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The feasibility of trapping the vinyl copper intermediate
generated in situ from azide-[3 + 2] cycloadditions and viability
of employing these triazoles as unique templates for ring-
closing metathesis are described here; this work effectively
combines the two powerful reactions for the first time to
construct various de novo fused and bridged triazoles that are
otherwise not trivial to synthesize.

Triazoles represent an important heterocyclic pharmacophore for
developing anti-viral," anti-cancer,? and antibiotic agents.* The 1,3-
dipolar cycloaddition process* provides an excellent entry to these
important N-heterocycles.® Given these implications, we have been
developing [3 + 2] cycloadditions employing ynamides to construct
novel heterocycles.” ' Specifically, we examined the classic
Huisgen’s azide[3 + 2] cycloaddition'''* because of its current
resurgence facilitated by Fokin-Finn—Sharpless’ “click” chemis-
try.'* During our efforts in establishing the feasibility of azide[3 +
2] cycloadditions of ynamides,'> we recognized that under Fokin
and Sharpless’'® catalytic copper(1) conditions, the cycloadditions
terminates with a protonation step of the presumed vinyl copper
intermediate 1, leading to the formation of 1,4-disubstituted
triazole 2 (Scheme 1).

We became intrigued and explored its reactivity via trapping
with electrophiles such as allyl iodide en route to triazole 3 that can
serve as a new template for ring-closing metathesis [RCM]'” to
construct de novo fused (and bridged: not shown) triazoles 4 and 5
that are otherwise non-trivial to access. We report here our success
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Scheme 1 A triazole templated RCM.
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in developing a sequence of Huisgen’s azide-[3 + 2] cycloaddition
and trapping of the vinyl copper intermediate en route to a
triazole-templated RCM.

To develop conditions appropriate for azide-[3 + 2] cycloaddi-
tions of ynamides, we had to adopt a more anhydrous conditions
to circumvent the problem of ynamide hydrolysis, which occurs
under the CuSO,-5H,0 condition run in aqueous/protic solvents."
However, as shown in Scheme 2, when ynamide 6 was reacted with
BnNj in the presence of 0.2 equiv. of CuBr in CH;CN,'" in
addition to triazole 7, alkyne 8" was isolated as a significant side
product. When sulfonyl-substituted ynamide 9 was used, the
respective alkynes 10 and 11 became the major products. These
alkynes are most likely derived from reductive elimination of inter-
mediate B, as suggested by Porco and co-workers in their related
work,? thereby again implying the presence of vinyl copper A.

With this finding in hand, we chose to trap the vinyl copper
intermediate in a synthetically useful manner. As shown in
Scheme 3, allyl iodide was found to be an excellent electrophile
suitable for the trapping to give triazole 12 in 68% yield,?! although
the reaction called for 1.0 equiv. of CuBr, as sub-stoichiometric
amounts of copper led to slower reactions. The generality of this
tandem process is illustrated in Table 1, and it features several
different ynamides and azides. Given our interest in RCM, we
focused on the utility of allyl and propargyl iodides.

Mechanistically, it is noteworthy that the related vinyl copper
intermediate C (Fig. 1) appeared to fragment rapidly in a retro-
[3 + 2] manner to give ynamide D or ketenimine E that were
trapped by nucleophiles to construct acids and amides.” Our vinyl
copper intermediate F was more robust and did not give di-
ynamide G under these conditions but led to the desired product as
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Scheme 2 Couplings of the vinyl copper intermediate.
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Table 1 Tandem cycloaddition/vinyl-Cu trapping

entry ynamides azides electrophiles products yield [%]?
altyl
o oA ’I\‘/\/\Ph
1 A 6 NooPh amyi-t L =N 18 74
o o .
l\/N-—-_— Ph
iyl
i N A /\/\J
2 Ph 6 /U aliyl -1 OJ( 4\ 19 71
LN N,N
Ph /
/[ZD R = n-pentyl / O
30 __ 13 @ 20 65°
= s dey
Ns, aliyl
4 B/N———: 14 No o Ph o allyi=1 g, ) N Ph A T8
n N— !
Ng NN
5 x 15a 22a: X=Ts;n=0 65
6 N—== 15b NS 22b: X=Ts;n=1 62
O Ns\/© aliyl -1 N‘&/anw
7 A 16a N-N_ 22¢c: X=Ns;n=0 35
8 16b Bn 22d: X=Ns;n=2 63
Ns.
Ns s NW
N—=— R = n-pentyl R' = CH,CHCHPh
9 16b Nax P - N N 23 56
Q_\— ST N N
— R R1 R
Ts.
N/\
10 Ts, 17 Ny allyl -1 N\)ya;jyi 24 67
N— N—
Bn
\\ R = n- pentyl =N /\ R = 1-hexenyl
11 /U /S/\ 25 42°
N-N . \\
/[Z) a!lvl
o) o —2\1\1/\%
2L N=6  ny AN i k/N N 26 26
Ph Ph

“Reaction conditions: CuBr (1.0 equiv.), 2.6-lutidine (2.0 equiv.),
iodide (8.0 equiv.) and BnNj (1.3 equiv.); solvent: CH}CN (2.5 mL);
temp = rt; time = 48 h. All yields are isolated yields. “A byproduct
was isolated and identified as the [3 + 2] product without trapping.
‘A byproduct was assigned as the tandem [3 + 2]-coupling with the
ynamide related to 10 or 11.

N‘N Ts R Ts

N* /
V! = R—=—N e >=-=N
R cuL, Ny cuL, L,Cu
c D E
LN N, .R
R! R El allykl N- N
= X o=
EWG Cul, CuL, N Cu—allyl
EWG EWG L
G F H
Fig. 1 A contrast with related systems.

R
Ph R=
Clugl _/ = M
N »RU= Mes-N<N-Mes N
NG N/\/\Ph ™| \r N7 N

PC aannr
o, )= i o = |
N i\ 10 mol % Grubb's Gen-Il N
o o> -ph

“Ph CHuCly, 1, 6 h
18 27:0 95%
N"N‘N
foluene, 110°C =/
28: 65% from 19 \Ns CH,Cly, 40 °C

cis only 29: 86% from 21

Scheme 4 Triazole templated RCM: syntheses of fused triazoles.

those shown in Table 1 either through a direct Sy2 reaction with
allyl iodide or via reductive elimination of the copper intermediate
H. The major difference is likely due to the ability of the electron
withdrawing Ts group in C to promote the loss of N, leading to a
more stabilized anion D relative to G.**

With triazoles prepared in Table 1 in hand, we were poised to
examine ring-closing metathesis employing these triazoles as
templates to construct fused triazoles. As shown in Scheme 4,
the feasibility could be readily established employing triazole 18
with the fused triazole 27 being obtained in excellent yield using
Grubb’s Gen-II'" as the catalyst at rt. In the same fashion, fused
triazoles 28 and 29 could also be prepared from their respective
triazole RCM-precursors in good yields. In particular, for the
synthesis of 28, refluxing in toluene was required, and it is
noteworthy that the resulting nine-membered ring is exclusively cis.

Another variation of fused triazoles could be accessed via RCM
as shown in Scheme 5. RCM of triazole 22a in which one of the
two olefins is tethered through the ynamide nitrogen atom, led to
triazole 30 in 70% yield accompanied with 14% of 31 where the
olefin has migrated into conjugation with the triazole ring.
Similarly, fused triazole 32 in which the olefin had completely
moved into conjugation, and 33 (cis only) were captured from
RCM of their respective triazole precursors.

In addition, the concept of enyne metathesis®** could be
established using triazole 24, leading to the fused triazole 34 in 65%
yield. It is noteworthy that in comparison with those fused
triazoles prepared in Scheme 4, which in principle could be
obtained through an intramolecular azide-[3 + 2] cycloaddition, it
is not trivial to access the ones shown in Scheme 5 via a direct
azide-[3 + 2] cycloaddition.

Finally, we examined the possibility of preparing interesting
bridged triazoles but we encountered problems with competing
dimerization and/or cross-metathesis when attempting to prepare
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systems containing ring sizes smaller than 13.”” However, we were
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Scheme 5 Fused triazoles through the ynamide nitrogen atom.
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Scheme 6 A macrocyclic bridged triazole.

able to successfully synthesize bridged triazole 36 from triazole 35
in good yield (Scheme 6), and based on relevant proton coupling
constant, we were able to unambiguously assign the olefin in 36 as
exclusively trans.

We have described here the ability to trap the vinyl copper

intermediate resulting from the azide-[3 + 2] cycloaddition in a
tandem manner, and demonstrated the viability of using these
triazoles as unique templates for ring-closing metathesis. This work
effectively combines for the first time the two very powerful
reactions to construct various fused and bridged triazoles that are
otherwise non-trivial to access.
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financial support.

Notes and references

1

For leading references, see: () J. H. Cho, D. L. Bernard, R. W. Sidwell,
E. R. Kern and C. K. Chu, J. Med. Chem., 2006, 49, 1140; (b) A. Brik,
J. Alexandratos, Y.-C. Lin, J. H. Elder, A. J. Olson, A. Wlodawer,
D. S. Goodsell and C.-H. Wong, ChemBioChem, 2005, 6, 1167; (c)
A. Brik, J. Muldoon, Y .-C. Lin, J. H. Elder, D. S. Goodsell, A. J. Olson,
V. V. Fokin, K. B. Sharpless and C.-H. Wong, ChemBioChem, 2003, 4,
1246.

For a leading reference, see: F. Pagliai, T. Pirali, E. Del Grosso,
R. Di Brisco, G. C. Tron, G. Sorba and A. A. Genazzani, J. Med.
Chem., 2006, 49, 467.

For a leading reference, see: A. Romero, C.-H. Liang, Y.-H. Chiu,
S. Yao, J. Duffield, S. J. Sucheck, K. Marby, D. Rabuka, P. Y. Leung,
Y.-K. Shue, Y. Ichikawa and C.-K. Hwang, Tetrahedron Lett., 2005, 46,
1483.

For general reviews, see: () I. Coldham and R. Hufton, Chen. Rev.,
2005, 105, 2765; (b) K. Ruch-Braun, T. H. E. Freysoldt and
F. Wierschem, Chem. Soc. Rev., 2005, 34, 507; (¢) A. 1. Kotyatkina,
V. N. Zhabinsky and V. A. Khripach, Russ. Chem. Rev., 2005, 34, 507,
(d) M. Harmata and P. Rashatasakhon, Tetrahedron, 2003, 59, 2371.
For related reviews, see: (@) J. A. Varela and C. Saa, Chem. Rev., 2003,
103, 3787; (b) M. Rubin, A. W. Sromek and V. Gervorgyan, Synlett,
2003, 2265; (¢) C. Aubert, O. Buisine and M. Malacria, Chem. Rev.,
2002, 102, 813; (d) S. Saito and Y. Yamamoto, Chem. Rev., 2000, 100,
2901.

For a review, see: W.-Q. Fan and A. R. Katritzky, in Comprehensive
Heterocyclic Chemistry, ed. A. R. Katritzky, C. W. Rees and E. F. V.
Scriven, Pergamon Press, Oxford, 1996, vol. 4, pp. 101-126.

For reviews on ynamides, see: () C. A. Zificsak, J. A. Mulder,
R. P. Hsung, C. Rameshkumar and L.-L. Wei, Tetrahedron, 2001, 57,
7575; (b) J. A. Mulder, K. C. M. Kurtz and R. P. Hsung, Synlett, 2003,
1379; (¢) A. R. Katritzky, R. Jiang and S. K. Singh, Heterocycles, 2004,
63, 1455; (d) M. R. Tracey, R. P. Hsung, J. Antoline, K. C. M. Kurtz,
L. Shen, B. W. Slafer and Y. Zhang, in Science of Synthesis, Houben—
Weyl Methods of Molecular Transformations, ed. S. M. Weinreb, Georg
Thieme Verlag KG, Stuttgart, Germany, 2005, ch. 21.4.

For a special issue dedicated to the chemistry of ynamides, see:
Chemistry of Electron-Deficient Ynamines and Ynamides, Tetrahedron,
2006, 62(16).

For recent reports on ynamides, see: (@) S. Couty, C. Meyer and
J. Cossy, Angew. Chem., Int. Ed., 2006, 45, 6726; (b) J. R. Dunetz and
R. L. Danheiser, J. Am. Chem. Soc., 2005, 127, 5776; (¢) N. Riddell,
K. Villeneuve and W. Tam, Org. Lett., 2005, 7, 3681; (d) Y. Zhang,

10

1

—_

12

13

14

15

16

17

18

19
20

21

22

23

24

25

26

Tetrahedron Lett., 2005, 46, 6483; (e) S. Couty, M. Barbazanges,
C. Meyer and J. Cossy, Synlett, 2005, 906.

For our recent work on ynamides, see: (¢) K. C. M. Kurtz, R. P. Hsung
and Y. Zhang, Org Lett, 2006, 8, 231; () K. C. M. Kurtz,
M. O. Frederick, J. A. Mulder and R. P. Hsung, Tetrahedron, 2006,
62, 3928; (¢) X. Zhang, Y. Zhang, J. Huang, R. P. Hsung, K. C. M.
Kurtz, J. Oppenheimer, M. E. Petersen, I. K. Sagamanova and
M. R. Tracey, J. Org. Chem., 2006, 71, 4170.

(@) R. Huisgen, Angew. Chem., 1963, 75, 604; (b) R. Huisgen, in /,3-
Dipolar Cycloaddition Chemistry, ed. A. Padwa, Pergamon Press,
Oxford, 1984, pp. 1-176.

For recent reviews on azide-alkyne cycloadditions, see: (¢) V. D. Bock,
H. Hiemstra and J. H. Van Maarseveen, Eur. J. Org. Chem., 2006, 51;
() A. R. Katritzky, Y. Zhang and S. K. Singh, Heterocycles, 2003, 60,
1225; (¢) S. T. Abu-Orabi, Molecule, 2002, 7, 302; (d) H. C. Kolb,
M. G. Finn and K. B. Sharpless, Angew. Chem., Int. Ed., 2001, 40, 2004.
For a review on chemistry of organic azides, see: S. Brase, C. Gil,
K. Knepper and V. Zimmermann, Angew. Chem., Int. Ed., 2005, 44,
5188.

For some recent examples, see: (¢) V. D. Bock, R. Perciaccante,
T. P. Jansen, H. Hiemstra and J. H. van Maarseveen, Org. Lett., 2006,
8, 919; (b) F. Francesca Pagliai, T. Pirali, E. D. Grosso, R. D. Brisco,
G. C. Tron, G. Sorba and A. A. Genazzani, J. Med. Chem., 2006, 49,
467; (¢) V. O. Rodionov, V. V. Fokin and M. G. Finn, Angew. Chem.,
Int. Ed., 2005, 44, 2210; (d) L. Zhang, X. Chen, P. Xue, H. H. Y. Sun,
I. D. Williams, K. B. Sharpless, V. V. Fokin and G. Jia, J. Am. Chem.
Soc., 2005, 127, 15998.

X. Zhang, R. P. Hsung and L. You, Org. Biomol. Chem., 2006, 4, 2679.
For a beautiful earlier account, see: M. IJsselstijin and J.-C. Cintrat,
Tetrahedron, 2006, 62, 3837.

(@) P. Wu, A. K. Feldman, A. K. Nugent, C. J. Hawker, A. Scheel,
B. Voit, J. Pyun, J. M. J. Frechet, K. B. Sharpless and V. V. Fokin,
Angew. Chem., Int. Ed., 2004, 43, 3928; (b) A. K. Feldman, B. Colasson
and V. V. Fokin, Org. Lett., 2004, 6, 3897; (¢) Q. Wang, T. R. Chan,
R. Hilgraf, K. B. Sharpless and V. V. Fokin, J. Am. Chem. Soc., 2003,
125, 3192.

For recent reviews on RCM, see: (@) T. M. Trnka and R. H. Grubbs,
Acc. Chem. Res., 2001, 34, 18; (b) R. R. Schrock and A. H. Hoveyda,
Angew. Chem., Int. Ed., 2003, 42, 4592; (¢) M. A. Walters, Prog.
Heterocycl. Chem., 2003, 15, 1; (d) 1. Nakamura and Y. Yamamoto,
Chem. Rev., 2004, 104, 2127; (e) A. Deiters and S. F. Martin, Chem.
Rev., 2004, 104, 2199; (f) M. D. McReynolds, J. M. Dougherty and
P. R. Hanson, Chem. Rev., 2004, 104, 2239; (g) D. J. Wallace, Angew.
Chem., Int. Ed., 2005, 44, 1912.

For details in developing this cycloaddition protocol, see: X. Zhang,
H. Li, L. You, Y. Tang and R. P. Hsung, Adv. Synth. Catal., 2006, 348,
2437.

See ESIT.

B. Gerard, J. Ryan, A. B. Beeler and J. A. Porco, Jr., Tetrahedron, 2006,
62, 6405.

During our work, an example of a related trapping appeared in a
footnote submitted as an evidence to support the mechanistic existence
of the vinyl copper intermediate. See: M. P. Cassidy, J. Raushel and
V. V. Fokin, Angew. Chem., Int. Ed., 2006, 45, 3154.

(@) 1. Bae, H. Han and S. Chang, J. Am. Chem. Soc., 2005, 127, 2038; (b)
S. H. Cho, E. J. Yoo, L. Bae and S. Chang, J. Am. Chem. Soc., 2005,
127, 16046; (¢) E. J. Yoo, L. Bae, S. H. Cho, H. Han and S. Chang, Org.
Lett., 2006, 8, 1347.

Preliminary attempts to react ynamide 6 and TsNj led to a complex
mixture that was not discernable whether compounds related to G or H
were present. We are currently further exploring this reaction.

For reviews on enyne metathesis, see: () S. T. Diver and A. J. Giessert,
Chem. Rev., 2004, 104, 1317; (b) M. Mori, J. Mol Catal. A: Chem.,
2004, 213, 73; (¢) C. S. Poulsen and R. Maden, Synthesis, 2003, 1; (d)
M. Mori, in Handbook of Metathesis, ed. R. H. Grubbs, Wiley-VCH,
Weinheim, 2003; (¢) A. Firstner, Angew. Chem., Int. Ed., 2000, 39, 3012.
For some recent examples of enyne metathesis, see: (@) E. C. Hansen
and D. Lee, J. Am. Chem. Soc., 2004, 126, 15074; (b) R. Castarlenas,
M. Eckert and P. H. Dixneuf, Angew. Chem., Int. Ed., 2005, 44, 2576; (c)
B. R. Galan, A. J. Giessert, J. B. Keister and S. T. Diver, J. Am. Chem.
Soc., 2005, 127, 5762.

For a related macrocyclic formation, see: S. Dorner and B. Westermann,
Chem. Commun., 2005, 2852.

2422 | Chem. Commun., 2007, 2420-2422

This journal is © The Royal Society of Chemistry 2007



