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General synthetic avenues to the pyrido-annulated triazolium salts with different steric and electronic
properties have been developed. This architecture can be readily altered with different N-alkyl or aryl
substituents at the N2 position of the triazole ring and modifications to the pyridine backbone.
Deprotonation of the triazolium salts 12 with NaH led to formation of stable carbenes 11 at room
temperature as clearly demonstrated through ESI mass spectra and by observation of the characteristic
13C NMR resonance for the carbene carbon at & = 202—208 ppm. In sharp contrast, treatment of these
triazolium salts with K,COj3 led to dimerization of free carbenes 11. The dimeric enetetramine (11b),
could react with elemental sulfur to deliver the corresponding thiourea 16 in toluene at 80 °C in good
yield. A silver complex with the pyrido[1,2-a][1,2,4]triazol-3-ylidene is described, and the molecular
structure of complex 17 was established by X-ray crystallography. The triazolium salts 12 turned out to
be powerful catalysts in catalytic benzoin condensations and transesterifications at 25 °C. The catalytic
activity was largely dependent on the steric and electronic nature of the R' and R? substituents of the
triazolium salt. We rationalized that this type of triazolium-catalyzed benzoin condensations should undergo
the “traditional” Breslow mechanism rather than the pathway of the dimer (11), as the real catalytic

species.

Introduction

Since the first stable, crystalline imidazol-2-ylidene was
prepared by Arduengo and co-workers in 1991," N-heterocyclic
carbenes (NHCs) have grown from being regarded as chemical
curiosities to versatile ligands in transition metal mediated

(1) Arduengo, A. J., III; Harlow, R. L.; Kline, M. J. Am. Chem. Soc. 1991,
113, 361-363.

(2) Selected reviews: (a) Regitz, M. Angew. Chem., Int. Ed. 1996, 35, 725—
728. (b) Herrmann, W. A.; Kochter, C. Angew. Chem., Int. Ed. 1997, 36, 2162—
2187. (c) Arduengo, A. J., IIl Acc. Chem. Res. 1999, 32, 913-921. (d) Bourissou,
D.; Guerret, O.; Gabbai, F. P.; Bertrand, G. Chem. Rev. 2000, 100, 39-91. (e)
Dupont, J.; Spencer, J. Angew. Chem., Int. Ed. 2004, 43, 5296-5297. (f) Hahn,
F. E. Angew. Chem., Int. Ed. 2006, 45, 1348-1352.
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processes,>* nucleophilic organic catalysts,* and reagents in
organic reactions.” In the past ten years, imidazol-2-ylidenes 1,
saturated imidazolidin-2-ylidenes 2, and 1,2,4-triazol-5-ylidenes
3 represent the typical architectures of stable nucleophilic singlet

(3) Selected recent reviews for metal complexes of carbenes and their
application in transition metal catalysis: (a) Weskamp, T.; Béhm, V. P. W_;
Herrmann, W. A. J. Organomet. Chem. 2000, 600, 12-22. (b) Herrmann, W. A_;
Weskamp, T.; Bohm, V. P. W. Adv. Organomet. Chem. 2001, 48, 1-59. (c)
Hermann, W. A. Angew. Chem., Int. Ed. 2002, 41, 1290-1309. (d) César, V.;
Bellemin-Laponnaz, S.; Gade, L. H. Chem. Soc. Rev. 2004, 33, 619-636. (e)
Garrison, J. C.; Youngs, W. J. Chem. Rev. 2005, 105, 3978-4008. (f) Tekavec,
T. N.; Louie, J. Top. Organomet. Chem. 2007, 21, 159-192. (g) Kantchev,
E. A. B.; O’Brien, C. J.; Organ, M. G. Angew. Chem., Int. Ed. 2007, 46, 2768—
2813. (h) Kunz, D. Angew. Chem., Int. Ed. 2007, 46, 3405-3408.
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N-heterocyclic carbenes, and the chemistry of these compounds
has been intensively studied.
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The study of structure—reactivity relationships in diaminocar-
benes is currently attracting intensive attention. It has been
realized that several structural factors (e.g., the presence or
absence of unsaturation at the C4—C5 bond in the imidazole/
dihydroimidazole series, the steric bulkiness around the carbene
carbon, and the presence of electron-withdrawing groups in the
N-heterocyclic backbone or in N-aryl substituents, etc.) may
have dramatic effects on the reactivity and stability of carbenes.
Much work has therefore been devoted to the design and
development of carbene compounds with novel structures to
tune their steric and electronic properties by slight modification
of the ring framework. Some new families of stable carbenes
including those containing six-membered rings 4 and 5,° seven-
membered rings 6,” and other cyclic/acyclic systems® have been
described recently. In addition, the construction of annulated
NHCs by carbo- or heterocycles is also an efficient strategy to
modify the properties of Arduengo’s “original” imidazol-2-

(4) Selected recent reviews: (a) Enders, D.; Balensiefer, T. Acc. Chem. Res.
2004, 37, 534-541. (b) Johnson, J. S. Angew. Chem., Int. Ed. 2004, 43, 1326~
1328. (c¢) Zeitler, K. Angew. Chem., Int. Ed. 2005, 44, 7506-7510. (d) Marion,
N.; Diez-Gonzilez, S.; Nolan, S. P. Angew. Chem., Int. Ed. 2007, 46, 2988—
3000. (e) Enders, D.; Niemeier, O.; Henseler, A. Chem. Rev. 2007, 107, 5606—
5655.

(5) Nair, V.; Bindu, S.; Sreekumar, V. Angew. Chem., Int. Ed. 2004, 43,
5130-5135.

(6) (a) Alder, R. W.; Blake, M. E.; Borlotti, C.; Bufali, S.; Butts, C. P.;
Linehan, E.; Oliva, J. M.; Orpen, A. G.; Quayle, M. J. Chem. Commun. 1999,
241-242. (b) Bazinet, P.; Yap, G. P. A.; Richeson, D. S. J. Am. Chem. Soc.
2003, /25, 13314-13315. (c) Mayr, M.; Wurst, K.; Ongania, K.-H.; Buchmeiser,
M. R. Chem. Eur. J. 2004, 10, 1256-1266. (d) Lloyd-Jones, G. C.; Alder, R. W.;
Owen-Smith, G. J. J. Chem. Eur. J. 2006, 12, 5361-5375. (e) Bazinet, P.; Ong,
T.-G.; O’Brien, J. S.; Lavoie, N.; Bell, E.; Yap, G. P. A.; Korobkov, I.; Richeson,
D. S. Organometallics 2007, 26, 2885-2895.

(7) (a) Scarborough, C. C.; Grady, M. J. W.; Guzei, I. A.; Gandhi, B. A;
Bunel, E. E.; Stahl, S. S. Angew. Chem., Int. Ed. 2005, 44, 5269-5272. (b) Rogers,
M. M.; Wendlandt, J. E.; Guzei, I. A.; Stahl, S. S. Org. Lett. 2006, 8, 2257—
2260.

(8) Selected recent examples: (a) Merceron-Saffon, N.; Baceiredo, A.;
Gornitzka, H.; Bertrand, G. Science 2003, 301, 1223-1225. (b) Cattoén, X.;
Gornitzka, H.; Bourissou, D.; Bertrand, G. J. Am. Chem. Soc. 2004, 126, 1342~
1343. (c) Herrmann, W. A.; Schiitz, J.; Frey, G. D.; Herdtweck, E. Organome-
tallics 2006, 25, 2437-2448. (d) Lavallo, V.; Canac, Y.; Donnadieu, B.; Schoeller,
W. W.; Bertrand, G. Science 2006, 312, 722—724. (e) Marrot, S.; Kato, T.; Cossio,
F. P.; Gornitzka, H.; Baceiredo, A. Angew. Chem., Int. Ed. 2006, 45, 7447—
7450. (f) Yao, Q.; Zabawa, M.; Woo, J.; Zheng, C. J. Am. Chem. Soc. 2007,
129, 3088-3089. (g) Jazzar, R.; Dewhurst, R. D.; Bourg, J.-B.; Donnadieu, B.;
Canac, Y.; Bertrand, G. Angew. Chem., Int. Ed. 2007, 46, 2899-2902. (h)
Anderson, D. R; Lavallo, V.; O’Leary, D. J.; Bertrand, G.; Grubbs, R. H. Angew.
Chem., Int. Ed. 2007, 46, 7262-7265.

(9) Selected recent examples: (a) Hahn, F. E.; Wittenbecher, L.; Boese, R.;
Bliser, D. Chem. Eur. J. 1999, 5, 1931-1935. (b) Rivas, F. M.; Riaz, U.; Giessert,
A.; Smulik, J. A; Diver, S. T. Org. Lett. 2001, 3, 2673-2676. (c) Altenhoff, G.;
Goddard, R.; Lehmann, C. W.; Glorius, F. Angew. Chem., Int. Ed. 2003, 42,
3690-3693. (d) Altenhoff, G.; Goddard, R.; Lehmann, C. W.; Glorius, F. J. Am.
Chem. Soc. 2004, 126, 15195-15201. (e) Arduengo, A. J., III; Tapu, D.; Marshall,
W.J.J. Am. Chem. Soc. 2005, 127, 16400-16401. (f) Saravanakumar, S.; Oprea,
A. 1; Kindermann, M. K.; Jones, P. G.; Heinicke, J. Chem. Eur. J. 2006, 12,
3143-3154. (g) Khramov, D. M.; Boydston, A. J.; Bielawski, C. W. Angew.
Chem., Int. Ed. 2006, 45, 6186-6189. (h) Huynh, H. V.; Han, Y.; Ho, J. H. H,;
Tan, G. K. Organometallics 2006, 25, 3267-3274.
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ylidenes 1.° In particular, recent investigations indicate that the
pyrido-annulation significantly influences the stability and the
o-donor/m-acceptor ligand properties of carbenes and may be a
tool for tuning their electronic properties, as was demonstrated
in the bis(pyrido[a])-annulated imidazol-2-ylidene 7,'° the
quinoline[a]-annulated imidazol-2-ylidenes 8,'" the pyrido[a]-
annulated carbenes 9'' and their homologous pyrido[b]- and
pyrido[c]-annulated NHCs 10.'> Although these pyrido-annu-
lated NHCs fascinate chemists, only a few examples exist so
far owing to the challenge posed by their synthesis.
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The triazol-5-ylidenes 3 have turned out to be powerful
organocatalysts since the convenient preparation of 1,3,4-
triphenyl-4,5-dihydro-1H-1,2,4-triazol-5-ylidene in 1995." Later,
the triazolyl carbenes annulated by aliphatic cyclic skeleton have
been described and exhibited highly catalytic activity in
umpolung aldehyde chemistry.'* Surprisingly, there is no
information about the impact of the pyrido-annulation on the
properties of triazol-5-ylidenes so far. We herein wish to report
the highly efficient methods for the preparation of the pyrido-
annulated triazolium salts 12a—g in which R?> may be both
N-alkyl or aryl substituents, and describe for the first time the
properties of the pyrido[1,2-a][1,2,4]triazol-3-ylidenes 11 as a
new class of stable N-heterocyclic carbenes.

Results and Discussion

Synthesis of the Pyrido-Annulated Triazolium Salts
12a—g. Several approaches to triazolium salts are conceivable.
For example, 1,4-disubstituted triazolium salts can be prepared
by condensation of an alkyl or aryl hydrazine with N,N-
diformylhydrazine,'> followed by reaction with an amine. 3,4-
Disubstituted 1-alkyl-4H-1,2,4-triazol-1-ium salts can be pre-
pared from N-formylhydrazine and imidoyl chloride.'® 1,3,4-
Triphenyl-1,2,4-triazol-1-ium perchlorate can be synthesized via
the cyclization of the N-phenylbenzamide phenylhydrazone with
acetic anhydride and formic acid after treatment with perchloric
acid.!” In addition, triazolium salts can also be accessible via

(10) Weiss, R.; Reichel, S.; Handke, M.; Hampel, F. Angew. Chem., Int. Ed.
1998, 37, 344-347.

(11) (a) Alcarazo, M.; Roseblade, S. J.; Cowley, A. R.; Fernandez, R.; Brown,
J. M.; Lassaletta, J. M. J. Am. Chem. Soc. 2005, 127, 3290-3291. (b) Burstein,
C.; Lehmann, C. W.; Glorius, F. Tetrahedron 2005, 61, 6207-6217. (c) Fiirstner,
A.; Alcarazo, M.; Krause, H.; Lehmann, C. W. J. Am. Chem. Soc. 2007, 129,
12676-126717.

(12) Ullah, F.; Bajor, G.; Veszprémi, T.; Jones, P. G.; Heinicke, J. W. Angew.
Chem., Int. Ed. 2007, 46, 2697-2700.

(13) Enders, D.; Breuer, K.; Raabe, G.; Runsink, J.; Teles, J. H.; Melder,
J.-P.; Ebel, K.; Brode, S. Angew. Chem., Int. Ed. 1995, 34, 1021-1023.

(14) (a) Knight, R. L.; Leeper, F. J. J. Chem. Soc., Perkin Trans. 1 1998,
1891-1893. (b) Enders, D.; Kallfass, U. Angew. Chem., Int. Ed. 2002, 41, 1743~
1745. (c) Kerr, M. S.; Alaniz, J. R.; Rovis, T. J. Org. Chem. 2005, 70, 10135—
10138. (d) Enders, D.; Niemeier, O.; Balensiefer, T. Angew. Chem., Int. Ed.
2006, 45, 1463-1467. (e) Vora, H. U.; Rovis, T. J. Am. Chem. Soc. 2007, 129,
13796-13797.

(15) Freund, M.; Horst, F. Chem. Ber. 1895, 28, 944-945.

(16) (a) Enders, D.; Gielen, H. J. Organomet. Chem. 2001, 617—8, 70-80.
(b) Perry, M. C.; Burgess, K. Tetrahedron: Asymmetry 2003, 14, 951-961.

(17) Enders, D.; Breuer, K.; Kallfass, U.; Balensiefer, T. Synthesis 2003,
1292-1295.

J. Org. Chem. Vol. 73, No. 21, 2008 8257



JOC Article

HC(OCH20H3)3 AN
10— _ ’H\
R NT °N”R?
or HC(OCHg)3 H
13

FIGURE 1. Design of the pyrido-annulated triazolium salts 12a—g.

other routes such as those reported by Wanzlick'® and Becker.'
In this study, we take advantage of the cyclization of the
pyridylhydrazine derivative 13 with trimethyl orthoformate or
triethyl orthoformate to construct the pyrido[1,2-a][1,2,4]-
triazolium skeleton 12 (Figure 1). Because the pyridylhydrazine
derivatives 13 are prepared easily and are even commercially
available, structural variations of the pyrido-annulated triazolium
salts can be simply achieved through the choice of both the R!
substituent of the pyridine ring and the R? group at the N2
position of the triazole ring. These compounds are easily
synthesized from inexpensive starting materials and are isolated
in analytically pure form as crystalline solids in good to excellent
yields, depending on the nature of the R! and R? substituents.
Furthermore, these ligands are stable enough in the air and can
be stored with no special precautions. It is noteworthy that the
preparation of the annulated triazolium salts has been performed
without problems on 10-g scales.

Method A. As shown in Scheme 1, the synthesis of the
bicyclic triazolium salt 12a was a one-pot process from
commercially available 1-(pyridin-2-yl)hydrazine 13a, trim-
ethyloxonium tetrafluoroborate, and triethyl orthoformate for
the two-step conversion in 86% yield, which is proposed to
involve the initial N-alkylation of 13a with trimethyloxonium
tetrafluoroborate to form the intermediate 1-methyl-2-(pyridin-
2-yDhydrazine, followed by the cyclization with triethyl ortho-
formate. Unfortunately, all attempts to isolate this intermediate
were unsuccessful. While triethyloxonium tetrafluoroborate was
used as an N-alkylating agent, 2-ethylpyrido[1,2-a][1,2,4]triazol-
2-ium tetrafluoroborate 12b was formed in 91% yield. Alter-
natively, the diethyl ether solution of HBF, could be used as
the N-alkylating agent in place of triethyloxonium tetrafluo-
roborate. The structure of 12b was confirmed by X-ray
diffraction analysis (see Figure 1 in the Supporting Information).
This protocol could also be extended to the synthesis of modified
triazolium salts starting from 1-(substituted pyridin-2-yl)hydra-
zines, which are easily prepared from readily available pyridin-
2-amine derivatives,?° as illustrated in the synthesis of 12¢ that
contains a methyl group at the C6 of the pyridine ring.

Method B. Unfortunately, the protocols described above are
limited to the synthesis of those bicyclic triazolium salts which
bear the methyl or ethyl substituent at the N2 position of the
triazole ring, and are inappropriate for the introduction of N-aryl
substituents. To extend the possibilities of ligand tuning, we
have developed another avenue to make the convenient intro-
duction of aryl substituents at the N2 position of the triazole
ring, as illustrated in the synthesis of 12d—g via the condensa-
tion of hydrazines 13c¢—f with triethyl orthoformate in the
presence of ammonium hexafluorophosphate to afford the
desired triazolium salts 12d—g in 75%, 64%, 82%, and 77%
yields, respectively (Scheme 2). Hydrazines 13c¢—f were pre-

(18) Walentowski, R.; Wanzlick, H.-W. Z. Naturforsch., B: Chem. Sci. 1970,
25, 1421-1423.

(19) Becker, H. G. O.; Hoffmann, G.; Gwan, K. M.; Kniipfer, L. J. Prakt.
Chem. 1988, 330, 325-337.

(20) Alhaider, A. A.; Abdelkader, M. A.; Lien, E. J. J. Med. Chem. 1985,
28, 1394-1398.

8258 J. Org. Chem. Vol. 73, No. 21, 2008

Ma et al.

pared by using the synthetic methods described previously for
the three-step conversion, involving treatment of aniline deriva-
tives with m-chloroperoxybenzoic acid to generate nitrosoben-
zenes, condensation of nitrosobenzenes with pyridin-2-amine
derivatives to form diazenes, and reduction of diazenes with
zinc and ammonium acetate.?’ The structure of 12d was
confirmed by X-ray diffraction analysis (see Figure 2 in the
Supporting Information). In comparison with the first route, this
route is more versatile and offers less restriction in the nature
of the N2 R? group and involves more accessible starting
materials.

Synthesis, Characterization, Dimerization Behavior, and
Reactivity of the Pyrido[1,2-a][1,2,4]triazol-3-ylidenes 11. A
distinguishing feature between unsaturated and saturated
carbenes is their propensity to form enetetramines, the formal
C=C dimers of the free carbenes."??> N,N'-Substituted
saturated diaminocarbenes of type 2 show a tendency to
dimerize to the enctetramines (2); if the N-substituents are
sterically less crowded.®® In sharp contrast, unsaturated
diaminocarbenes of type 1 seldom form enetetramines except
under very specific circumstances such as after suitable
bridging 14.%* 1,2,4-Triazol —5-ylidene 15 is thermodynami-
cally stable against dimerization to the enetetramine.'® To
the best of our knowledge, no example describing the
dimerization of triazol-5-ylidenes has been clearly established
so far. We herein present the synthesis, characterization,
dimerization behavior, and reactivity of the first stable
pyrido[1,2-a][1,2,4]triazol-3-ylidenes 11.

(CHy)y
ROR ) P
N N N N N-N

[N>:<Nj [ >:<N] Ph* N>
R R > Ph

(CHo);
), 14 15

Despite extensive application in organic catalysis,>* the
structures, properties, and stability of triazol-5-ylidenes have
rarely been described. Deprotonation of appropriate cationic
precursors by suitable bases is a widely applied, more convenient
access to N-heterocyclic carbenes. In this study, our initial
attempts focused on the direct deprotonation of the pyrido-
annulated triazolium salts 12 in the presence of strong base (e.g.,
NaH, -BuOK, NaOCH3s, etc.) at room temperature (Scheme 3).
Perhaps the clearest spectroscopic evidence identifying 11 as
an electron-rich NHCs is the appearance of a highly deshielded
13C NMR (THF-ds) signal for the Cearpene at 6 202 to 208 ppm.
The upfield shift of the pyrido-annulated NHCs 11 as compared
to the nonannulated triazolylidene 15 (0 214.6 ppm) reflects

(21) (a) Cerri, V.; Frejaville, C.; Vila, F.; Allouche, A.; Gronchi, G.; Tordo,
P. J. Org. Chem. 1989, 54, 1447-1450. (b) Shen, D.; Diele, S.; Pelzl, G.; Wirthb,
L.; Tschierske, C. J. Mater. Chem. 1999, 9, 661-672. (c) Li, J.; Wang, Y.; Sun,
T. Huaxue Shiji 2002, 24, 292-293. (d) Dougan, S. J.; Melchart, M.;
Habtemariam, A.; Parsons, S.; Sadler, P. J. Inorg. Chem. 2006, 45, 10882-10894.

(22) Arduengo, A. J., III; Goerlich, J. R.; Marshall, W. J. J. Am. Chem. Soc.
1995, 117, 11027-11028.

(23) (a) Denk, M. K.; Thadani, A.; Hatano, K.; Lough, A. J. Angew. Chem.,
Int. Ed. 1997, 36, 2607-2609. (b) Hahn, F. E.; Paas, M.; Van, D. L.; Frolich, R.
Chem. Eur. J. 2005, 11, 5080-5085.

(24) (a) Taton, T. A.; Chen, P. Angew. Chem., Int. Ed. 1996, 35, 1011-
1013. (b) Shi, Z.; Goulle, V.; Thummel, R. P. Tetrahedron Lett. 1996, 37, 2357—
2360. (c) Tormos, G. V.; Bakker, M. G.; Wang, P.; Lakshmikantham, M. V.;
Cava, M. P.; Metzger, R. M. J. Am. Chem. Soc. 1995, 117, 8528-8535. (d) Liu,
Y.-F.; Lindner, P. E.; Lemal, D. M. J. Am. Chem. Soc. 1999, 121, 10626—10627.
(e) Schoenebeck, F.; Murphy, J. A.; Zhou, S.; Uenoyama, Y.; Miclo, Y.; Tuttle,
T. J. Am. Chem. Soc. 2007, 129, 13368-13369.
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SCHEME 1. Synthesis of the Pyrido-Annulated Triazolium Salts 12a—c
( = ~ HBF, in E,O or @\
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SCHEME 2. Synthesis of the Pyrido-Annulated Triazolium Salts 12d—g
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SCHEME 3. Preparation of the for dimerization of carbene, as this signal did not change even

Pyrido[1,2-a][1,2,4]triazol-3-ylidenes 11

IR I
R1 N \N M R! N \N
/ rt (N
):N+ N
H R? R2?
12 11

the influence of annulation on the divalent carbon.'® The
chemical shifts are reminiscent of the unsaturated carbenes of
type 1, which generally appear in the 205—220 ppm region.>* ¢
These values also fall in the range observed for the imidazo[1,5-
alpyridine skeleton carbenes 9 (0 206—209 ppm).''* Thus,
annulation is a particularly suitable tool for tuning the electronic
properties of N-heterocyclic carbenes.

As shown in Figure 2, after treatment of the triazolium salt
12b with 1.1 equiv of NaH in THF-ds in a sealed NMR tube at
room temperature, a very clean reaction occurred immediately.
The '"H NMR resonance signal for the NCHN proton at
downfield chemical shift (6 10.5 ppm) disappeared completely,
suggesting the successful deprotonation of 12b (Figure 2b).
Concomitant with this observation was the appearance of a 13C
NMR signal at ¢ 203.8 ppm (Figure 2¢). There was no evidence

after the THF-dg solution of 11b (R! = H, R?> = ethyl) was
kept for several days at room temperature, thereby demonstrating
the stability of the free carbene in solution. Further removal of
the solvent afforded the free carbene as a pale yellow solid,
which is also stable for a long period at room temperature. The
ESI mass spectrum of a mixture of 12b and NaH in a 1:1.1
ratio in THF showed the signal at m/z 148.9 assigned to the
species 11b ([M + 2]%). In addition, treatment of the triazolium
salts 12a, 12¢ and 12d—g with NaH afforded the values of the
I3C resonance for C3 at 0 203.8, 201.8, 204.2, 204.7, 207.4,
and 206.1 ppm, respectively. Notably, the salts 12d—g contain-
ing the aromatic R? substituents at the N2 position of the triazole
rings gave rise to the slight downfield shifts (204.2—207.4 ppm)
as compared to 12a—c bearing the N-alkyl R? substituents
(201.8—203.8 ppm). Unfortunately, all tries to obtain single
crystals suitable for X-ray crystallography were unsuccessful.

More interestingly, deprotonation of the pyrido-annulated
triazolium salt 12b with K,CO3 did not lead to generation of
the anticipated carbene 11b but instead yielded the enetetramine
(11b),, which has never previously been observed for triazol-
5-ylidenes (Scheme 4). First, the ESI mass spectrum of a mixture
of 12b and K,COj in a 1:1.1 ratio in THF showed the signal at

C) H
| erasbrtniaesad l_,_ ]
22)0 1§o 1('30 ) ) 1410 ) ) ) 1I20 ’ ) ) 1(')0
b)
a)
J A Aa_ A

FIGURE 2. '"H NMR and "*C NMR spectra (THF-ds) of 12b in the presence of 1.1 equiv of NaH at 298 K: (a) the '"H NMR spectrum before
addition of NaH; (b) the '"H NMR spectrum after treatment with NaH; and (c) the '*C NMR spectrum after treatment with NaH.

J. Org. Chem. Vol. 73, No. 21, 2008 8259



JOC Article

Ma et al.

SCHEME 4. Dimerization Behavior of the Pyrido[1,2-a][1,2,4]triazol-3-ylidenes 11b
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mlz 293 assigned to the species (11b), (M — 1]7). The
dimerization behavior of the pyrido-annulated triazol-3-ylidene
11b was then clearly demonstrated by its time-resolved 'H NMR
and 3C NMR spectra by mixing a sample of 12b and K,CO;
(1.1 equiv) in a sealed NMR tube in THF-dg at room temperature
(Figure 3). The first 'H NMR spectrum exhibited the signals
derived from the triazolium salt 12b (Figure 3a). Figure 3b
indicated the formation of enetetramine (11b),, but was still
dominated by the resonance signals of 12b after 15 min. With
time, the intensities of (11b), resonance signals increased and
those of 12b decreased. After 24 h, the 'H NMR resonance
signal arising from the starting material 12b nearly disappeared
(Figure 3c). Furthermore, the '"H NMR and '*C NMR spectra
did not display any additional changes over several weeks at
room temperature (Figure 3d,e). The '"H NMR and '*C NMR
spectra gave two sets of resonance signals with different
intensities, which reveals the presence of both cis and trans
isomers of the enetetramine (11b), in an approximate 1:10 ratio.
We assume that the trans dimer is the major product due to
steric hindrance, but all attempts to isolate individual cis and

rapidly and
irreversibly

CHCEENYC
_ N~

Nl‘N>_<N’|N " N>:<N"N
) O

cis -(11b), trans -(11b),

trans isomers failed at this stage.®>* It is notable that in these
"H NMR spectra the broad signals marked as H (6 8.11 to 8.24
ppm) are possibly assigned to the released C3 protons of
triazolium ring after deprotonation with K,COj5 (Figure 3b—d).
Furthermore, the '3C NMR resonance signal at 6 203.8 ppm
was not detected over the period monitored, demonstrating the
rapid dimerization of the most likely intermediate carbene 11b.
For comparison, the rapid dimerization of carbene is typical
for saturated N-heterocyclic carbenes of the imidazolidin-2-
ylidene type 2. Therefore, the pyrido-annulated triazol-3-ylidenes
11 feature the spectroscopic properties of unsaturated N-
heterocyclic carbenes of type 1 but the dimerization of saturated
derivatives 2. We rationalize that the dimer (11b), should be
generated from the indirect proton-catalyzed carbene dimeriza-
tion pathway.?® In the presence of K,CO3, the deprotonation of
the triazolium salt 12b is slow so that relatively large quantities
of unreacted triazolium salt still remain in the reaction system,
which can serve as a protic catalyst for the dimerzation of the
free carbene to the olefin (11b),. To clarify the mechanism of
dimerization proposed, the triazolium salt 12b was added to a
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d , {j
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FIGURE 3. Time-resolved 'H NMR and *C NMR spectra (THF-ds) of 12b in the presence of 1.1 equiv of K,COs at 298 K: (a) the 'H NMR
spectrum prior to addition of K»COs; (b) the 'H NMR spectrum after 15 min; (c) the '"H NMR spectrum after 24 h; (d) the '"H NMR spectrum after

several weeks; and (e) the 3C NMR spectrum after several weeks.
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SCHEME 5. Preparation of the Thiourea 16
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SCHEME 6. Synthesis of the Pyrido-Annulated

Triazol-3-ylidene-Silver(I) Hexafluorophosphate Complex 17
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12d
solution of the isolated carbene 11b in THF-dg. The *C NMR
resonance at 0 203.8 ppm disappeared but instead gave rise to
the signals assigned to the enetetramine (11b),. Thus, these
results showed that addition of triazolium salt could efficiently
catalyze its dimerization, clearly demonstrating the indirect
proton-catalyzed pathway of carbene dimerization.

The dimer (11b), was found to be stable in air at room
temperature. While the isolated sample (11b), was further heated
to 80 °C in toluene-dg in a sealed NMR tube for 24 h, we
observed no evidence for an equilibrium between the NHC and
its dimer in solution. However, it should be known that the C—C
double bond of type (2), can be cleaved in reactions with
electrophiles with the liberation of 2.%*%¢ In this study, we
found that the dimer (11b), could also react with elemental
sulfur to deliver the thiourea 16 in toluene at 80 °C in 96%
yield (Scheme 5). The thiourea 16 was characterized by X-ray
structure analysis (see Figure 3 in the Supporting Information).

Synthesis of the Pyrido-Annulated Triazol-3-ylidene-
Silver(I) Hexafluorophosphate Complex 17. To further get
structural information about carbenes 11, the triazolium salts
12 were expected to be coordinated to a silver unit to give the
air-stable silver(I) complexes.>>*’ In this study, the silver(I) bis-
carbene complex 17 was obtained by reaction of silver oxide
with 2 equiv of 12d in dichloromethane (Scheme 6). After
workup, complex 17 was isolated as highly thermally stable
single crystals (mp 293—294 °C).

Single-crystal X-ray diffraction analysis confirmed the sil-
ver(I) bis-carbene complex 17 with PFs~ as the noncoordinating
counterion and showed a two-coordinate Ag(I) atom in a close
linear environment with a C6—Ag—C18 angle of 174.8° (Figure
4). In addition to the two-coordinate environment for the Ag(I)
atom, several features of this structure, including the planar
geometry around the nitrogen atoms and the Ag—Curbene bond
distances (2.085 and 2.102 A for C6—Ag and CI8—Ag,

(25) (a) Hahn, F. E.; Paas, M.; Van, D. L.; Liigger, T. Angew. Chem., Int.
Ed. 2003, 42, 5243-5246. (b) Wolf, J.; Bohlmann, W.; Findeisen, M.; Gelbrich,
T.; Hofmann, H.-J.; Schulze, B. Angew. Chem., Int. Ed. 2007, 46, 3118-3121.

(26) A review summarizing these findings on the dimerization behavior of
N-heterocyclic carbenes: Alder, R. W.; Blake, M. E.; Chaker, L.; Harvey, J. N.;
Paolini, F.; Schiitz, J. Angew. Chem., Int. Ed. 2004, 43, 5896-5911.

(27) Selected recent examples: (a) Ramirez, J.; Corberan, R.; Sanad, M.;
Peris, E.; Fernandez, E. Chem. Commun. 2005, 3056-3058. (b) Lee, K.-S.;
Brown, M. K.; Hird, A. W.; Hoveyda, A. H. J. Am. Chem. Soc. 2006, 128,
7182-7184. (c) Brown, M. K.; May, T. L.; Baxter, C. A.; Hoveyda, A. H. Angew.
Chem., Int. Ed. 2007, 46, 1097-1100. (d) McKie, R.; Murphy, J. A.; Park, S. R.;
Spicer, M. D.; Zhou, S.-Z. Angew. Chem., Int. Ed. 2007, 46, 6525-6528.
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respectively) and the N—Ccyhene bond lengths (average 1.354
A), are in agreement with those of other silver(I) bis- or
monocarbene complexes previously reported.*>*"&27428 A series
of m—um packing interactions which exist among the benzene
ring, pyridine ring, and triazole ring with the centroid distances
in the range of 3.534 to 3.842 A play an important part in the
connection of two adjacent molecules. Recently, Nolan et al.
described that the 2,5,6,7-tetrahydro-2-phenyl-3H-pyrrolo[2,1-
c][1,2,4]triazol-3-ylidene-silver(I) complex displays a '3C NMR
signal at 176.9 ppm, illustrating an average donating ability
similar to that of the previously discussed unsaturated silver(I)
NHC complexes.” However, in this study, the '3C NMR
spectrum of the pyrido-annulated triazol-3-ylidene-silver(I)
complex 17 does not exhibit any signal between 160 and 200
ppm. A similar observation for imidazol-2-ylidene was also
made recently by Nolan.*®

Catalytic Benzoin Condensation. It is well-established that
carbenes are versatile nucleophilic organic catalysts for a number
of important transformations.* The benzoin condensation is of
much interest as a convenient method of carbon—carbon bond
formation, which affords an atom-economic approach to a-hy-
droxy ketones serving as important intermediates in organic
synthesis. Debate over the mechanism of the carbene-catalyzed
benzoin condensation has led to several different mechanistic
models.**%¢ Of the well-established mechanisms, both mono-
mer- and dimer-catalyzed pathways have been proposed. One
based on the mechanistic proposal by Breslow has a thiazol-
2-ylidene as the catalytically active species.® Another model
has been based on the formation of carbene dimers presented
by Lemal et al.*!

In this study, we were fortunate to obtain both of the carbenes
11 and the enetetramines (11);, and more importantly, there
is no equilibrium observed between the NHCs and their dimers
in solution at room temperature. We thereby felt that this was
a chance to find evidence of the mechanism of the carbene-
catalyzed benzoin condensation. By the NMR signals we
observed the formation of free carbene arising from the
deprotonation of the pyrido-annulated triazolium salt 12b in the
presence of strong base at room temperature. After screening a
variety of bases (i.e., NaH, DBU, Et;N, DIPEA, and tBuOK),
we found that fBuOK was clearly the best choice in terms of
yield. Thus, a typical benzoin condensation was carried out by
treatment of benzaldehyde in the presence of 2 mol % of 12b
and 2 mol % of ~-BuOK in THF at 25 °C for 15 h. We were
delighted to find that our catalytic system could afford excellent
yields up to 93%. In sharp contrast, the isolated carbene dimer
(11b); could not prompt the benzoin condensation at 25 °C.
Therefore we rationalized that this type of triazolium-catalyzed
benzoin condensation should undergo the “traditional” Breslow

(28) (a) Wang, X.; Liu, S.; Weng, L.-H.; Jin, G.-X. Organometallics 2006,
25, 3565-3569. (b) Poyatos, M.; Maisse-Frangois, A.; Bellemin-Laponnaz, S.;
Gade, L. H. Organometallics 2006, 25, 2634-2641.

(29) de Frémont, P.; Scott, N. M.; Stevens, E. D.; Ramnial, T.; Lightbody,
O. C.; Macdonald, C. L. B.; Clyburne, J. A. C.; Abernethy, C. D.; Nolan, S. P.
Organometallics 2005, 24, 6301-6309.

(30) (a) Breslow, R. J. Am. Chem. Soc. 1958, 80, 3719-3726. (b) Diederich,
F.; Lutter, H. D. J. Am. Chem. Soc. 1989, 111, 8438-8446. (c) Chen, Y.-T.;
Barletta, G. L.; Haghjoo, K.; Cheng, J. T.; Jordan, F. J. Org. Chem. 1994, 59,
7714-7722. (d) Breslow, R.; Schmuck, C. Tetrahedron Lett. 1996, 37, 8241—
8242. (e) White, M. I.; Leeper, F. I. J. Org. Chem. 2001, 66, 5124-5131. (f)
Dudding, T.; Houk, K. N. Proc. Natl. Acad. Sci. U.S.A. 2004, 101, 5770-5775.

(31) (a) Lemal, D. M.; Lovald, R. A.; Kawano, K. I. J. Am. Chem. Soc.
1964, 86, 2518-2519. (b) Castells, J.; Lopez-Calahorra, F.; Domingo, L. J. Org.
Chem. 1988, 53, 4433-4436. (c) Castells, J.; Domingo, L.; Lépez-Calahorra,
F.; Marti, J. Tetrahedron Lett. 1993, 34, 517-520. (d) Lopez-Calahorra, F.;
Rubires, R. Tetrahedron 1995, 51, 9713-9728. (e) Lépez-Calahorra, F.; Castro,
E.; Ochoa, A.; Marti, J. Tetrahedron Lett. 1996, 37, 5019-5022.
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FIGURE 4. (a) ORTEP drawing of the molecular structure of 17, with PFs~ anions omitted for clarity. Thermal ellipsoids are set at the 30%
probability level. (b) The unit cell packing diagram viewed down the b axis.

SCHEME 7. Two Possible Mechanisms of the
Triazolium-Catalyzed Benzoin Condensation
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TABLE 1. Screening of Ligand 12 for the Benzoin Condensation”
12 (2%) , t-BUOK (2%) o) Ph

2PhCHO
THF, 25°C Ph OH
20
entry ligand yield (%)”
1 12a 88
2 12b 93
3 12¢
4 12d 47
5 12e
6 12f 36
7 12¢g

“ Reactions were performed on a 2.0 mmol scale with 2 mol % of
ligand 12 and 2 mol % of ~-BuOK in 2.0 mL of THF under N,
atmosphere at 25 °C for 15 h. ?Yield of isolated product based on
benzaldehyde after chromatographic purification.

mechanism 18 rather than the pathway of the bis(triazol-3-
ylidene) dimer as the real catalytic species 19 (Scheme 7).

The ligand survey for the catalytic benzoin condensation of
benzaldehyde was carried out in the presence of 2 mol % of 12
and 2 mol % of +-BuOK in THF at 25 °C for 15 h, and the
results are summarized in Table 1. We found that the yields of
the benzoin condensations were largely dependent on the steric
and electronic natures of the R' and R? substituents of the
triazolium salts 12a—g. For example, the yields would decrease
dramatically as the R? substituent of the N2 position of the
triazole ring varied from the N-alkyl group to the N-aryl group
(compare entries 1, 2, 4, and 6). In particular, the presence of
one methyl group at the C6 position of the pyridine ring would
result in loss of catalytic activity (e.g., 12¢, 12e, and 12g)
possibly due to the steric hindrance created by the methyl group
(entries 3, 5, and 7). The triazolium salt 12b thus turned out to
be a particularly effective ligand, affording as high as 93%
isolated yield (entry 2).

8262 J. Org. Chem. Vol. 73, No. 21, 2008

SCHEME 8. Catalytic Transesterification Reaction of
Benzyl Alcohol with Isopropenyl Acetate by 12b

o
0 12b (5%), DBU (5% o
)j\ /K+Ho/\© (5%) ( ))J\O ""/lK
o THF, 25 °C
21

Catalytic Transesterification Reaction. The importance of
esters in organic synthesis has encouraged the development of
a variety of methods for their preparation, involving reaction
of alcohol with carboxylic acid, ester interchange, and trans-
esterification. In the past few years, the research groups of
Nolan®? and Hedrick® simultaneously reported the first use of
various alkyl- or aryl-substituted imidazol-2-ylidenes as efficient
transesterification catalysts in 2002.* In this study, we were
pleased to find that the transesterification of benzyl alcohol with
isopropenyl acetate was able to proceed smoothly in the presence
of the pyrido-annulated trazolium salt 12b. Under optimal
conditions (5 mol % of 12b, 5 mol % of DBU, THF, 3 h), our
catalytic system could afford the desired product 21 in 93%
isolated yield at 25 °C (Scheme 8).

Conclusion

In summary, the pyrido-annulated triazolium salts 12a—g
have been readily synthesized in a straightforward fashion from
inexpensive starting materials in good yields. Novel stable
pyrido[1,2-a][1,2,4]triazol-3-ylidenes 11 have been prepared by
deprotonation of triazolium salts 12. The triazolium salts can
be modified by changing the R! substituent on pyridine and the
R? group on the N2 position of the triazole to tune the electronic
and steric nature of the derived carbenes. These carbenes exhibit
the spectroscopic properties of unsaturated N-heterocyclic
carbenes but undergo dimerizations reminiscent of saturated
derivatives. The dimeric enetetramine (11b), could react with
elemental sulfur to deliver the corresponding thiourea 16 in
toluene at 80 °C in good yield. The pyrido-annulated triazolium
salt 12d could react with Ag,O to form the silver(I) bis-carbene
complex 17 with a two-coordinate Ag(I) atom in a close linear
environment. The triazolium salts 12 turned out to be powerful

(32) Grasa, G. A.; Kissling, R. M.; Nolan, S. P. Org. Lett. 2002, 4, 3583—
3586.

(33) Nyce, G. W.; Lamboy, J. A.; Connor, E. F.; Waymouth, R. M.; Hedrick,
J. L. Org. Lett. 2002, 4, 3587-3590.
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catalysts in catalytic benzoin condensation and transesterification
at 25 °C. The catalytic activity was largely dependent on the
steric and electronic nature of the R! and R? substituent of the
triazolium salt. The triazolium-catalyzed benzoin condensations
are proposed to undergo the “traditional” Breslow mechanism
rather than the dimer pathway. Further investigations into other
versions of organocatalysis, organometallic catalysis, as well
as the related reaction mechanisms are currently underway and
will be reported in due course.

Experimental Section

General Remarks. 'H NMR spectra were obtained with a Bruker
AV-300, a Varian Inova-400, or a Varian Inova-600 spectrometer,
while 3C NMR spectra were recorded with a Bruker AV-300, a
Varian Inova-400, or a Varian Inova-600. The 'H chemical shifts
were measured relative to tetramethylsilane as the internal reference,
while the 3C NMR chemical shifts were recorded with THF-dg,
CDCl3, or CD30D as the internal standard. Elemental analyses were
performed with a CARLO ERBA1106 instrument. The mass spectra
(ESI) were obtained by using a Finnigan-LCQDECA spectrometer,
and the GC-MS spectra were recorded with an Agilent 6890-5973
machine.

Materials. Unless otherwise noted, all reagents were obtained
from commercial suppliers and used without further purification.
Benzaldehyde, benzyl alcohol, and isopropenyl acetate were freshly
distilled under reduced pressure prior to use. Solvents were dried
by refluxing for at least 24 h over CaH, (CH,Cl,) and sodium/
benzophenone (THF or diethyl ether), and freshly distilled prior to
use. Unless otherwise indicated, all syntheses and manipulations
were carried out under dry N, atmosphere. The pyridylhydrazine
13a and 13b were synthesized according to the procedure reported
by Lien et al.>° The pyridylhydrazine derivates 13c, 13d, 13e, and
13f were prepared by the literature procedure.”!

General Procedure for the Preparation of the Pyrido[1,2-
a][1,2,4]triazol-2-ium salts 12a—c. 2-Methylpyrido[1,2-a][1,2,4]-
triazol-2-ium tetrafluoroborate (12a): A flame-dried round-
bottomed flask equipped with a reflux condenser was charged with
trimethyloxonium tetrafluoroborate (1.78 g, 12 mmol), 1-(pyridin-
2-yhhydrazine 13a (1.09 g, 10 mmol), and chlorobenzene (30 mL).
The mixture was then stirred for 30 min, followed by addition of
trimethyl orthoformate (2.2 mL, 20 mmol). After being heated at
110 °C for 10 h, the reaction mixture was concentrated in vacuo.
The resulting residue was recrystallized from acetone to give the
triazolium salt 12a as colorless crystals in 86% yield. Mp 171—173
°C. 'H NMR (600 MHz, CD;0D) 6 4.41 (s, 3 H), 743 (t, J= 7.2
Hz, 1 H), 7.85—7.87 (m, 1 H), 7.98 (d, / = 9.6 Hz, 1 H), 8.73 (d,
J =17.8 Hz, 1 H). 3C NMR (150 MHz, CD;0D) ¢ 40.5, 116.4,
119.6, 127.1, 134.9, 149.2. MS (ESI*) m/z 133 [M — BF, — H]™.
Anal. Caled for C;HgBF4N3: C, 38.05; H, 3.65; N, 19.02. Found:
C, 37.96; H, 3.53; N, 19.29.

2-Ethyl pyrido[1,2-a][1,2,4]triazol-2-ium tetrafluoroborate
(12b): This compound was prepared following the same procedure
as described above for 12a, using 13a as the starting material and
triethyloxonium tetrafluoroborate as the N-alkylating agent. Com-
pound 12b was obtained as colorless crystals in 91% yield after
crystallization from acetone. Mp 112—114 °C. 'H NMR (600 MHz,
CD;0D) 6 1.70 (t, J = 7.2 Hz, 3 H), 4.71 (q, J = 7.2 Hz, 2 H),
743 (t, J = 6.6 Hz, 1 H), 7.84—7.87 (m, 1 H), 8.00 (d, J = 10.2
Hz, 1 H), 8.70 (d, J = 7.8 Hz, 1 H). 3C NMR (150 MHz, CD;0D)
0 144, 50.2, 116.4, 119.6, 127.2, 134.9, 149.3. MS (ESI") m/z
147 [M — BF4 — H]". Anal. Calcd for CsH;(BFsN3: C, 40.89; H,
4.29; N, 17.88. Found: C, 40.65; H, 4.08; N, 17.71.

2-Ethyl-5-methylpyrido[1,2-a][1,2,4]triazol-2-ium tetrafluo-
roborate (12¢): This compound was prepared following the same
procedure as described above for 12a, using 13b as the starting
material and triethyloxonium tetrafluoroborate as the N-alkylating
agent. Compound 12¢ was obtained as colorless crystals in 65%
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yield after crystallization from acetone. Mp 185—187 °C.'H NMR
(600 MHz, CD;0D) 6 1.72 (t, J = 7.2 Hz, 3 H), 2.81 (s, 1 H),
4.70 (g, J = 7.8 Hz, 2 H), 7.25 (d, J = 6.6 Hz, 1 H), 7.77—7.80
(m, 1 H), 7.84 (d, J = 9.0 Hz, 1 H). '3C NMR (150 MHz, CD;0D)
0 144, 17.8, 50.2, 113.7, 118.1, 135.1, 137.6, 139.1, 149.8. MS
(ESI) m/z 161 [M — BF, — H]". Anal. Calcd for CoH,BF4N3: C,
43.41; H, 4.86; N, 16.87. Found: C, 43.26; H, 4.52; N, 16.44.

The Alternative Preparation of the Pyrido[1,2-a][1,2,4]triazol-
2-ium salts 12b,c. Compounds 12b and 12¢ were prepared
following the same procedure as described above for 12a, using
13a and 13b as the starting materials, respectively. Tetrafluoroborate
acid (50% in diethyl ether) was used as the N-alkylating agent in
place of triethyloxonium tetrafluoroborate. Compounds 12b and 12¢
were obtained in 86% and 81% yields, respectively.

General Procedure for the Preparation of the Pyrido[1,2-
a][1,2,4]triazol-2-ium salts 12d—g. 2-Phenylpyrido[1,2-a][1,2,4]-
triazol-2-ium hexafluorophosphate (12d): A dry, argon-flushed
Schlenk tube equipped with a reflux condenser was charged with
1-(pyridin-2-yl)-2-phenylhydrazine 13c¢ (3.7 g, 20 mmol), am-
monium hexafluorophosphate (3.26 g, 20 mmol), trimethyl ortho-
formate (4.4 mL, 40 mmol), and dry THF (30 mL). After being
heated at 80 °C for 10 h, the mixture was cooled to room
temperature and concentrated in vacuo. The resulting residue was
recrystallized from acetone to give the triazolium salt 12d as
colorless crystals in 75% yield. Mp 203—205 °C. 'H NMR (600
MHz, DMSO-dg) 6 7.52 (t, J = 7.2 Hz, 1 H), 7.71 (t, ] = 7.8 Hz,
1 H),7.77 (t, ] = 8.4 Hz, 2 H), 7.94—7.96 (m, 1 H), 8.09 (d, J =
7.8 Hz, 2 H), 8.21 (d, J = 9.0 Hz, 1 H), 8.87 (d, J/ = 7.2 Hz, 1 H),
11.46 (s, 1 H). 3C NMR (150 MHz, DMSO-ds) 6 115.2, 118.8,
121.7, 126.6, 130.4, 131.4, 134.5, 135.2, 135.3, 147.3. MS (ESI")
mlz 195 [M — PFs — H]". Anal. Calcd for C,H;oFsN3P: C, 42.24;
H, 2.95; N, 12.32. Found: C, 42.56; H, 3.01; N, 12.29.

5-Methyl-2-phenylpyrido[1,2-a][1,2,4]triazol-2-ium hexafluo-
rophosphate (12e): This compound was prepared following the
same procedure as described above for 12d, using 13d as the starting
material. Compound 12e was obtained as a white solid in 64% yield
after crystallization from acetone. Mp 274—276 °C. '"H NMR (600
MHz, DMSO-dg) 0 2.83 (s, 3 H), 7.39 (d, / = 6.6 Hz, 1 H), 7.72
(t, J=72Hz, 1 H), 779 (t, J = 8.4 Hz, 2 H), 7.89—7.92 (m, 1
H), 8.08 (d, / = 9.0 Hz, 1 H), 8.17 (d, J = 7.8 Hz, 2 H), 11.56 (s,
1 H). BC NMR (150 MHz, DMSO-ds) 6 17.7, 112.5, 117.1, 121.5,
130.4, 131.3, 134.8, 135.4, 136.4, 147.6. MS (ESI") m/z 209 [M
- PF() - H]+. Anal. Calcd for C]}H]zF@N}PZ C, 4396, H, 34], N,
11.83. Found: C, 44.30; H, 3.66; N, 11.85.

2-(2-Isopropylphenyl)pyrido[1,2-a][1,2,4]triazol-2-ium hexaflu-
orophosphate (12f): This compound was prepared following the
same procedure as described above for 12d, using 13e as the starting
material. Compound 12f was obtained as colorless crystals in 82%
yield after crystallization from acetone. Mp 214—215 °C. 'H NMR
(400 MHz, DMSO-de) 6 1.20(d, J = 6.8 Hz, 6 H), 2.86—2.93 (m,
1 H), 7.52—7.58 (m, 2 H), 7.61 (d, J = 8.0 Hz, 1 H), 7.75 (d, J =
3.6 Hz, 2 H), 7.94—7.98 (m, 1 H), 8.19 (d, / = 9.2 Hz, 1 H), 8.88
(d,J=6.8Hz, 1 H), 11.33 (s, 1 H). 3C NMR (100 MHz, DMSO-
de) 0 24.1, 27.6, 115.6, 119.0, 127.1, 127.4, 127.5, 128.0, 132.8,
133.8, 134.8, 137.8, 145.2, 147.7. MS (ESI") m/z 238 [M — PFq]".
Anal. Calcd for CsH ¢FgN3P: C, 47.01; H, 4.21; N, 10.96. Found:
C, 46.71; H, 4.41; N, 11.24.

2-(2-Isopropylphenyl)-5-methylpyrido[1,2-a][1,2,4]triazol-2-
ium hexafluorophosphate (12g): This compound was prepared
following the same procedure as described above for 12d, using
13f as the starting material. Compound 12g was obtained as a white
solid in 77% yield after crystallization from acetone. Mp 296—297
°C. '"H NMR (400 MHz, DMSO-ds) 6 1.21 (d, J = 7.2 Hz, 6 H),
2.81 (s, 3 H), 2.89—2.93 (m, 1 H), 7.39 (d, J = 6.8 Hz, | H),
7.52—17.57 (m, 1 H), 7.63 (d, / = 8.0 Hz, 1 H), 7.76 (d, J = 4.0
Hz, 2 H), 7.89—7.93 (m, 1 H), 8.05 (d, J = 9.2 Hz, 1 H), 11.33 (s,
1 H). 3C NMR (100 MHz, DMSO-ds) 0 18.1, 24.1, 27.7, 112.9,
117.4,127.5, 127.6, 128.0, 132.9, 133.9, 135.1, 135.8, 137.0, 145.3,
148.1. MS (ESI*) m/z 252 [M — PFg]". Anal. Calced for
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C,6HsFsNsP: C, 48.37; H, 4.57; N, 10.58. Found: C, 48.57; H,
4.66; N, 10.85.

Procedure for the Preparation of 2-Ethylpyrido[l,2-
a][1,2,4]triazol-3-thione 16. The mixture of 12b (117.5 mg, 0.5
mmol) and K,CO; (75.9 mg, 0.55 mmol) in THF (5.0 mL) was
stirred under N, atmosphere at room temperature for 24 h, and then
filtered through a celite plug. The filtrate was evaporated under
vacuum, and the resulting residue was purified by crystallization
from hexane to give the enetetramine (11b); as a white solid. The
enetetramine (11b); further reacted with Sg (9.6 mg, 0.3 mmol) in
toluene (10 mL) at 80 °C for 6 h. The mixture was then cooled to
room temperature and concentrated in vacuo. The resulting residue
was recrystallized from hexane to afford the thiourea 16 as colorless
crystals in 92% yield. Mp 59—60 °C. '"H NMR (300 MHz, CDCl;)
0143 (t,J =72 Hz, 3 H), 440 (q, J = 7.2 Hz, 2 H), 6.74 (t, J
= 6.5 Hz, 1 H), 7.20—7.35 (m, 2 H), 8.28 (d, / = 7.1 Hz, 1 H).
BC NMR (75 MHz, CDCl3) 6 13.3,44.9, 113.0, 115.1, 126.2, 130.7,
145.3, 158.5. MS (ESI*) m/z 181 [M + H]J'. Anal. Calcd for
CsHoNsS: C, 53.61; H, 5.06; N, 23.44; S, 17.89. Found: C, 53.46;
H, 5.23; N, 22.23; S, 17.70.

Procedure for the Preparation of 2-Phenylpyrido[l,2-
a][1,2,4]triazol-3-ylidene-Silver(I) Hexafluorophosphate Com-
plex (17). 2-Phenylpyrido[1,2-a][1,2,4]triazol-2-ium hexafluoro-
phosphate 12d (412 mg, 1.2 mmol) and silver oxide (139 mg, 0.6
mmol) were added to CH,Cl, (15 mL). The suspension became
clear after stirring for 6 h at room temperature and the mixture
was filtered through celite. The solvent was removed in vacuo at
room temperature to give a white solid, which was recrystallized
from CH,Cl, to afford the colorless crystalline product 17 in 98%
yield. Mp 293—294 °C. 'TH NMR (300 MHz, DMSO-ds) 0 7.36 (t,
J = 6.6 Hz, 1 H), 7.40—7.68 (m, 3 H), 7.80—7.86 (m, 1 H),
8.05—8.11 (m, 3 H), 9.23 (d, / = 7.0 Hz, 1 H). 3C NMR (75
MHz, DMSO-ds) 6 115.2, 116.3, 124.2, 130.2, 130.4, 131.1, 133.7,
140.1, 148.7. Anal. Calcd for Co4HsAgF¢NeP: C, 44.81; H, 2.82;
N, 13.06. Found: C, 44.65; H, 2.92; N, 12.87.

General Procedure for the Catalytic Benzoin Condensation
by the Pyrido-Annulated Triazolium Salts 12. A flame-dried
Schlenk tube with a magnetic stirring bar was charged with the
triazolium salt 12 (0.04 mmol) and dry THF (2 mL) at 25 °C,
followed by addition of a THF solution of ~-BuOK (0.4 M, 100
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uL, 0.04 mmol). After the mixture was stirred for 10 min,
benzaldehyde (202 uL, 2 mmol) was added. The reaction mixture
was then stirred at the same temperature for 15 h, poured into water,
and extracted twice with dichloromethane. The combined organic
layers were evaporated and the resulting residue was purified by
column chromatography on silica gel eluting with ethyl acetate/
petroleum ether (1/9) to provide 2-hydroxy-1,2-diphenylethanone
(20): 'TH NMR (400 MHz, CDCl3) 6 4.54 (br s, 1 H), 5.96 (s, 1 H),
7.26—7.34 (m, 5 H), 7.38—7.54 (m, 3 H), 7.91—7.93 (m, 2 H). *C
NMR (100 MHz, CDCls) 6 76.2, 127.8, 128.5, 128.7, 129.1, 133.6,
133.8, 139.0, 199.0. GC-MS (EI*) m/z 211 [M — H]".
Procedure for the Catalytic Transesterification Reaction. A
flame-dried Schlenk tube with a magnetic stirring bar was charged
with 12b (23.6 mg, 0.1 mmol), DBU (15 uL, 0.1 mmol), and THF
(1.0 mL) under N, atmosphere at 25 °C. After the mixture was
stirred for 10 min, benzyl alcohol (208 L, 2 mmol) and isopropenyl
acetate (262 uL, 2.4 mmol) were added. After the reaction mixture
was stirred at the same temperature for 3 h, the volatiles were
removed and the resulting residue was purified by column chro-
matography on silica gel eluting with ethyl acetate/petroleum ether
(1/12) to give the benzyl acetate (21) as a viscous oil in 93% yield.
'H NMR (400 MHz, CDCl;) 6 2.10 (s, 3 H), 5.11 (s, 2 H),
7.35—7.37 (m, 5 H). 3C NMR (100 MHz, CDCl3) ¢ 20.9, 38.3,
66.2,128.2, 128.5, 135.9, 170.8. GC-MS (EI'") m/z 149 [M — H]*.
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