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ABSTRACT
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1X=Y=H, 2:X=Y=Br,3: X=Y=1,4X=Y=TMS,
5:X=Y=CO,Me, 6: X=Br, Y =TMS
with 2: up to 92:8 of 7:8
with 4, 6: up to 99:1 of 7.8
10-15: R1 and R2 = H, alkyl, aryl

The regioselective N-alkylation of 1,2,3-triazoles 1—6 was studied. Good to excellent N-2 selectivity and high chemical yields for N-2-substituted
4,5-dibromotriazoles 7 were obtained with 4,5-dibromo- and 4-bromo-5-trimethylsilyl-1,2,3-triazoles. These building blocks can be readily converted
to 2-mono-, 2,4-di-, and 2,4,5-polysubstituted triazoles 10—15, providing a general, protective, group-free method for the synthesis of N-2-
substituted triazoles. Observed regioselectivities can be rationalized by a combination of Frontier Molecular Orbital, steric, and electrostatic

directing effects on the heterocyclic scaffolds.

1,2,3-Triazoles have been known for over 100 years,* and
they serve as important structural elements in many biologi-
caly active products? Both thermal and Cu(l)/Ru(ll)-
catalyzed condensations of alkynes and azides provide an
excellent approach to N-1/N-3-substituted triazoles.®> How-
ever, there are no effective general methods for the synthesis
of the complementary N-2-substituted regioisomers, although
several unselective or specialized syntheses of N-2-substituted
triazoles have been reported.*> We recently disclosed a
halogen-directed N-2 alkylation/arylation of bromo-substi-
tuted triazoles® and discovered that a combination of
electronic and steric effects of the bromine substituent may
contribute to the suppression of N-1/N-3 akylation. To better
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understand these findings and establish a general strategy
for access to N-2-substituted 1,2,3-triazoles, a systematic
study on the akylation of triazoles 1—6 with alkyl halides
was conducted (Table 1) (Scheme 1).

Dibromotriazole 2 was prepared by bromination of 1 with
NBS (Scheme 1).” Surprisingly, diiodotriazole 3 could not
be obtained by an analogous strategy. Fortunately, this
compound was formed in good yield by treatment of
bis(trimethylsilyl)triazole 4 with N1S.2 Both 4 and the mono-
trimethylsilyltriazole 6 were accessed by Br/Mg exchange®
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Table 1. N-Alkylation of Triazoles 1—6

X Y X Y v X

RX
>/_< KoCO4/DMF? >/_\< >:<
NN ———— NN NN
\ -10t0 0°C/3-6 h N NTR
H R
16 7 8

1:X=Y=H 4: X=Y =TMS,

2:X=Y=Br, 5 X=Y=COMe,

IX=Y=I 6: X =Br,Y=TMS

yield of
entry triazoles RX ratio of 7:8° (7 + 8)°

a 1 CH;l 35:65 90
b 1 CH3CH3Br 48:52 92
c 1 MeO,CCH,Br 58:42 91
d 2 CH;lI 78:22 96
e 2 CH3CH2Br 87:13 95
f 2 MeO,CCHyBr 92:8 95
g 2 PhCH,CH;,Br 90:10 93
h 2 p-NCPhCHyBr 91:9 97
i 2 m-MeOPhCHyBr 85:15 94
j 2 p-CFsPhCH,Br 92:8 95
k 2 3-pyCH,Br 92:8 85
1 3 CH;lI 60:40 89
m 3 CH3;CH3Br 74:26 93
n 3 MeO,CH,Br 78:22 96
0 4 CH;l 76:24 85
P 4 CH3;CH3Br 99:1 82
q 4 MeO,CCH,Br 99:1 88
r 5 CH;lI 50:50 91
s 5 CH3;CH3Br 71:29 90
t 5 MeO,CCH,Br 73:27 88
u 6 CH;l 73:21:5¢ 82
v 6 CH3CH3Br 94:4:<1¢ 89
w 6 MeO,CCH,Br 97:2:<1¢ 93
X 6 PhCH,CH,Br >98:1:1¢ 88
y 6 p-NCPhCH,Br >98:1:1¢ 90

2 See Table 2 for the screenings of solvents and reaction temperatures.
b Ratio determined by proton NMR. ¢ Both 7 and 8 were isolated by flash
chromatography on silicagel. ¢ Ratio of three regioisomers on N-2:N-3:N-
1. The structures of two regioisomers on N-1 and N-3 were confirmed by
two-dimetional NMR experiments.

of 2 after in situ protection of the NH group with TMSCI,
followed by addition to TMSCI, as illusrated in Scheme 1.

Initially, we investigated the direct alkylation of 1in DMF
with three alkyl halides, i.e., methyl iodide, ethyl bromide,

Scheme 1. Preparation of Triazoles 2—6
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Table 2. Study of Solvent and Temperature Effects: N-2
Alkylation of 2 with Methyl a-Bromoacetate

X Y Br. Br Br. Br
I \(N BrCH,CO,Me N>/ \(N =

N\'}l, K2C03 \N, + N‘\N’N\R
H solvent/temp. R
2 7f 8f
entry solvent temp (°C) time (h) 7f:8f

1 THF 20 5 71:29
2 CH;CN 20 2 80:20
3 CH3COCH3 20 2 80:20
4 CHZClZ 20 5 n.r.”
5 MTBE 20 5 nr?
6 DMF 20 0.5 86:14
7 DMF -10 5 92:8

2 Ratio determined by both HPLC and proton NMR. ® No product
observed.

and methyl a-bromoacetate, using potassium carbonate as a
base. The alkylation of 1 with these probe electrophiles was
not regioselective, in agreement with previous accounts,®
although an increase in N-2 selectivity was observed with
the bulkier agents. These findings probably reflect that direct
alkylations are subjected to Frontier Molecular Orbital
(FMO) control and largely directed by the relative magnitude
of the HOMO coefficients at the nitrogen atoms of the neutral
2H- and 1H-1,2,3-triazoles, which favor N-2 akylation over
N-1/N-3 (the latter having a statistical 2:1 advantage) (Figure
1). The orbital control is more pronounced with the more
selective ethyl bromide and methyl o-bromoacetate.

(a) v ©

Figure 1. HOMO orbitals of 2H-triazole (a) and 1H-triazole (b).**
The 2H-triazole tautomer predominates in most solvents.*?

The alkylation of dibromotriazole 2 with ethyl bromide
and methy! o-bromoacetate under the same reaction condi-
tions produced the N-2 alkylated products 7e—h and 8e—h
in up to 92:8 ratios (entries e—h, Table 1). A moderate N-2
selectivity was also observed with methyl iodide. While
HOMO control remains important for directing incoming
electrophilesin 2, the steric bulk of the two bromine atoms
acts in concert to disfavor N-1/N-3 akylation (Figure 2).

Since 1,2,3-triazoles are quite NH-acidic (pK, ~9.3), the
alkylation in the presence of K,CO; islikely to involve at least
in part the anion of the heterocycle. Both the HOMO as well
asthe dectrogtatic potential distribution in the anion of 2 suggest
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Figure 2. HOMO orbital (a) and electron density surface (b) of
2H-dibromotriazole 2.1*

high N-2 sdlectivity (Figure 3); accordingly, the electronic
analysis of the anion is in agreement with the parent neutral
system.

|
(@) I (b)

Figure 3. HOMO orbital (a) and electron density surfaces encoded
with electrostatic potential (b) of the anion of 2H-dibromotriazole
2-11

The akylation of 2 with other alkyl halides than the three
probe agents also produced N-2 alkylated triazoles in good
to excellent regiosel ectivities and satisfactory yields (entries
g—k, Table 1). In contrast, the N-2 regioselectivity for the
alkylation of the diiodide 3 dropped off to moderate levels
(entries |—n, Table 1). The N-1 akylation of triazole 3 is
dlightly less sterically demanding, due to the longer C—I
bonds at C-4 and C-5 (2.08 vs 1.88 A for the C—Br bonds
in 2). Significantly, the partial charges (ine”) at N-1/N-3in
the anion of diiodide 3 are calculated at —0.40, vs —0.16 at
N-2. This electrostatic charge distribution favors N-1/N-3
alkylation in 3 to a greater extent than in the anion of
dibromide 2, which has partial charges of —0.38 and —0.18
at N-1/N-3 and N-2, respectively.

As expected, the akylation of the sterically crowded bis-
TMS triazole 4 with ethyl bromide and bromoacetate
produced only N-2 products.*®> Methyliodide was again the
least selective among these three alkylating agents (entries
0—q, Table 1). Interestingly, the analogous direct alkylation
of diester 5, however, bearing two strongly electron-
withdrawing carboxylate groups yielded a mixture of two
regioisomers with much lower N-2 regioselectivity (entries
r—t, Table 1).** A rationale for the erosion of regioselectivity
with 5 can again be found in the consideration of the
electrostatic charge distribution in the corresponding anion:
The partial charges at N-1/N-3 are calculated at —0.42, vs
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—0.14 at N-2. The much greater negative partial charges at
N-1/N-3 favor an electrostatic control of the alkylation
process, opposing the FMO and steric effects.

We aso investigated the akylation of triazole 6 with an
unsymmetrical 4,5-substitution pattern consisting of abromo-
and a sterically more demanding TMS group. This substitu-
tion pattern is synthetically valuable for the preparation of
more diverse heterocyclic building blocks. While the alky-
lation of 6 with methyl iodide produced the N-2 alkylated
7u and two other regioisomers (N-3 and N-1 isomers) in a
ratio of 73:21:5 (entry u, Table 1), reactions with other
halides proved significantly more regioselective. With ethyl
bromide and o.-bromoacetate, the ratio of 7:8 was improved
to >94:4, and only a trace amount of the N-1 regioisomer
was observed. Alkylation of 6 with phenethyl bromide and
p-cyanobenzylbromide provided 7x,y as sole products in
excellent yields.

A brief examination of the effects of solven and
temperature for the alkylation of 2 using ethyl bromoacetate
as the electrophile indicated that both exerted a significant
influence on product regioselectivity (Table 2). The dipolar
solvent DMF produced a record 92:8 selectivity for 7f over
8f at —10 °C.

The successful regioselective N-2 alkylation of triazoles
provides an efficient approach toward a variety of differen-
tially substituted heterocycles. As illustrated in Scheme 2,
dibromotriazoles 7e and 7g were readily converted in
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Scheme 2. Synthesis of N-2-Substituted 1,2,3-Triazoles from
Building Blocks

OH
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excellent yields to monobromides 9a,b by a Br/Mg exchange.
The subsequent Suzuki cross-coupling of 9a,b with boronic
acids produced high yields of 2,4-disubstituted triazoles
15a,b, which could not be prepared efficiently otherwise.*®
2,4-Disubstituted triazoles 12a,b were formed by hydrogena-
tion of 11a,b derived from the Br/Mg exchange of 7e and
7g followed by addition to propanal dehyde. 2,4,5-Trisubsti-
tuted triazoles 13a,b and 14a,b were obtained in excellent

(15) (a) De Meijere, A., Diederich, F., Eds. In Metal-Catalyzed Cross-
Coupling Reactions, 2nd ed.; Wiley-VCH: Weinheim, Germany, 2004 (b)
Handbook of Organopalladium Chemistry; Negishi, E., Ed.; Wiley-
Interscience: New York, 2002.
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Scheme 3. Alternative Syntheses of N-2-Substituted

1,2,3-Triazoles
PhB(OH),
2% Pd(PPh;),Cl
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R >95% R 10%PdC__ o
7s:R=Et 9a-b HCO,H/NMM '
7u: R = CH,CH,Ph EtOAC/50 °C

>90%

isolated yields by a Suzuki coupling of bromides 11a,b as
well as dibromides 7e and 7g with boronic acids.

Furthermore, triazoles 7s and 7u were readily transformed
into the same products 9a,b by treatment with K,CO; in
MeOH, and both were converted to 2,4-disubstituted triazoles
15a,b in the same fashion as mentioned above. Hydrogena
tion of 9a,b produced the N-2 monosubstituted triazoles 7b
and 10b (Scheme 3). With the available methodologies for
C—C bond formation by cross-coupling of bromides and by
manipulating the functionality of the bromo- and TMS
substituents, many different kinds of polysubstituted 1,2,3-
triazoles are now synthetically accessible.™®

In summary, we have performed a systematic study on
the direct N-alkylation of triazoles, avoiding the use of
protective groups. Good to excellent N-2 regioselectivities
were obtained with 4,5-dibromo-, 4-bromo-5-trimethylsilyl-,
and 4,5-bis(trimethylsilyl)-1,2,3-triazoles. Product formation
can be rationalized by a combination of FMO, steric, and
electrostatic directing effects on the heterocyclic scaffolds.
Together with our previous studies,® these new protocols
establish a convenient and versatile strategy for the synthesis
of N-2-substituted 1,2,3-triazoles.

Supporting Information Available: Spectroscopic data
and copies of *H/C NMR spectra for compounds 3—6, 7,
8, and 9—15. This material is available free of charge via
the Internet at http://pubs.acs.org.
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