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A methodology for the successive regiospecific “clicking” together of three components in one pot via two triazole linkages is reported. The

protocol utilizes copper(l)-mediated alkyne  —azide cycloaddition reactions combined with a silver(l)-catalyzed TMS-alkyne deprotection under

mild hydroalcoholic conditions. We exemplify the approach with peptide-based components to illustrate its compatibility with polyfunctionalize d
biomolecules. The method constitutes a promising tool for peptide ligation. We also provide a procedure for directly using TMS-alkynes as

the cycloaddition partner in classical “click” chemistry.

Since the independent discovery of the copper(l)-catalyzeda one-pot procedure for the successive copper- and copper-
variant of the Huisgen terminal alkyn@zide 1,3-cycload-  and-silver-mediated chemoselective formation of two distinct
dition! by the Meldat and Sharplessgroups, hundreds of  triazole linkages using the trimethylsilyl (TMS) group as a
papers have appeared describing the use of this simpletemporary masking group for one of two alkyne moieties.
“click”* methodology to link together polyfunctionalized We believe this “click-click” approach could be a potentially
building blocks? Its application in numerous areas has useful variation on standard click chemistry. As well as being
highlighted the value of its benign reaction conditions and a convenient tool for the selective ligation of multiple
simple workup and purification procedures. Here we report components in a biological environment, it could be used to
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conducted some preliminary experiments using alk§ne
TMS-alkyne 2, and azide3 (Scheme 1}:®2 An equimolar

Scheme 1. In Situ Ag(l)-Catalyzed Unmasking and
Cu(l)-Catalyzed 1,3-Cycloaddition of a TMS-Alkyne and an

Azide
RO RO
(i —=-siMe, RO™ N,
1 2 3
R = (BUCGH,),CCeH,-
Cu(MeCN),PF, /\(\
(0.2 equiv) 7NN~
1+2+3 — > RO N=N OR
CH,Cl,/MeOH 4 >95%
+ entirely recovered 2
AgBF, (0.2 equiv)
2+3 —_— 1 >95%
CH,Cl,/MeOH + entirely recovered 3
Cu{MeCN),PFg4 (0.2_ equiv) One-pot
243 AgBF, (0.2 equiv) 4 >95% deprcitecctjig? annd
CH,Cl,/MeOH cycloadditio

mixture of the three compounds was reacted in Qi
MeOH mixture in the presence of a catalytic amount (0.2
equiv) of Cu(l). This furnished the expected triazale
resulting from the cycloaddition df and3, leaving unreacted
TMS-protected2. Reaction of2 and 3 in the presence of
AgBF, led to the unmasked terminal alkyrie without
affecting azide3.° Finally, simple mixing of2 and3 in the
presence of catalytic quantities (0.2 equiv) of both Cu(l) and
Ag(l) salts gave the click product from a one-pot deprotec-
tion/cycloaddition process. This not only indicates the
potential of silyl-protected alkynes for a clieklick strategy
but also demonstrates a way of directly employing TMS-
alkynes as a cycloaddition partner in classical click reac-
tions10

A molecule was then constructed with both a terminal

alkyne and a TMS-protected one to act as the central scaffold
for attempts to use this methodology to chemoselectively

form successive triazole linkages in one pot. In view of the
need to develop efficient selective ligation tools for the
production of synthetic proteins and glycoproteins, we

decided to focus on small peptide derivatives. Such synthons
are easy to prepare, producing polyfunctional building blocks
that could test the functional group tolerance of the desired
click—click protocol** Commercially available methyl phe-
nylalanylglycylglycinate hydrochloride was esterified with
propargyl alcohol under acidic conditions and then converted
to the TMS-propargyloxycarbonyl derivatigeusing a tailor-
made (see Supporting Information) 4-nitrophenol (PNP)
carbonate reagent (Scheme 2).

Scheme 2. Synthesis of a TMS-AlkyneTerminal Alkyne
Bisfunctionalized Tripeptide
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A series of azide-containing pseudodipeptidésd) were
synthesized via the EDCI-mediated amide coupling of
commercial amino acid methyl esters and chloroacetic acid
(6a—d), followed by nucleophilic displacement of the
chloride by an azide. This two-step strategy was used to avoid
the use of potentially hazardddsizidoacetic acid or one of
its activated derivatives (Scheme 3).

Scheme 3. Synthesis of Azide-Containing Dipeptide

Analogues
CICH,COOH 0 NaN, \j)\
H-Xy-OMe —— i — = N,

aa CH,CI, X, OMe ™ 1o X,,-OMe

DIPEA 6a 92% A 7a 88%

EDCI 6b 94% 7b 94%

6¢c 89% 7c 86%

6d 91% 7d 84%
a: X, =Phe b: X, =Lleu ¢ X,,=Pro d: X,, = Lys(Boc)

aSee Supporting Information for experimental details.
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crucial for a one-pot clickclick strategy as any remaining

These optimized conditions for the first cycloaddition were

azide or alkyne could react in the second step, complicatingused as the basis for a second successive triazole-forming

purification and lowering the overall yield We first focused
on the chemoselective cycloaddition of dialkyrteand 7a

(Scheme 4). Hydroalcoholic conditions were used to ensure

Scheme 4. Chemoselective Click Cycloadditidn

aSee Table 1 for reaction details and yields.

a general procedure that would be compatible with a wide

range of substrates, including complex biomacromolecules.

Although it had proved effective in Gi&l,/MeOH mixtures
(Scheme 1), Cu(MeCNpFs proved to be a poor catalyst in
tBuOH/water (Table 1, entry 2). However, the widely used

Table 1. Optimization of Conditions for the First
Cycloadditior?

yield (%)°
entry  method” temp (°C)  duration 5 8 9
1 A 20 18h 61 39 0
2 B 20 18h 85 15 0
3 C 20 18h 8 92 0
4 C 20 72 h 2 98 0
5 D 20 18h 5 75 17
6 C 100¢ 10 min 12 55 15
7 C 35 18h 2 984 0

aReactions were carried out using a 1:1 mixturéé@nd8a at 0.05 M
under a nitrogen athmosphePeA: Cu(CHsCN)4PFs (0.1 equiv), CHCI/
MeOH 4:1.B: Cu(CH;CN)4PFs (0.1 equiv) tBuOH/water 95:5C: CuSQ
(0.1 equiv), sodium ascorbate (0.2 equitBuOH/water 95:5D: CuSQ
(0.5 equiv), sodium ascorbate (1 equitBuOH/water 95:5¢ Conversions
determined byH NMR. 9 94% isolated yield® Microwave irradiation; see
Supporting Information for details.

click conditions which utilize the in situ generation of Cu(l)
(0.1 equiv of CuS@sodium ascorbate) proved to be effective

reaction in the same reaction vessel (Scheme 5).

Scheme 5. Chemoselective Click—Click Chemistry:
Successive Triazole Peptide Ligations in One Pot
5 (1 equiv)
{iy 7b,cord (1.2 equiv),
CuSQ, (0.1 equiv),
sodium ascorbate (0.2 equiv),
AgPF, (0.2 equiv),
tBuOH/water, 35 °C, 18 h

(i} 7a(1 equiv),
CuSQ, (0.1 equiv),
sodium ascorbate
(0.2 equiv),
BuOH/water, 35°C, 18 h

Ph Ph
% CH ot 1, C

N e N OMe
3 %{ . I A !

N 10a:X,, =Leu 93%
N“N\)OK 10B : X_, = Pro 91%
X,,-OMe 10c: X, = Lys(Boc) 88%

Addition of the second azide (7ls, or d) and a catalytic
amount (0.2 equiv) of AgBfto the product mixture from
Table 1, entry 7, resulted in complete disappearancé of
and formation of bistriazoles0a—c (Scheme 5). Additional
CuSQ (0.1 equiv) and sodium ascorbate (0.2 equiv) were
needed to drive the reaction to completion in a reasonable
time. After 18 h, simple filtering through a silica plug
removed excess azide and metal salts to give the desired
bistriazole pseudononapeptidé8a—cin good purity and
yield (Scheme 5). LC-MS analysis of the crude material,
10a—c, showed only traces{@%) of contamination from
reaction of5 with two molecules of the same azide.

In conclusion, we have described a methodology for the
one-pot chemoselective ligation of three polyfunctionalized
building blocks. The strategy exploits the Cu(l)-catalyzed
alkyne—azide cycloaddition. This efficient reaction, com-
bined with the one-pot Ag(l)-mediated deprotection of a
TMS-protected alkyne moiety, allows for the synthesis of
bistriazole products in high yields in good purity after simple
filtration through a plug of silica. The ease of preparation
(and, in many cases, commercial availability) of unprotected
polyfunctionalized azides, alkynes, and silylated alkynes,
together with the simple conditions for reaction and workup,
suggest this click—click chemoselective ligation strategy
could have wide potential. In particular, it appears promising
as a tool for peptide ligation and, probably, combinatorial

even if the reaction was sluggish (entries 3 and 4). Increasingchemistry, allowing direct access to complex structures from

the catalyst loading caused the partial deprotectior8 of
leading to 9 (entry 5)! Attempts to use microwave-

simple building blocks under mild conditions.
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