- 1 - Ruthenium Catal yzed Cycl oaddition of Al kynes and Organic Azides
Description Field of Invention: The invention relates to synthetic
processes for making 1,2,3-triazoles. Mre 5particularly, the
invention relates to the use of rutheniumfor catalyzing a

cycl oaddi ti on of al kynes and organic a%ldes for synthesizing
1,5-disubstituted 1,2,3- triazoles and'1, 4,5-trisubstituted

1, 2,3-triazol es. Backg d: 10H n's oI ar | oaddi tion of
organi ¢ azi des and al k qnium ﬂ%ﬁ!z I?BE‘ldé{:

123tr|azoles (Hui sgen, ition Chemstty,
Padwa, A. Ed.; WIey: Nem?ﬁ&lkgn%%ﬁﬁd%%ogﬂﬁg@%use of the high
activation energy (ca 24-26 kcal/nmol), these cycloadditions are very
sl ow even at el evated tenperature and prol onged heating (80-120 C for
12-24 hours), forming mixtures of DESCHBUAN| soners. The di scovery
that Cu(l) efficiently and regiospecifically catal yzes cycl oadditions
of term nal al kynes and azi des, providing 1,4-disubstituted 1, 2, 3-

tri azol efialghdeinvanligh:condi ti ons, was a wel come advance (Rostovtsev,

Ve G Rl sBiinedR e BB TR) 2 ol Sy te
cyg :&Bada partmn[a(rl@bhé@)wemaenhatamst focthe 28e (r?malthpm%ﬁgu batalygglg a eatit io ;1
o dat e CHIAAT B AR GtnrE b T PL A e R SRR bRt

and mat efrigzbfsHHeNgS-ridapstitudéd 152, 3-t8hzdlks, J. Am Chem Soc. 2004,
126, 15366; Manetsch, R ; et al. J. Am Chem Soc. 2004, 126, 12809;

Link, A J.; et al. J. Am Chem Soc. 2004, 126, 10598; Zhou, Z.;
Fahrni , §ac}3 rcn}ﬂdAm Chem Soc. 2004, 25126, 8862; Lewis, W G ; et
al. J. Am Soc. 2004, 126, 9152; Wi, P.; Feldman, A K ; et al.
Andéw. Chem, HumenEdilpcﬂeowcloayditha‘ ormgazwies @nd alityngs is fiegaast

hom Tt o8 1,43 od2158 (ELSETR 1. 0pielaaqten Eughsy
44, 2215Padwa, A. Ed.; Wiley: New York, 1984). However because of the high activation
energy (ca 24-26 kcal/mol), these cycloadditions are very slow even at elevated
temperature and prolonged heating (80-120 °C for 12-24 hours), forming mixtures of
15 regioisomers. The discovery that Cu(l) efficiently and regiospecifically catalyzes
cycloadditions of terminal alkynes and azides, providing 1,4-disubstituted 1,2,3-
triazoles under mild conditions, was a welcome advance (Rostovisev, V. V.; et al.
Angew. Chem. Int. Ed. 2002, 41, 2596; Tornoce, C. W.; et al. J. Org. Chem. 2002,
67, 3057). The Cu(l)-catalyzed azide-alkyne cycloaddition (CuAAC), perhaps the
20 most powerful click reaction (Kolb, H. C.; Sharpless, K. B. Drug Discovery Today,
2003, 8, 1128) to date, has quickly found many applications in chemistry, biology
and materials science (Horne, W. S.; et al. J. Am. Chem. Soc. 2004, 126, 15366,
Manetsch, R.; et al. J. Am. Chem. Soc. 2004, 126, 12809; Link, A. J.; etal. J. Am.
Chem. Soc. 2004, 126, 10598; Zhou, Z.; Fahrni, C. J. J. Am. Chem. Soc. 2004,
25 126, 8862; Lewis, W. G.; et al. J. Am. Chem. Soc. 2004, 126, 9152; Wu, P;
Feldman, A. K.; et al. Angew. Chem., Int. Ed. 2004, 43, 3928; Meng, J. C.; et al.
Angew. Chem. Int. Ed. 2004, 43, 1255; Opsteen, J. A.; van Hest, J. C. M. Chem.
Commun. 2005, 57; Punna, S.; et al. Angew. Chem. Int. Ed. 2005, 44, 2215).



- 2 - CuAAC does not afford selective access to the
conplinmentary regioisoners of 1,4-disubstituted 1,2, 3-triazoles.

Al t hough 1, 5-di substituted triazoles and 1,4,5- trisubstituted
triazol es can be synthesized by the reaction of bronmomagnesi um
acetylides with organi c azi des (Krasiaski, A.; Fokin, V. V.;
Sharpless, K B. Og. Lett. 52004, 6;“1237), this nethod | acks the

scope and copveni-ence of L
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reactlon m xture. In a preferred node of the first step, the first
and second conpounds are adm xed in equal equivalents. |In another
preferred node of the first step, the first conmpound is adm xed in

slight exggagnmi th the second conpound. In another preferred node of
- 3 -

A convenient catalytic process using ruthenium for the regioselective
20 synthesis of 1,5-disubstituted 1,2,3-triazoles and 1,4,5-trisubstituted 1,2,3-triazoles
from organic azides and alkynes is disclosed herein. The catalytic process is not
limited to terminal alkynes. Together with the Cu-AAC, these transformations allow
selective preparation of both regicisomers of 1,2,3-triazaoles, heterocycles that have
recently become popular as a means for establishing reliable and stable connections

25 in organic synthesis, medicinal chemistry, and materials science.

One aspect of the invention is directed to a process for the formation of a 1,5-
disubstituted 1,2,3-triazole or a 1,4,5-trisubstituted 1,2,3-triazole. In the first step of
the process, a first compound having an acetylene group is admixed with a second

30 compound having an azide group in a solvent for forming a reaction mixture. Ina
preferred mode of the first step, the first and second compounds are admixed in
equal equivalents. In another preferred mode of the first step, the first compound is
admixed in slight excess with the second compound. In another preferred mode of



the first step, the concentration of the first and second conpounds
is between 0.01 and 1 M In another preferred node of the first step,
the concentration of the first and second conpounds is between
0.07-0.15 M In another preferred node of the first step, the solvent
is selected fromthe group consisting 9f : benzene, toluene, 5THF, and
di oxane. Then, in the second step of the process, the reaction
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Another aspect of the invention is directed to a chemical complex represented

by the following structure:

25
RI F’{u Formula |
Sk Forma
3 ~R2

30 RN

In Formula 1, R, is selected from the group of radicals consisting of alkyl, alkenyl,
aryl, heteroaryl, benzyl, propargyl, cycloalkyi, trialkylsilyl, alkyldiarylsilyl,
dialkylarylsilyl, trialkylstannyl, triarylsilyl, and cycloalkenyl; R, is selected from the



5trial kyl stannyl, triarylsilyl, and cycloal kenyl; and X is sel ected
fromthe group of radicals consisting of halide, alkylsulfonate,

aryl sul fonate and cyanide. In a preferred enbodi nent of Formula I, X
is chloride. In another preferred enbodi nent of Fornmula I, I; is
hydr ogen. Anot her aspec} of the invention is directed

to a chem cal conpl ex represent ed 10by*the foll ow ng structure
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and X is selected fromthe group of radicals consisting of halide,
al kyl sul Pofeifaila hﬁar'%t]b’@'@ﬂ& e and cyanide. In a 25preferred

enbodi ment of o s}elc't of the ifvamtlonis dRectbd (@B hBATIcA coffide@presented
enbodi nent of or mu Il I's hydrogen. Brief Description o
Dr d@i ngsby the following structure:

R ““““IRU\X
R1~% N (Formula I1)

15 R2
In Formula I, R, is selected from the group of radicals consisting of alkyl, alkenyl,
aryl, heteroaryl, benzyl, propargyl, cycloalkyl, trialkylsilyl, alkyldiarylsilyl,
dialkylarylsityl, trialkylstannyl, triarylsilyl, and cycloalkenyl; R, is selected from the
group of radicals consisting of alkyl, alkenyl, aryl, heteroaryl, benzyl, cycloalkyi,

20 trialkylsilyl, alkyldiarylsilyl, dialkylarylsilyl, trialkylstannyl, triaryisilyl, and cycloalkenyl;
R, is selected from the group of radicals consisting of hydrogen, alkyl, alkenyl, aryl,
heteroaryl, benzyl, propargyl, cycloalkyl, trialkylsilyl, alkyldiarylsilyl, dialkylarylsilyl,
trialkylstannyl, triarylsilyl, and cycloalkenyl; and X is selected from the group of
radicals consisting of halide, alkylsulfonate, arylsulfonate and cyanide. Ina

25 preferred embodiment of Formula Il, X is chloride.  In another preferred

embodiment of Formula i, R, is hydrogen.

Brief Description of Drawings:

Figure 1 illustrates a Ru-catalyzed cycloaddition of benzyl azide and
30 phenylacetylene and the regioisomer ratios obtained from different catalysts.

Figure 2 illustrates a table showing the scope of the reaction with various



Figure 1 illustrates a Ru-catal yzed cycl oaddition of benzyl azide and
30phenyl acetyl ene and the regi oi soner ratios obtained fromdifferent
catalysts. Figure 2 illustrates a table show ng the scope of the
reaction with various - 5 - azides and al kynes. Figure 3
illustrates a reaction with internal agetylenes are possible with
these conditions giving rise to 1,4,5-{risubstituted 1,2,3-triazol es.
5 Figure 4 4.l lust the internmediates in the catal ytic cycle.

Fi gure 5a%qe55?@at s%%he reactions required to produce the

1, 4-regi oi soner and the corresponding 1, 5-regi oi somer of

1,2,3-triazol t. | de/ al k. 10cycl oaddi tion. Detailed .
Descri ption: %?gupéls '@%g%féesaif?soﬁlﬁ%gs\"%‘éﬂ%{na?g??{(yte'\ﬁstq{e ﬁﬁéﬁ‘b[%a\?f'g? Eﬂeéﬁe
i n the preaditiors givingatsectost 4 Stiienbstitated it 8xesroles. char act eri zed
herein. In these screens, a mxture of benzyl 15azi de and

phenyl acetyl ene (1:1.5 equiv., respectively) in benzene was heated at
80 Cfor 4 hOFrg@réf!iltd&ﬁafﬁsetﬁ@fiﬁténﬁédiféfésmEh@éa@lg(ié'bfﬁ@@! um conpl ex.
Anal ysi-s of the resulting reaction m xture was done by 'El NVR As
revealed in Figure 1, Rua |I) conplexes do indeed catal yze the
formati on of i | VAR b A .

regi osel ecti vi?c!tg%/'réoggiyrs\ﬁ/ég&g@ier%égdbsng%ﬂlwgef%ﬁ%ﬁ{éoﬁﬁoﬁﬂs ﬁ%‘olsi"&”aeﬁé‘ nd
envi r onmétte corgeapendingt he-regivisemearof d & 3dnazotesdartherazide/alkyne Thus, in
th res .t he acetate conplex, Ru(OAc)2(PPh3)2, the azide was
co‘rarlpqoet eﬁgag%ﬁjs%&rr@d, and the 1,4-disubstituted triazole product 1 b,
t oget her

Detailed Description:

The reaction of benzyl azide with phenylacetylene in the presence of various

ruthenium complexes is characterized herein. In these screens, a mixture of benzyl
15 azide and phenylacetylene (1:1.5 equiv., respectively) in benzene was heated at

80 °C for 4 hours in the presence of 5% mol of a ruthenium complex. Analysis of the

resulting reaction mixture was done by 'H NMR. As revealed in Figure 1, Ru(ll)

complexes do indeed catalyze the formation of 1,2,3-triazoles, with catalytic activity

and regioselectivity observed being a sensitive function of the ligand environment
20 around the ruthenium catalytic center.

Thus, in the presence of the acetate complex, Ru{OAc),(PPh;),, the azide
was completely consumed, and the 1,4-disubstituted triazole product 1b, together

with small amounts of dimers and oligomers of phenylacetylene, was formed.

25
Complexes such as RuCl,(PPh,); and RuHCI(CO)(PPh;), were rather
ineffective: in their presence, less than 20% of benzyl azide reacted with
phenylacetylene to give 1,4-disubstituted triazole 1b.
30 In contrast, CpRuCI(PPh,), catalyst resulted in 50% conversion of the

reactants to a mixture of 1,5~ and 1,4-disubstituted triazoles 1a and 1b in ca. 5.8:1
ratio. Then, a simple switch to the pentamethyl analog, Cp*RuCi(PPh,),, effected

formation of only 1,5-regioisomer 1a, with complete conversion. Reactions with other



with small anmounts of diners and oligonmers of phenyl acetyl ene, was
formed. 25 Compl exes such as RuCl2(PPh3)3 and RuHC ( C0) (PPh3) 3
were rather ineffective: in their presence, |ess than 20% of benzyl
azi de reacted with phenyl acetylene to give 1,4-disubstituted triazole
| b. 30In contrast, CpRuC (PPh3)2 catalyst resulted in 50% conversion
of the reactants to a mixture of 1,5--@nd 1, 4-disubstituted triazoles
la and Ib in ca. 5.8 1 ratio. Then, a sinple switch to the
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Angew. Chem Int. Ed., 2005, 44, 116; Dondoni A ; et al. Org. Lett.
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Asynmmet ry 0 5 L ; J. Og. Chem 2004, 69,
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was conf Wb%%cﬂ&bebféaWRh@@@éM@n& v@éretp@ﬁofméwwith elambl%? Bf (Dp*RUCﬁ{PPFfQ?
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triazole nes w dr oxly functi onal groups
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Simlarl HrrofGH {h%té)&%féQ p IR E'F‘?glﬁ‘@‘ﬁ. Ffﬂ[]g,%ﬂth aromatic and aliphatic

alkynes reacted with benzyl azide to give the corresponding 1,5-disubstituted 1,2,3-
triazoles. Alkynes with hydroxyl and aldehyde functional grbups (entries 5,6, and 7)
also readily participated in the reaction. Similarly, variations in the steric environment

20 around the alkyne, at least to the extent represented by the cases herein, had no
effect on the regioselectivity of the process.

In contrast, the nature of the azide component appears 1o have a

considerable effect on the outcome of the reaction, both in terms of regioselectivity

25 and catalytic efficiency. Although 1,5-triazole products were obtained in excellent
yields from primary aliphatic azides, such as phenethyl azide (entry 8) and -
azidobutanol (entry 9), tertiary azides, such as feri-butyl and 1-adamantyl azide
(entry 10) produced triazoles in only modest vields after 6 hours. However, higher
catalyst loading (5 mol%) and extended reaction time resulted in improved yields.

30 And finally, it was shown that reactions of aryl azides (entry 11) were poor across the
board. They were hampered by low conversions and formation of noticeable amount
of byproducts, especially when more forcing conditions were tried.



20around the al kyne, at least to the extent represented by the cases
herein, had no effect on the regioselectivity of the process. In
contrast, the nature of the azide conponent appears to have a
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Li kewi se, reactions can be“carried out eratures ranging from
RT to 80RA foFaé hewsmipl the presenge cﬁiér’/dmOi@Wa%ugP (ABBY)2cquantitatively
converted to the corresponding triazoles when it was allowed to react
with a slight excess of Ph2C(OH) CCH or PhCE-CH in benzene at RT for
24 hours in tHibeptresmnefeobﬁe\fﬁ%amlescarem&lC(dﬁﬁlsﬁrﬁWl’th their 'H, "*¢HéMR and
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confirmed by X-ray diffraction studies.
Since Cu(l) acetylides seem to be the bona fide intermediates in the CUAAC
(Himo, F.; et al. J. Am. Chem. Soc. 2005, 127, 210; Rodionov, V. O.; et al. Angew.
20 Chem. Int. Ed. 2005, 44, 2210), this transformation is limited fo terminal alkynes.
The Cp*Ru system, in fortunate contrast, is active with infernal alkynes as well. For
example, when a mixture of diphenylacetylene and benzyl azide (1:1.1 equiv., 0.15
M) was refluxed in benzene in the presence of ¢a. 1% mol of Cp*RUCI{PPh,), for 2
hours, the benzyl azide was completely converted to the triazole 12 (Figure 3). The
25 uncatalyzed reaction was very sluggish, and only a trace amount of triazole was
detected even after 24 hours at reflux.

Since both terminal and internal alkynes participate in catalysis, the
involvement of ruthenium acetylides is unlikely (and not even possible for the latter).
30 Of course, cyclotrimerization of alkynes is well known and, for the specific case of
the Cp*RuCl(COD), has been shown to proceed via ruthenacyclopentadienes
(Kirchner, K.; et al. J. Am. Chem. Soc. 2003, 125, 11721; Yamamoto, Y.; et al. J.



Since Cu(l) acetylides seemto be the bona fide internediates in the
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specific case of the Cp*RuCl (COD), has been shown to proceed via

r ut henacfEnegfisrtiaaplemsdyd r chner, K.; et al. J. Am Chem Soc. 2003,
125, 11721; Yamanoto, Y.; et al. J. - 8 - Am Chem Soc. 2003, 125,
12413). Ther ef ore, it is disclosed herein that the new y-di scovered

Ru-catal yzed triazole annul ations represent a sinple, and early,

shunt off._the u | i goneri zati on sequence. That is,
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t echni ques, unless otherw se stated. 1H and 13C NMR chem cal shifts
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cycl oaddi ti ons.

15 General procedure for Cp*RuCI(PPh,), catalyzed cycloadditions.

A mixture of azide, alkyne and Cp*RuCI(PPh,), in an organic sclvent (20 mL)
was stirred (either at reflux or room temperature) for a given period of time. The
progress of the reaction was monitored by 'H NMR or GC. In most of the reactions,
the benzyl azide was consumed completely at the end of the reaction. The solvent

20 was removed under vacuum and the product was purified by silica gel
chromatography. The unreacted phenylacetylene and traces of side products were
first eluted out with hexane, followed by 1/1 hexane/ether. The pure 1,5-disubstituted
triazole or 1,4,5-trisubstituted 1,2,3-iriazole product was then obtained by elution

with ether or chloroform.

25
' 1-benzyl-5-phenyl-1H-1,2,3-triazole (1a).
Benzyl azide (0.400 g, 3.00 mmol), phenylacetylene (0.500 mL, 4.55 mmo!),
Cp*RuCIl{(PPh,), (25 mg, 0.031 mmol). Solvent, benzene; reaction temperature,
80 °C, reaction time, 2 hours; yield, 0.56 g (80%).
30

Benzyl azide (0.200 g, 1.50 mmoal), phenylacetylene (0.300 mL, 2.73 mmol),
Cp*RuCI(PPh,), (25 mg, 0.031 mmol). Solvent, tetrahydrofuran; reaction



A m xture of azide, al kyne and Cp*RuCl (PPh3)2 in an organi c sol vent
(20 mL) was stirred (either at reflux or roomtenperature) for a
given period of tinme. The progress of the reaction was nonitored by
1H NWMR or GC. In nost of the reactions, the benzyl azide was consuned
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under vacuum and the product was puriffed by silica gel
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1SBenzyI [MZi de (0.340 g, 2.55 mml) 1- hexyne (0.580 m, 5.05 mml),

1-benzyl-5-butyl-1H-1,2,3-triazole (3a).

15 Benzyl azide (0.340 g, 2.55 mmol), 1-hexyne (0.580 ml, 5.05 mmol),
Cp*RuCI(PPh;), (50 mg, 0.063 mmol). Solvent, benzene; reaction temperature,
80 °C; reaction time, 3 hours; vield, 0.45 g (82%). EI-MS: m/z 216 [M+1].

1-benzyl-5-(tert-butyl)-1H-1,2,3-triazole {(4a).

20 Benzyl azide (0.400 g, 3.00 mmol), 3,3-dimethyl-1-butyne (0.556 ml, 4.51
mmol), Cp*RuCI{PPh,), (50 mg, 0.063 mmol). Solvent, benzene; reaction
temperature, 80 °C; reaction time, 4 hours; yield, 0.54 g {83%). EI-MS: m/z 216
[M+1].

25 4-(1-benzyl-1H-1,2,3-triazol-5-yl)benzaldehyde (5a).
Benzyl azide (0.200 g, 1.50 mmol), 4-ethynylbenzaldehyde (0.200 g, 1.54 mmol),
Cp*RuCI(PPh,), (25 mg, 0.031 mmol). Solvent, benzene; reaction temperature,
80 °C; reaction time, 2 hours; yield, 0.32 g (81%). EI-MS: m/z 264 [M+1].

30 2«(1-benzyl-1H-1,2,3-triazol-5-yl)propan-2-ol (6a).
Benzyl azide (0.400 g, 3.00 mmol), 2-methyl-3-butyn-2-ol (0.290 mi, 3.00
mmol), Cp*RuCI(PPh,), (25 mg, 0.031 mmol). Soivent, benzene; reaction



Cp*Rud (PPh3)2 (50 ng, 0.063 nmol). Sol vent, benzene; reaction
tenperature, 80C, reaction tine, 3 hours; yield, 0.45 g (82%. El -Ms:
mz 216 [ M+l]. 1-benzyl-5-(tert-butyl)-1H1,2,3-triazole (4a).
20Benzyl azide (0.400 g, 3.00 mmol), 3,3-dinmethyl-1-butyne (0.556 n,
4.51 mol ), Cp*Rud (PP1-13)2 (50 ng, Q. 063 mol ). Sol vent, benzene;
reaction tenperature, 80 C reaction ﬂlne 4 hours; yield, 0.549
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g, 1.54 (wel), Cp*Rud (PPh3)2 (25 ng, 0.031 mmol ). Sol vent, benzene;
reaction tenperature, 80C, reaction tinme, 2 hours; yield, 0. 32 g
(81% . El-M5: mz 264 [ Mrl].
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( 1- benzylenptrafuee B0 1C.aratid: tuephboyishpieli 0d0 § (@)%).5Benzyl azi de
(0.400 g, 3.00 mol ), 1, 1-diphenyl-2-propyn-1-ol (0.688 g, 3.31

nmml ), Cp*Rud (PPh3)2 (25 ng, 0.031 nmol). Sol vent, benzene; reaction
t enperat ure, Bén&y arideqDi2n0 d,i N80 mindIpulBdiphiealidR-pRp3a-gol @744 g, 1.65

o ) 55" TMIGPREGH GRS ABR T O g BONSIHT PO GPREIRN benzene:
Eggoc/;l ontdrepaefé Ute resction tirh€ 34 h&lits yiem, 024 h@w9s). yield, 0.43 ¢
Benzyl azide (0.200 g, 1.50 mmol), 1,1-diphenyl-2-propyn-1-ol (0.344 g, 1.865
mmol), Cp*RuCI(PPh,), (12 mg, 0.015 mmol). Solvent, benzene; reaction
15 temperature, 80°C; reaction time, 4 hours; yield, 0.39 g (75%). The reaction was
performed under air. EI-MS: m/z 342 [M+1].

1-phenethyl-5-phenyl-1H-1,2,3-triazole (8a).
Phenethyl azide ( 148 mg, 1 mmol), phenylacetylene (113 mg, 1.1mmol),
20 Cp*RuCIl(PPh,), (8 mg, 0.01 mmol, 1 mol%). Solvent: THF, 10 mL, 60 °C, 2 hours.
Off-white product obtained in 89% yield (221 mg). ESI-MS: m/z 250, [M+H].

3-(5-phenyl-1H~1,2,3-triazol-1-yl)propan-1-ol (9a).
3-Azidopropanol (101 mg, 1 mmol), phenylacetylene (113 mg, 1.1 mmol),
25 Cp*RuCI(PPhs3), (8 mg, 0.01 mmol, 1 moi%). Solvent: THF, 10 mL, 60 °C, 2 hours.
White microcrystalline product was obtained in 82% yield (167 mg). ESI-MS: m/z
204, [M+H]. ‘

1-adamantyl-5-phenyl-1H~1,2,3-triazole ("10a).
30 1-Azidoadamantane (177 mg, 1 mmol), phenylacetylene (113 mg, 1.1 mmoal),
Cp*RuCI{PPh;), (8 mg, 0.01 mmol, 1 mol%). Solvent: THF, 10 mL, 60 °C, 12 hours.



Benzyl azide (0.200 g, 1.50 nmol), 1,1-diphenyl-2-propyn-1-ol (0.344
g, 1.65 mml), Cp*Rud (PPh3)2 (12 ny, 0.015 mmol). Solvent, benzene;
reaction 15tenperature, 80C, reaction time, 4 hours; yield, 0.39 g
(75% . The reaction was perfornmed under air. El-MS: mz 342 [ M+11l.

1- phenet hy1l- 5- phenyl- 1H 1, 2, 3- trlazol (8a). Phenet hyl
azide ( 148 ng, 1 nmol), phenylacetyleﬁe (113 ng, 1.1mmol),
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rr}z 250, Wl . 3- (5-phenyl -1 H 1,2, 3-triazol -1-yl )propan-1-ol (9a).
3- Azi dopropanol (101 ng, 1 nmmol), phenyl acetylene (113 ng, 1.1 mmol),
25Cp*RuCl (PPh3)2 (8 ng, 0.01 nmol, 1 npl%. Solvent: THF, 10 ni, 60
C, 2 houfl dolyWarplenyilditbe2y34dhicle¢1noduct was obtained in 82%yield

. ; MS, . 4 MtH] .
(11 g agg)ntyf-s |54;l¥5 Q{h%tégi,?.?ﬁ §£g3 1%@90["&9@1@&}5/'9%&“&2“1ohdﬁifﬁ@iﬁ,ane
(177 ny, Ch*Raw U?Phapﬂqwh cebzlens, erﬂ&%‘)gsm%eﬂt R éo&ﬁﬂ*@i‘é,@ﬁ’&&é?z
(8 ny, . Sol ven I-1'F, 10 i, , 12 hours.
Pr oduct §ﬁqlfélwr¥§h0\a§r%¢tfdmal@ecbw\/@bé viedd smm)eﬁsi(msw@zse,mm:
mz 280, [M+l-1]. 1-tolyl-5-phenyl-1H1,2,3-triazole (1lla).

1-benzyl-4,5-diphenyl-1H-1,2,3-triazole (12).

10 Benzyl azide (0.400 g, 3.00 mmol), diphenylacetylene (0.588 g, 3.30 mmol),
Cp*RuCI(PPh,), (25 mg, 0.031 mmol). Solvent, benzene: reaction temperature,
80 °C; reaction time, 2 hours; yield, 0.75 g (80 %). EI-MS; m/z 312 [M-+1].

Ru(OAc),(PPh,), catalyzed reactions.

15 A mixture of azide, phenylacetylene and Ru(QAc),(PPh,), was refluxed in 20
mL of benzene for 4 hours. The progress of the reaction was monitored by "H NMR.
The azide was consumed completely at the end of the reaction, as confirmed by
NMR. The solvent was removed under reduced pressure and the product was
purified by silica gel column chromatography. The unreacted phenylacetylene and

20 the side products were first eluted out with hexane, and 2/1 hexane/ether. The pure
1,4-substituted triazole was then obtained by elution with 1/1 hexane/sther.

CpRu(PPh,),Cl catalyzed reactions.
A mixture of benzyl azide (0.200 g, 1.50 mmol), phenylacetylene (0.250 mL,
25 2.25 mmol) and CpRu(PPh,),Cl (54.54 mg, 0.0751 mmol) was refluxed in 20 mL of
benzene for 8 hours. The progress of the reaction was monitored by *H NMR. The
azide was consumed completely at the end of the reaction, as confirmed by NMR.
The solvent was removed under vacuum and the product was purified by silica gel
column chromatography. The unreacted phenylacetylene and the side products
30 were first eluted out with hexane, and 2/1 hexane/ether. The 1:5.8 mixed 1,4-/1 -
disubstituted triazoles were then obtained by elution with 1/1 hexane/ether.



54-Tolyl azide (133 ng, 1 mol), phenyl acetylene (113 ng, 1.1mol),
Cp*Rud (PPh3)2 (16 ng, 0.02 mmol, 2 nol% . Solvent: THF, 10 nli, 60 C
6 hours. Slightly yell ow product obtained in 51%vyield (120ng).
ESI-MS: mz 236, [M+H]. 1-benzyl-4,5-di phenyl-1H1,2,3-triazole (12).
10Benzyl azide (0.400 g, 3.00 mmol), ,di phenyl acetyl ene (0.588 g, 3.30
mmol ), Cp*Rud (PPI 13)2 (25 ngy, 0.031%#ol). Sol vent, benzene;
reaction tenperature 80 é; reaction tine, 2 hours; yield, 0.75 g (80
% . El- Xc) 2( PPh3) 2 catalyzed reactions. 15A
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mixture of 1,5- and 1,4-disubstituted triazoles 1a and 1b in ca. 5.8:1 rafio. Then, a
15 simple switch o the pentamethyl analog, Cp*RuCl(PPh,),, effected formation of only
1, 5-regioisomer 1a, with complete conversion. Reactions with other [Cp*Ru]
complexes such as [Cp*RuCl,],, Cp*RuCI{NBD), and Cp*RuCi{COD) gave results

similar to that with Cp*RuCI(PPh;),.

20 Figure 2 is a table showing the scope of the reaction with various azides and
atkynes. The reaction was carried outon a 1-8 mmbo! scale at 80 °C with 1-2.5 mol%
of Cp*RUCI{PPh,), in benzene solvent unless noted othetwise in the table. The
concentration of components in refluxing benzene was between 0.07-0.15 M. The
aromatic and aliphatic alkynes reacted well with the benzy! azide substrate giving

25 yields in the 81-94% range. The presence of hydroxyl and aldehyde groups on the
alkyne did not affect the reaction. The groups on the azide had a strong effect on
the efficiency of the reaction. The tertiary azide, adamantyl azide reacted only
siuggishly with phenylacetylene as seen by the long reaction time and low yield. The
aryl azide gave only a poor yield. Reaction with the aryl azides showed low

30 conversions and formation of noticeable amounts of byproducts, especially when

more forcing conditions were tried.

Figure 3 shows a reaction with internal acetylenes are possible with these
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conditions were tried.
regioisomer by a mechanism that likely bears resemblance to the cyclotrimerization

20 of alkynes. Both reactions proceed in excellent yields with a variety of substrates.



Figure 3 shows a reaction with internal acetylenes are possible with
these - 13 - conditions. A mxture of diphenylacetyl ene and benzyl
azide (1: 1.1 equivalent, 0.15 M was refluxed in benzene in the
presence of 1 nol % of Cp*RuC (PPh3)2 for 2 hours and the benzyl azide
was conpl etely converted to the triazol® 12. 5Figure 4 shows the
proposed internediates in the catalytic cycle. Ruthenium catalyzed
cyclotri i zati,on af. al kynes is well known and, for the specific
case of ?ﬁ&héﬁﬁﬁﬁEF?ébD), has been shown to proceed via

rut henacycl opent adi enes (Kirchner, K.; et al. J. Am Chem Soc. 2003,
125, 11721; Yamanoto, Y.; et al. J. Am_ Chem, Soc. 2003, lﬁg, 12413) .
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1, 2, 3-tri gzpkeet9rpoldpehtidia tikentlrk yilechisiitlel vl @zlodeadiad pentamethel
rut heni um based catal yst co ri@ﬁiigg(ll) bearing a

cycl opent &¥¢lepgptadieny] ghrgivm gl 1%t hod of claim 1 wherein the
cycl opentadi enylic |igand is pentanethyl cycl opentadienyl. 3. The
met hod of claim| wherein the rutheni umbased catal yst is sel ected
from t he droup Toensihndiaiglabh 1bvkerein idstratnyspbosprifeneyclopentadienyl bis-

pent amet hyl. g [ . | (1'1) chloride,

bis-[pentéﬁéﬁﬁ @géﬁ%gggn@ééﬁéﬁéﬁ%ﬁﬁﬁﬁ%niun1(|I) chl ori de],

nor bor nadi enyl pentanet hyl cycl opent adi enyl ruthenium (1) chloride,
gﬂ? 0??/8 L?%(.:t adIT%Q Ynletl%%n(}f%g?;% qy\llhe(%é/ig lt}%ps% vtegtd is grrll %;laro{ig tso venem (1)

6. The method of claim 5 wherein the aprotic solvent comprises at least one solvent

selected from the group consisting of benzene, toluene, tetrahydrofuran, and dioxane.

7. The method of claim 1 wherein the alkyne and the organic azide are each present

in the solvent at a concentration in the range of about 0.01 M to 1 M.

8. The method of claim 1 wherein the ruthenium-based catalyst is present in the
solvent at a concentration in the range of about 1 to about 5 mol% based on the moles of

alkyne or azide present.



4. The nmethod of claim| wherein the catal yst conprises

cycl opent adi enyl bi stri phenyl phosphi no ruthenium (11) chloride. 5.

The nmethod of claim1l wherein the solvent is an aprotic solvent. 6.
The nethod of claim5 wherein the aprotjic solvent conprises at | east
one sol vent selected fromthe group céH%isting of benzene, tol uene,

tetrahydrofuran, and dioxane. 7. The nethod of claim 1l wherein the

Contont ratt on R Pagier LSy MEAPRR By AR Byl % R B fe

cl ai m 1 whargeiofiatbdue ambichemounehasedreatrallystempsrapresent i n t he
solvent at a concentration in the range of about 1 to about 5 nol %
based on the noles of alkyne or azide present. -15- 9. The nethod
of cl ai m ljgwherrgk metHd@ oFelangntwheseinBiethal 3eebn@irisas 4 enperature in the
range of about anbient roomtenperature to reflux tenperature. 10.
The met hoderpmethxicyelopermashiaiyhruthea iwm IR spapopshbrariaga spbstituent selected
pent anmet h t.adi: Ui 1 {

bt T uento bep BRFR A S e IRl lels, FRTR YRR gL e

al kyl sul fonate, arylsulfonate, and cyanide. 11. The method of claim

1 wherein dtl '21? ﬁbg%%g@h%fg%%d}ﬁdw%%ég tl{eaa(ﬁiyglgiiﬁ t?o%lﬁgcf {oeadraéi';(/:?lfge%c g{o%utﬂe

consistin , enyl”, “ar eroar eng
3 r OPEr gyl ,gll-&mlcﬂo?ﬂbtmg oflh‘!_'sk/ﬂlio@kxkylll@r,|aWenylahﬂyly Ih_dﬂeﬁtlray)}lslielgyj/l, prloparlgyl, |
i al kyi aryl si , trial tanpny|, triar i, ,. and cycl oal ke :
157 The vl el o ERas vy e By taniit e GRS Gt Bt b e
azide. 13yc|dNiRefy@t hod of claim 12 wherein the aliphatic azide is

selected ffomthé group consisting of a prinmary aliphatic azide, a
tertiary azide, a benzylic azide and m xtures thereof 14. The net hod

of claim 1, wherein \ -t.I.az i . B-di ]EFEI-‘ ad- 1,2, 3-
triazole z]%rzl'd t@eé © h?)ﬁé)%icé’hg 1“@%‘%@1’{1&% og?aé@cn%z?é '%&H eh%rg%lﬁ%d of
claim 14 wherein the rutheniumbased catalyst is selected fromthe

group consi sti of bis-tri nyl phosphi.no . . . ‘
pentanethﬁﬁcycHgﬁéﬁmﬁﬂﬁgﬁgpgpgﬁﬁﬁ 'ﬁﬁFFLPT“@ﬁF@FFH??MBdﬂomthegnup

bi s- [ pent apRdidinb &Y & pARRRE AHHEINY hzidd) b ReNdry AL, 2) belby |0 dzftR]and mixtures
nor bor nadi enyl pent anet hyl cycl opent adi enyl ruthenium (11) chloride,
and cycl odesresdi enyl pent anet hyl cycl opent adi enyl rut heni um (11)
chloride. 16. The nethod of claim 14 wherein the azide is a primary
aliphatic azide, a tertiary azide or a benzylic azide. 17. The

met hod of 14l ai fhd mesttodradichirn Hevisntiv gt 1,7,3-tarokegs otliSedisaistibgad- 1,2,3-

triazole and the alkyne is a terminal alkyne.

15.  The method of claim 14 wherein the ruthenium-based catalyst is selected from the
group consisting of bis-triphenylphosphino pentamethylcyclopentadienyl ruthenium (IT)
chloride, bis-[pentamethylcyclopentadienyl ruthenium (II) chloride], norbornadienyl
pentamethylcyclopentadienyl ruthenium (II) chloride, and cyclooctadienyl

pentamethylcyclopentadienyl ruthenium (II) chloride.

16.  The method of claim 14 wherein the azide is a primary aliphatic azide, a tertiary

azide or a benzylic azide.

17.  The method of claim 14 wherein the solvent is an aprotic solvent.



-16- 18. The nethod of claim 14 wherein the term nal al kyne and the
organi c azide are each present in the solvent at a concentration in
the range of about 0.01 Mto 1 M 19. The nethod of claim 14 wherein
the rutheni um based catalyst is preseptﬁjn the solvent at a
concentration in the range of about 1 to about 5 nol % based on the
nol es of al kyne or azide present. 20. The method of claim 14 wherein
the solvent is maintained at a tenperature in the range of about
anbient roomtenperature to reflux tenperature. 21. The nethod of
clai m 1 wH8r ei Ahe hethpd2f glajm {4 »dieeein tsbeéerlllllwl slkymg @19&5@@ prganie gzige are3-
triazole of
claim 21 s Cgrptépsﬁnﬁhlip{é:%t%%ﬁ?%n% g%@é I%%ﬁ g? %12%3 gpéorlglg% t he

gr oup conS|st|ng of bis- trlphenylphosphlno

pent anmet h ent a t heni um .chloride . .

bi s- [pent iﬂ)g aé’ﬁf'éﬂ’i’ é%whe’reeﬁ W&Sﬁ‘i’th%ﬂ iy bpsedfafalysyigipresent in the
nor bor nad ls@lw{t ap@a&r@amdmhwtmm@atoadbﬁmylm EbHUR S M AP Habdd) orCink @ldldderf
and cycl ooct adi eny| pent anet hyl cycl opent adi enyl ruthenium (I1)

chl ori de. alkyne orpgidesesstld of clai m 21 wherein the or ganic azide is a
primary aliphatic azide, a tertiary azide or a benzylic azide. 24.
The nmethod of claim21 wherein the solvent is an aprotic sol vent.

25. The mé0hodToé methad wf 2izimtiémdierein the sell & nemainthinadat o tageperatura i the

are each resen ept at.a £o trat n in the range of
About -0, obungE BEepulphbEatOndBhediad GRORRILRRY e el n 1 he
rut heni um based catalyst is present in the solvent at a concentrati on

in the range of_ about .1 to. about 5 % based qon the nol es of alky
o ot de AP s s mathod of clginm | Hheram IR i D5 b ReH ST b2

sol vent I§I£@!e@h@klﬁeﬂk}§k i®arl PSRN 3lkyhe 1 N the range of about anbient
roomtenperature to reflux tenperatire. 28. The method of claim1l

conprising first adm xi ng the al kyne and organic azide to forma

react ' on g%xt Ulfa m gdtolf'glg nggpg;ﬂ rr'tﬁ E‘l{lﬁem %Eée%rlta@%{ "érsgleég‘a& Hm‘% the

quantity t he rut eni-un base | cient f1or “cat zi ng
t he f or magiocop cofisisink ,05%3drtspmyl;ﬁmmé:daolpeztaﬁ}ethyil@zmbmtmmex&xl ruthenlum (II)

1,4,5-trisubstituted 2, 3-triazol e; th the r ovi,sos
e T RN bRt Engich Upptufny! e ba i (D REeL P BORAERT b
a 1,5- di §é«lﬁa§ﬁ¢th*lbﬁﬂoﬂen@1dfenwﬂu%muﬂl (IBR€loride, and kfclbbRadidnyt conmpound
is an internal kyne, then the product will be a 1,4, 5-

trisubsti pmt@ﬂetl_‘[ylchjoﬁemagie@yleruthen1um (II) chloride.

23.  The method of claim 21 wherein the organic azide is a primary aliphatic azide, a

tertiary azide or a benzylic azide.
24.  The method of claim 21 wherein the solvent is an aprotic solvent.

25.  The method of claim 21 wherein the alkyne and the organic azide are each present

in the solvent at a concentration in the range of about 0.01 M to 1 M.

26.  The method of claim 21 wherein the ruthenium-based catalyst is present in the
solvent at a concentration in the range of about I to about 5 mol% based on the moles of

alkyne or azide present.



29. The nethod of claim 28 wherein the rutheni umbased catal yst is
selected fromthe group consisting of Cp*RuCl(PPh3)2, [Cp*RuCl2?] 2,
Cp*Rud (NBD), and Cp*RuCl (COD), wherein Cp* is

pent anet hyl cycl opent adi enyl, NBD is noH)or nadi enyl, and COD is
cycl ooct adi enyl . T

27.  The method of claim 21 wherein the solvent is maintained at a temperature in the

range of about ambient room temperature to reflux temperature.

28.  The method of claim 1 comprising first admixing the alkyne and organic azide to
form a reaction mixture, and then contacting the reaction mixture with a quantity of the
ruthenium-based catalyst sufficient for catalyzing the formation of a [,5-disubstituted
1,2,3-triazole or a 1,4,5-trisubstituted 1,2,3-triazole;

with the following provisos:

if the first compound is a terminal alkyne, then the product will be a 1,5-
disubstituted 1,2,3-triazole; and

if the first compound is an internal alkyne, then the product will be a 1,4,5-

trisubstituted 1,2,3-triazole.

29, The method of claim 28 wherein the ruthenium-based catalyst is selected from the
group consisting of Cp*RuC1{PPhs),, [Cp*RuCl;],, Cp*RuCl(NBD), and
Cp*RuC1(COD), wherein Cp* is pentamethylcyclopentadienyl, NBD is norbornadienyl,
and COD is cyclooctadienyl.



