter-the disaccharid@ (15 mg, 14%), and finally the regioisomé#
mined mainly by the nature of anion and cation, while the (28 mg, 27%).
presence of sufficiently long alkyl chains on cation determines ~ Disaccharide 3:Mp 110-111°C (AcOEt/cyclohexane);dlo
the existence of polar and unpolar domaihdhe ability of = +25.9 € 1.0, CHCl); *H NMR (400 MHz, CDC}) 6 7.57 (s,
the anion and cation to interact with dissolved species, including %"(')’5'_"%50;“()617';& 7A2r)0 (Smdosg': 4 /Zr)é 67'(12%7'213 (m, 13;Hé ﬁrz)
ca;alysts,_ls t_herefor_e a property partially determmeq _by the PhCH,), 4.93 and 4.78 (2d, 2H] = 10.9 Hz, PhEl,), 4.87 and
anion—cation interaction inside the network. The addition of , 7¢ (2d, 2H.J = 10.8 Hz, Ph@,), 4.78 and 4.73 (2d, 2H] =
uncharged species affects.the threg-dlmen5|ongl structure of ILsy 1 7 Hz, Ph@®,), 4.66 and 4.26 (2d, 2H] = 10.6 Hz, PhEly),
and changes their physicochemical properties. Hence, theg 58 and 4.42 (2d, 2Hj = 12.0 Hz, Ph@®l,), 4.53 (dd, 1HJs6a=
Hunig's base may affect both the ability of the medium to 5.6 Hz,Js,6p= 14.3 Hz, H-6a), 4.52 (d, 1HlL > = 9.7 Hz, H-1),
sequester the copper catalyst and the aptitude of the effective4.46 and 4.40 (2d, 2H] = 11.6 Hz, Ph®l,), 4.44 (d, 1H J;, =
catalyst to approach the reagents. 3.6 Hz, H-1), 4.44 (dd, 1HJse, = 2.8 Hz, H-6b), 4.20 (dd, 1H,
In summary, of the various ILs examined, the most suitable J» 3 = 9.5 Hz, H-2), 4.06 (dd, 1HJz » = 3.0 Hz,Js 5 = 0.8 Hz,
one for performing the model CUAAC reaction examined is the H-4), 3.94 (dd, 1HJ, 5= 9.7 Hz,J; 4 = 8.8 Hz, H-3), 3.91 (ddd,
[Cedabco][N(CN)] using Cul as catalyst ani-PrEtN as 1H, J45= 10.0 Hz, H-5), 3.73 (dd, 1H, H' 3.72 (ddd, 1HJs 64
additive. The validation of a synthetically important CUAAC = 7-0 Hz,Js 6p = 6.2 Hz, H-8), 3.60 (dd, 1HJea6p = 9.0 Hz,

such as that involving carbohydrates in ILs opens new perspec-H'Ga)' 3.57 (dd, 1H, H®), 3.23 (dd, 1H, H-2), 3.12 (dd, 1H,
tives on the use of this prototypical click reaction in glyco- H-4), 3.11 (s, 3H, OMe}*C NMR (75 MHz, CDC) 6 146.2 (C-4
Tr.), 138.9, 138.5, 138.4, 138.1, 138.0, 137.89, and 137.82 (C Ar),

chemistry. 128.5-127.5 (CH Ar), 124.2 (C-5 Tr.), 98.0 (C-1), 84.3 (O3
_ . 81.8 (C-3), 79.9 (C-2), 78.7 (CR 77.7 (C-4), 77.4 (C'3, 75.6
Experimental Section (PhCH,), 74.9 (2 PITH,), 74.61 (C-1), 74.59 (PICH,), 74.0 (C-

4, 73.5 (PICH,), 73.3 (PICH,), 72.5 (PICH,), 68.9 (C-5), 68.7
(C-6), 55.3 (CH), 50.3 (C-6). MALDI-TOF MS (1038.23): 1038.9
(M* + H), 1060.9 (M + Na), 1076.7 (M + K). Anal. Calcd for

(9.5 mg, 0.05 mmol), and anhydrous toluene (1 mL) was sonicated CederNsOw: C, 74.04; H, 6.50; N, 4.05. Found: C, 73.88; H,
in an ultrasound cleaning bath for ca. 1 min, then stirred in the 6.41; N, 3.90.

dark at 80°C for 16 h, cooled to room temperature, and  Disaccharide 14:[a]p = +28.3 (€ 0.8, CHCh); 'H NMR (400
concentrated. The residue was eluted from a column of silica gel MHz, CDCL) 6 7.68 (s, 1H, H-4 Tr.), 7.427.20 (m, 33H, Ar),
with 2:1 cyclohexane/AcOEt to give first unreacted az®l€2.5 7.00-6.96 (m, 2H, Ar), 4.96 and 4.78 (2d, 2H,= 11.0 Hz,
mg, 5%). Eluted second was the disacchaBd&00 mg, 96%) as ~ PhCHy), 4.92 and 4.62 (2d, 2H] = 11.5 Hz, Phely), 4.90 and
a colorless foam. When the same cycloaddition was performed 4.70 (2d, 2H,J = 10.9 Hz, Ph€l,), 4.77 and 4.69 (2d, 2H] =
without the Hunig’s base, the unmodified alkyrie(9 mg, 15%) 11.6 Hz, PhEly), 4.68 and 4.54 (2d, 2H] = 12.3 Hz, PhEli,),
and the disaccharid® (100 mg, 96%) were isolated by column 4.68 and 4.15 (2d, 2H} = 10.6 Hz, Ph@®l,), 4.64 (dd, 1HJs 6a=
chromatography. 2.8 Hz,J5a6o= 14.3 Hz, H-6a), 4.46 (d, 1Hly » = 9.6 Hz, H-1),

Cycloaddition in lonic Liquids. A mixture of sugar azide 4.46 and 4.40 (2d, 2Hl = 12.0 Hz, PhEl), 4.44 (dd, 1HJs 6p=
(49 mg, 0.10 mmol)C-galactosidédl (60 mg, 0.11 mmol), and ionic 6.5 Hz, H-6b), 4.38 (d, 1H); ,= 3.5 Hz, H-1), 4.10 (dd, 1H)> 3
liquid (0.50 g; previously dried at 0.1 mbar/5C for 4 h) was =9.4 Hz, H-2), 4.04 (dd, 1HJ3 » = 2.8 HZz,Js 5 = 0.5 Hz, H-4),
sonicated or magnetically stirred at room temperature for a few 3.94 (ddd, 1HJ,5 = 10.0 Hz, H-5), 3.93 (dd, 1H},3 = 9.5 Hz,
minutes to obtain a solution, then Cul (9.5 mg, 0.05 mmol) was J;4 = 9.0 Hz, H-3), 3.63-3.54 (m, 4H, H-3 H-5, 2 H-6), 3.46
added. The mixture was sonicated for ca. 1 min, then diluted with (dd, 1H, H-4), 3.38 (dd, 1H, H-2), 3.00 (s, 3H, OMéjC NMR
freshly distilled N,N-diisopropylethylamine (8L, 0.50 mmol), (75 MHz, CDCE) 6 138.6, 138.5, 138.2, 138.1, 137.9, 137.6, and
and stirred in the dark at 8TC. After 16 h, the reaction mixture ~ 137.5 (C Ar), 136.0 (C-5 Tr.), 132.7 (C-4 Tr.), 129.927.4 (CH
was cooled to room temperature and extracted with AcOEt @4 Ar), 97.6 (C-1), 84.3 (C-3, 82.0 (C-3), 79.7 (C-2), 78.7 (C-4),
mL), waiting each time 15 min for a clear phase separation (in 78.1 (C-2), 75.6, 75.2, 74.8, 74.7, and 73.5 (M), 73.4 (C-4),
some cases, 1 mL of# was also added to improve the extraction 73.3 and 72.2 (RBH,), 72.1 (C-1), 69.1 (C-5), 68.4 (C-§, 55.0
yield; see Table 2). The combined extracts were concentrated and(CHj), 48.6 (C-6). MALDI-TOF MS (1038.23): 1038.7 (M+
dried under high vacuum to give cru@etogether with variable H), 1060.7 (M + Na), 1076.7 (M + K). Anal. Calcd for
amounts of ionic liquid. The residue was eluted from a column of Cs,HsN3O100 C, 74.04; H, 6.50; N, 4.05. Found: C, 73.81; H,
silica gel with 2:1 cyclohexane/AcOEt to give pure disaccharide 6.39: N, 3.92.

3. An identical procedure was followed for reactions performed
without the Hunig's base.

Cycloaddition in the Absence of SolventA mixture of syrupy
azide2 (49 mg, 0.10 mmol) and crystalline alkyig60 mg, 0.11
mmol) was stirred at 80C for 16 h under a nitrogen atmosphere
(after a few minutes, the mixture became a homogeneous solution)

Cycloaddition in Molecular Solvents. A mixture of sugar azide
2 (49 mg, 0.10 mmol)C-galactosidd (60 mg, 0.11 mmol), freshly
distilled N,N-diisopropylethylamine (87uL, 0.50 mmol), Cul

Supporting Information Available: Experimental procedures
and physical data of IL9, 10, 13, and disaccharide$5 and 16.
Copies of the!H and13C NMR spectra of3, 9, 10, and 13—16.
This material is available free of charge via the Internet at
‘http://pubs.acs.org.
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