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Abstract: An effective synthetic protocol for 5-halo-1,2,3-triazoles was developed by
novel TBDMSCI (tert-Butyldimethylsilyl chloride)-activated aerobic oxidative
halogenations in this paper. TBDMSCI, for the first time, was found to activate
aerobic oxidation of CuX to produce X, with Cu® which then could effectively
promote one-pot syntheses of 5-halo-1,2,3-triazole from alkyne, azide and CuX (X =1,
Br) under O, atmosphere at room temperature. The advantages in this method include
inexpensive and green O, as oxidant, use of mild and non-oxidative additive, and

wide scope of substrates.
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Recently, 1,2,3-triazole derivatives not only provide a desirable class of linkage,™! but
also represent useful functional moieties including peptide bond mimics,? nucleobase
bioisosteres,®! ligands in metal complex! and so onPl. In this regard,
5-halo-1,2,3-triazoles are valuable structural derivatives of 1,2,3-triazole because they
are established precursors to other functional groups,’® as well as: widely-used
analogues for the SAR investigation.”? Unfortunately, direct halogenation on
1,2,3-trizole ring is unsuccessful due to the electron deficiency of 1,2,3-triazoles.
Diazotization of 5-NH,-1,2,3-triazole was initially used to incorporation of iodine into
1,2,3-triazole.’®!  Then the cycloaddition reactions of alkynyl-iodine and
alkynyl-bromide with azide were developed to preparation of 5-halo-1,2,3-trizoles by
Sharpless groups ¥ Garcia-Alvarez®™ and Rutjes groupsi®. Meanwhile, an
alternative tandem oxidative halogenation and Husigen cycloadditon protocol has
stepwise developed for the preparation of 5-iodo-1,2,3-triazole directly from the
multi-component reaction of iodide, alkyne and azide ' 23 This protocol allows
the reactions proceed under mild conditions without the pre-prepared active
alkynyl-halogen and complex ligands, which has been used in the preparation of the
sugar drugs 4 and 1'?-labled peptides ™. However, the metal or organic oxidants are
still involved in this protocol. O, as an oxidant has attracted interest in both of
academic research and industry due to its natural, inexpensive, and environmentally

friendly characters [°

. Herein, we reported the first effective tandem aerobic
oxidative halogenation and Husigen cycoladditon reaction for the preparation of

5-iodo-1,2,3-triazole and 5-bromo-1,2,3-triazole via an in situ activated procedure



(Scheme 1).
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Scheme 1 Tandem halogenation and Husigen cycloaddition reaction via in situ

chlorosilane-activated aerobic oxidative procedure

5-Halo-1,2,3-triazoles are firstly found as trace by-products in CUAAC reaction!*”),
These compounds are considered to_be produced from trapping of Cu-triazolyl
intermediate with electrophilic halogen. But this aerobic oxidative halogenation in
CUAAC reaction is very sluggish. For example, van Maarseveen et al. found
5-iodo-1,2,3-triazole analogues in cyclic tetrapeptide could be obtained under Cul
(2.0 equvi)/2,4-ludtidine/DIPEA systems with 14% vield after 3 days.!*® In fact, it is
still a challenge to improve the efficiency of the aerobic oxidative halogenation for a
long_time, because direct activation of O, at mild conditions is very difficult.*"!
Several methods have been developed in this field. For example, MX/TFA/NOBF,/O,
(201 MX/RuCl3/0,2 HX/[bmim][NO3]?? and HX/[BMIM(SO3H)][NO3]*®! have
been reported to effectively promote aerobic oxidative halogenation. The systems,
however, often require strong acidic condition, co-oxidant or high reaction
temperature, which is hard to be compatible to the copper(l) catalyst and

copper-triazolyl complex in CUAAC reaction. Therefore, the goal of this work was to



find a mild and facile method for activation of the aerobic oxidative halogenation
during CUAAC procedure, then to develop an aerobic oxidative one-pot assembly of

terminal alkyne, azide and CuX to 5-halo-1,2,3-triazole.

Table 1. The effect of additives on one-pot synthesis of 5-iodo-1,2,3-triazole.

N_ _Ph N_ Ph
. DIPEA 2 b
Ph—— + Bn—N; + Cu — 0 — » N | + N
CH3CN, RT N7 N
1a 2a Bn Br
3a 4a
Isolated yield

Entry®  Additive (equiv.)  Oxidant Base Solvent
3a (%) 4a (%)

1 TMSCI (1.1) Air DIPEA  CHiCN 65 22
2 TBDMSCI (1.1) Air DIPEA  CHsCN 81 4
3 TBDMSCI (0.5) Air DIPEA  CHsCN 78 11
4 TBDMSCI (0.1) Air DIPEA  CHiCN 49 20
5 - Air DIPEA  CHsCN 9 83
6 TBDMSCI (0.5) 0, DIPEA  CH;CN 93 5
7 NaNO, (0.5) 0, DIPEA  CHsCN --b --b
8 TBDMSCI (0.5) N, DIPEA  CHsCN - 89
9 TBDMSCI (0.5) 0, DIPEA THF 66 6
10 TBDMSCI (0.5) 0, TEA  CHiCN 78 20
11 TBDMSCI (0.5) 0, KoCO;  CHsCN 50 46

% Reaction conditions: A mixture of 1a (17 mg, 0.17mmol), 2a (23 mg, 0.17mmol),
Cul (32 mg, 0.17mmol), and DIPEA (30 uL, 0.17 mmol) with different additives and
oxidants was stirred in 3 mL solvent at room temperature for 18 h.? No product were

detected.

The investigation for activation of the aerobic oxidative halogenation in CUAAC was



carried out in Table 1. Firstly, we found increase of the amount of Cul could not
improve the yield of 5-iodo-1,2,3-triazole. In presence of 1.1 equiv. Cul, the yield of
3a was still 9% after 18 hours, with 83% 1,2,3-triazole 4a. Then 0.5 equiv. NaNO;as
co-oxidant was tried, but neither of 1,2,3-triazole and 5-iodo-1,2,3-triazole could be
obtained under these conditions with total recovery of starting materials. To our
delight, the activation effects of chlorosilan on the aerobic oxidative iodination was
found by accidently when addition of TMSCI into the reaction of Cul, 1a and 2a in
presence of DIPEA. Unexpectedly, no 5-TMS-1,2,3-triazole was found, instead,
5-iodo-1,2,3-triazole 3a was obtained in 65%. With this result in hand, we continued
to optimize silica reagents, solvents.and reaction temperature. With 0.5 equiv.
TBDMSCI, 1.1 equiv. DIPEA under O, atmosphere, product 3a was obtained in 93%
yield after 18 hours at room temperature in CH3CN as solvent (Entry 6 in Table 1).

Having optimized reaction conditions, we next investigated the substrate scope of this
one-pot preparation of 5-iodo-1,2,3-triazole in Table 2. It was found that substituted
aromatic alkynes carrying electron-withdrawing or electron-donating groups reacted
smoothly with benzyl azide to produce 5-iodo-1,2,3-triazoles with excellent yields
(85%-93%). Aliphatic terminal alkynes also reacted well with benzyl azide to give
target compounds with 68%-78% yields. Even the bulky 9-ethynyl-9H-fluoren-9-ol
could condense smoothly to give a yield of 75% of desired product. Various azides
were used. Phenyl azide and phenethyl azide reacted with terminal alkyne to produce
5-iodo-1,2,3-triazoles with 69%-87% vyields. Various acidic and basic sensitive groups

like ketal, methoxyl, ribosyl, trimethyl and ether were tolerated under the reaction


app:/ds/aliphatic
app:/ds/methoxy

conditions. For example, ribosyl azides, alkyne and CuX were condensed to give
5-iodo-1,2,3-triazoles with 71% and 66% vyields, which provided very useful
intermediates  for the preparations of unnatural base nucleosides.*]
Trimethylsilyacetylene reacted smoothly with azide to give
4-TMS-5-iodo-1,2,3-triazole, which could be conveniently converted into
1,5-disubstituted-1,2,3-triazole after deprotection of trimethylsilyl protective group ..
Furthermore, preparations of 5-bromo-1,2,3-triazole were also investigated with
CuBr-TBDMSCI systems. It was expected to be more difficult to activate the areobic
oxidative bromination due to the higher standard electrode potential of Br, compared
to that of 1,. To our delight, - however, under the current conditions,
5-bromo-1,2,3-triazoles  could also  be  obtained effectively  from

TBDMSCI/CuBr/Alkyne/Azide reaction system with 62%-69% yields (31-3n, 3p in

Table 2).



Table 2 Substrate scope of TBDMSCI-promoted one-pot alkyne/azide/CuX reaction

1) 0.5 equiv. TBDMSCI R
2) O, atomosphere N !
3) 1.0 equiv. DIPEA N I
R1—: + R2_N3 + CuX > N X
CH4CN, RT ll?z
N_ Ry 33 Ry=Ph(93%) N R, O
N’ I 3b Ry = 4-CHyCgH, (86%) N\NI HO . 3
NN 3¢ Ry= 4-FCgH, (89%) ! N | Q ¢
Bn 3d R, =5-MeOCgH, (85%) H N | N |
3af 3e R, =TMS (68%) Ph Bn NN
3R=Ph (83%)  3n(zsony  O"
3g R, = n-hexyl (85%) 3i (78%)
N R Ri
N | S . Ry N
: 3j X=1,R;=Ph (69%) N o
1 X" 3Kk X =1, Ry = n-hexyl (87% NG ] Ho N‘N !
= I, Ry = n-hexyl (87%) AcO N7 X o]
3l X =Br, Ry =Ph (69%)
3m X = Br, Ry = 4-CH3CgH, (66%) OAc OAc O><O
OMe  3n X = Br, Ry= 4-MeOCgH, (68%)
3j-n 30X =1,R;=Ph (71%) 3q R, = 4-FCgH, (66%)

3p X =Br, Ry = Ph (62%)

Reaction conditions: A mixture of azide 1 (0.17mmol), alkyne 2 (0.17mmol), Cul
(32mg, 0.17mmol), DIPEA (30 pL, 0.17 mmol) and TBDMSCI (12mg, 0.08 mmol)

was stirred in 3.mL CH3CN under O, atmosphere at room temperature for 18 h.

To gain some insight of the reaction mechanism, the possible roles of TBDMSCI in
the aerobic oxidative one-pot synthesis of 5-halo-1,2,3-triazole were investigated.
Firstly, an evident dissolution process of Cul was observed after addition of
TBDMSCI under the present conditions. A possible mechanism involved in this
procedure was that TBDMSCI and Cul reacted to produce CuCl and soluble
TBDMSI?®! by which the effective concentration of iodide was expected to
dramatically increase in organic phase. Secondly, additional two reactions (Eg-1 and

Eg-2 in Figure 1) were designed. Reaction mixture of Eg-1 turned into a light purple
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after being stirred under air atmosphere for 18 hours at room temperature. This light
purple solution can make 0.5% soluble starch solution into deep blue (solution C).
Comparedly, the reaction mixture of Eq-2 after being stirred under same conditions in
absence of TBDMSCI for 18 hours could not make soluble starch solution blue.
Thirdly, UV spectrums of the Eg-1 reaction mixture and control groups were also
investigated as shown in Figure 2. The solution of I, in CH3CN. showed two
absorption bands at 294 nm, 367 nm (purple trace in Figure 2) which were consistent
to the reported data in literature. "1 Absorption spectrum of reaction mixture of Eg-1
contained two bands at 294 nm and 367 nm (green.trace in Figure 2), which perfectly
agreed with the two absorption bonds of iodine in CH3CN solution. But in the
absorption spectrum of TBDMSCI and Cul, the corresponding bonds at 294 nm and
367 nm were not observed. These experiments indicated that 1, could be effectively
produced from reaction of Cul and oxygen in air in presence of TBDMSCI (Eg-1),
while in absence of TBDMSCI, I, could hardly be detected from the reaction of Cul
and oxygen in the reaction of Eg-2. Thus, a key promotion of TBDMSCI on the
aerobic oxidative iodination could be concluded from the results. To our best
knowledge, this is the first report about the activation of chlorosilane on aerobic
oxidative iodination reaction. Moreover, no appearance of a copper (I1) d-d transition
bond in the 700 nm range also suggested that this TBDMSCI-activated aerobic
oxidative iodination didn’t cause the oxidation of Cu(l) to Cu(ll). The presence of
sufficient Cu (I) could provide effective catalyst for the following Husigen

cycloaddition.



cul Air, TBDMSCI L + Cu* Eqg-1

RT, CH3CN, 8h
Air
Cul _ > |2 + CU+ EJQ
RT, CH;CN, 8h

-

A B C D E
Figure 1. (A) Adding reaction mixture of EQ-2 solution (0.06 mol/L) into 0.5%

soluble starch solution; (B) Adding 0.06 mol/L TBDMSCI (CH3;CN) into 0.5%
soluble starch solution; (C) Adding resulting reaction mixture of Eq-1 solution (0.06
mol/L) into 0.5% soluble starch solution; (D) Adding 0.03 mol/L I, (CH3CN) into

0.5% soluble starch solution; (E) Blank control: 0.5% soluble starch solution.
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Figure 2. Absorption spectra of solution of Cul ( 0.2 mM, blue), TBDMSCI (2 mM,
red), Resulting reaction mixture of Eg-1 (0.2 mM green), and iodine (0.2 mM) in

CH3CN.

On the basis of the above preliminary results and the known nucleophilic trapping
mechanism models of 5-iodotriazoles®?®, a possible reaction mechanism of the
TBDMSCI-CuX promoted one-pot reaction of terminal alkyne and azide was

proposed in Scheme 2. The X, produced in situ from the TBDMSCI-activated aerobic



oxidative halogenation attacked the copper-triazolyl complex 5 to form the sp2 C-X
bond on the 5-carbon of 1,2,3-triaozle. During the reaction procedure, two main roles
of TBDMSCI could be suggested, (1) enhancing the effective concentration of
halogen in organic solvent through conversion of halide anion to TBDMSX, (2)
promoting the aerobic oxidation of halide to produce reactive X in situ..However, the
detailed mechanism of TBDMSClI-activated aerobic oxidative halogenation reaction

such as the TBDMSCI-0,-X" intermediate was still not clear at present.

+
BH,H CU N3—R,
R——=——Cu _(2
R—= + B
1
"""""""""""""""" Ro.. .N.
CuX TBDMSCI cut X, [I\] N
2 C
_____________________________ u_- R
R1 N Cu
| N Ry N 5
W/ T
3 Ra N cuw N Cu*
2 5 R

Scheme 2./ The possible reaction mechanism of the tandem aerobic oxidative

halogenation and Huisgen cycloaddition reaction

In brief, an effective synthetic protocol for 5-halo-1,2,3-triazoles was developed by a
novel TBDMSCl-activated aerobic oxidative halogenation in this paper.
5-iodo-1,4-disubstituted-1,2,3-triazole and 5-bromo-1,4-disubstituted-1,2,3-triazole
can be effectively prepared from terminal alkyne, organic azide and Cul or CuBr in
the presence of 0.5 equiv. TBDMSCI. The advantages in the current work include

inexpensive and green O, as oxidant, use of mild and non-oxidative additive, and
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wider scope of substrate compared to the existing methods. The high tolerance of
sensitive groups and successful application on nucleoside analogues make potential of
this method for design and synthesis of biomolecules and their mimics. The further
mechanism studies on chlorosilane-activated aerobic oxidative halogenation and
application of this new pathway for the preparation of natural product analogues are

underway in our lab.

Experimental Section

Typical Procedure for the One-pot Tricomponent Reaction for the Synthesis of
5-Halo-1,2,3-triazole. A mixture of 1 (0.17 mmol), 2 (0.17mmol), CuX (0.17mmol),
DIPEA (0.17 mmol), and TBDMSCI (0.08 mmol) in 3 mL of anhydrous CH3CN was
stirred at room temperature under dry air atmosphere for 18 h. The mixture was
evaporated, and the residue was partitioned between ethyl acetate and H,O. The
organic layer.was washed with brine, dried over anhydrous Na,SO,, and evaporated.

The residue was purified by silica gel column chromatography to give compound 3.

Acknowledgments

This study was supported by the National Natural Sciences Foundation of China
(21172056, 21172058, 20802017), HASTIT (2012HASTIT10), and PCSIRT

(IRT1061).

Supporting Information Available: Characterization of compounds 3a-3q and full

11



spectroscopic data for all new compounds.

Reference

[1] (a) Zhang, M.; Rupar, P.; Feng, C.; Lin, K.; Oliver, A.; Nunns, A.; Lunn, D. J,;
Whittell, G. R.; Manners, I.; Winnik, M. A. Macromolecules 2013, 46, 1296; (b)
Nimmo, C.M.; Shoichet, M. S. Bioconjugate Chem. 2011, 22, 2199. (c) Cisar, E. A.
G.; Nguyen, N.; Rosen H. J. Am. Chem. Soc., 2013, 135, 4676. (d) EI-Sagheer, A. H.;
Brown, T. Acc. Chem. Res. 2012, 45, 1258.

[2] (a) Chouhan, G.; James, K. Org. Lett. 2013, 15, 1206. (b) Wu, C.-F.; Zhao, X;
Lan, W.-X.; Cao, C.; Liu, J.-T.; Jiang; X.-K.; Li, Z.-T. J. Org. Chem. 2012, 77, 4261.
(c) Tam, A.; Arnold, U.; Soellner, M. B.; Raines, R. T. J. Am. Chem. Soc. 2007, 129,
12670. (d) Oh, K.; Guan, Z.; Chem. Commun. 2006, 3069.

[3] (@) Li, L.; Siebrands, C. C.; Yang, Z.; Zhang, L. Guse, A. H.; Zhang L. Org.
Biomol. Chem. 2010, 50, 1843. (b) Amblard, F.; Cho, J. H.; Schinazi, R. F. Chem. Rev.
2009, 109, 4207.(c) Sheng, C.; Zhang, W. Curr. Med. Chem. 2011, 18, 733.

[4] (a) Kiplin, K. J.; Gavey, E. L.; McAdam, C. J.; Anderson, C. B.; Lind, S. J.; Keep,
C. C.; Gordon, K. C.; Crowley, J. D. Inorg. Chem. 2011, 50, 6334. (b) Schweinfurth,
D.; Demeshko, S.; Khusniyarov, M. M.; Dechert, S.; Gurram, V.; Buchmeiser,
M. R.; Meyer, F.; Sarkar, B. Inorg. Chem. 2012, 51, 7592.

[5] (a) Agalave, S. G.; Maujan, S. R.; Pore, V. S. Chem. Asian J. 2011, 6, 2696. (b)
Hua, Y.; Flood, A. H. Chem. Soc. Rev. 2010, 39, 1262. (c) Droumaguet, C.L.; Wang,

C.; Wang, Q Chem. Soc. Rev. 2010, 39, 1233.

12


http://pubs.acs.org/action/doSearch?action=search&author=Schweinfurth%2C+D&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Demeshko%2C+S&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Khusniyarov%2C+M+M&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Khusniyarov%2C+M+M&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Gurram%2C+V&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Buchmeiser%2C+M+R&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Meyer%2C+F&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Sarkar%2C+B&qsSearchArea=author
http://pubs.rsc.org/en/results?searchtext=Author%3AYuran%20Hua
http://pubs.rsc.org/en/results?searchtext=Author%3AAmar%20H.%20Flood
http://pubs.rsc.org/en/results?searchtext=Author%3AC%C3%A9line%20Le%20Droumaguet

[6] (a) Bogdan, A. R.; James, K. Org. Lett. 2011, 13, 4060. (b) Worrell, B. T.; Hein, J.
E.; Fokin, V.V. Angew. Chem. Int. Ed. 2012, 51, 11791. (c) Spiteri, C.; Moses, J. E.
Angew. Chem., Int. Ed. 2010, 49, 31.

[7] De Simone, R.; Chini, M. G.; Bruno, I.; Riccio, R.; Mueller, D.; Werz, O.; Bifulco,
G. J. Med. Chem.2011, 54, 156.

[8] Joubert, N.; Schinazi, R. F.; Agrofoglio, L. A. Tetrahedron 2005, 61, 11744,

[9] (a) Hein, J. E.; Tripp, J. C.; Krasnhova, L. B.; Sharpless, K. B.; Fokin, V. V. Angew.
Chem., Int. Ed. 2009, 48, 8018. (b) Garcia-Alvarez, J.; Diez, J.; Gimeno, J. Green
Chem. 2010, 12, 2127.

[10] Kuijpers, B. H. M.; Dijkmans, G..C. T.; Groothuys, S.; Quaedflieg, P. J. L. M.;
Blaauw, R. H.; van Delft, F. L.; Rutjes, F. P. J. T. Synlett 2005, 3059.

[11] (a) Li, L.; Zhang, G.; Zhu, A.; Zhang, L. J. Org. Chem. 2008, 73, 3630. (b) Li, L.;
Li, R.; Zhu, A.; Zhang, G.; Zhang, L. Synlett. 2011, 874-878

[12] Yan, R.; EI-Emir, E.; Rajkumar, V.; Robson, M.; Jathoul, A. P.; Pedley, R. B.;
Arstad; E. Angew. Chem., Int. Ed. 2011, 50, 6793.

[13] Brotherton, W. S.; Clark, R. J.; Zhu, L. J. Org. Chem. 2012, 77, 6443.

[14] Morris, J. C.; Chiche, J.; Grellier, C.; Lopez, M.; Bornaghi, L. F.; Maresca, A.;
Supuran, C. T.; Pouysségur, J.; Poulsen, S.-A. J. Med. Chem. 2011, 54, 6905.

[15] Yan, R.; Sander, K.; Galante, E.; Rajkumar, V.; Badar, A.; Robson, M.; EI-Emir,
E.; Lythgoe, M. F.; Pedley, R. B.; Arstad, E. J. Am. Chem. Soc. 2013, 135, 703.

[16] Podgorsek, A.; Zupan, M.; Iskra, J. Angew. Chem., Int. Ed. 2009, 48, 8424.

[17] Bock, V. D.; Hiemstra, H.; van Maarseveen, J. H Eur. J. Org. Chem. 2006, 51.

13



[18] (a) Bock, V. D.; Perciaccante, R.; Jansen, T. P.; Hiemstra, H.; van Maarseveen, J.
H. Org. Lett. 2006, 8, 919.

[19] Shi, Z.; Zhang, C.; Tang, C.; Jiao, N. Chem. Soc. Rev. 2012, 41, 3381.

[20] Radner, F. J. Org. Chem. 1988, 53, 3548.

[21] Limberg, C.; Teles, J. H. Adv. Synth. Catal. 2001, 343, 447.

[22] Earle, M. J.; Katdare, S. P.; Seddon, K. R. Org. Lett. 2004, 6, 707.

[23] Prebil, R.; Laali, K. K.; Stavber S.Org. Lett. 2013, 15, 2108.

[24] Amblard, F.; Hyun Cho, J. H.; Schinazi, R. F. Chem. Rev. 2009, 109, 4207.

[25] Huang, J.; Macdonald, S. J. F.; Harrity, J. P. A. Chem. Commun. 2009, 436.

[26] Nystrom, J.-E.; Mccanna, T.D.; Helquist, P.; Amouroux, R. Synthesis 1988, 56.
[27] Lyon, E. J.; Musie, G.; Reibenspies, J. H.; Darensbourg, M. Y. Inorg. Chem.
1998, 37, 6942.

[28] (a) Hein, J. E.; Fokin, V. V. Chem. Soc. Rev. 2010, 39, 1302. (b) Meldal, M.;
Tornoe, C.W. Chem. Rev. 2008, 108, 2952. (c) Himo, F.; Lovell, T.; Hilgraf, R.;
Rostovtsev, V. V.; Noodleman, L.; Sharpless, K. B.; Fokin, V. V. J. Am. Chem. Soc.

2005, 127, 210.

14


http://pubs.acs.org/action/doSearch?action=search&author=Prebil%2C+R&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Laali%2C+K+K&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Stavber%2C+S&qsSearchArea=author



