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Reactions of 1-alkynylimidazoles involving the forma-
tion of their 2-lithio derivatives followed by addition of
aldehydes or ketones are presented. The method gives
access to l-alkynyl-2-(hydroxymethyl)imidazoles which
undergo 6-endo-dig or 5-exo-dig cyclization under AuCls-
or base-catalyzed conditions to yield imidazo[l,2-c]-
oxazoles and imidazo[2,1-c][1,4]oxazine heterocycles.
Under transition metal catalysis, the reaction occurs in
a regiospecific manner, leading exclusively to the product
of 6-endo-dig attack, whereas under basic conditions, the
reaction takes place in a regioselective manner giving
preferentially the product from 5-exo-dig attack.

Imidazoles are an extremely important class of com-
pounds with applications across all areas of chemistry,'
biology,? and material science.’ In particular, fused bicyclic
imidazoles, both naturally occurring and synthetic, display a
wide range of biological activities* and are found in a number
of clinically important drugs.’ There has been a growing
interest in methods to efficiently access known fused imida-
zole frameworks® and to explore previously unreported
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chemotypes.” Yet, many fused bicyclic imidazole systems
remain un- or under-explored.®®

One promising approach to the rapid elaboration of a wide
variety of fused bicyclic imidazo[1,2-x] heterocycles, having
a bridgehead imidazole nitrogen atom, focuses on the cycli-
zation reactions of the relatively unexplored 1-alkynylimi-
dazoles.® We recently reported a coupling reaction between
imidazoles and bromoalkynes mediated by copper com-
plexes allowing access to a wide range of these compounds.’
The further functionalization of those 1-alkynylimidazoles
at the 2 position by formation of their 2-lithio derivatives and
subsequent treatment with various electrophiles has been
studied.'® The cyclization of 1-alkynylimidazoles containing
appropriate nucleophilic groups at their 2 position can
afford two types of bicyclic imidazoles depending upon the
regiochemistry of the cyclization (Figure 1). Of particular
interest is the degree to which the ynamine-like chemistry of
the imidazole-substituted alkyne group plays a role in bias-
ing the regiochemistry of this cyclization as well as the
potential to control the regiochemistry by reagent selection
using transition metals to activate the alkyne sz-system.'’

In exploring the 2-functionalization of the 1-alkynylimi-
dazole 1a by deprotonation and trapping of the anion with
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Chem. 2009, 52, 1329-1344. (b) Thompson, A. M.; Blasser, A.; Anderson, R.
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FIGURE 1. Regioselective one-pot conversion of 1a to 3a.

benzaldehyde, the formation of the 5,7-dihydroimidazo[1,2-
cloxazole 3a was observed.'®!? The structure of 3a was
confirmed by X-ray crystallography.'® Interestingly, none
of the 6-endo-dig cyclization product 4a was present.'*

A number of proposals have been put forth to rationalize
the 5-exo-dig versus 6-endo-dig cyclization modes'® of 4-
ynols under basic conditions, including the double bond
stereochemistry of the 5-exo cyclization products.'*!313
Recent studies have demonstrated alternative means to
affect the regioselectivity of these cyclizations through metal
catalysis.'® However, it was not clear at the outset how
applicable these precedents would be to the electronically
biased 1-alkynylimidazole system 1a. Thus, in order to
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Chem. Soc. 2005, 127,9976-9977. (e) Genin, E.; Antoniotti, S.; Michelet, V.;
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1083-1084. (1) Marshall, J. A.; Sehon, C. A. J. Org. Chem. 1995, 60, 5966
5968. (m) Seiller, B.; Bruneau, C.; Dixneuf, P. H. Tetrahedron 1995, 51,
13089-13102.

9230 J. Org. Chem. Vol. 74, No. 23, 2009

Laroche and Kerwin

TABLE 1.  Catalyst Screen for 6-endo-dig Cyclization

N OH N, Ph
[ \>_< Catalyst (2 mol %) [ \> <
N  Ph > N O
\\ reflux, 14 h (
CH;CN .
Ph
2a 4a
entry catalyst % conversion” yield®
1 AuCl 100 90%
2 AuCl; 100 95%
3 PdCl, 70 60%
4 PtCl, 0 -
5 NiCl, 0 -
6 CuCl, 100 90%
7 BiCl; 0 -

“Based on recovered starting material. *Isolated yield after chroma-
tography.

explore the generality of the cyclization to 3a and to develop
a means of accessing the 6-endo-dig cyclization product 4a,
the isolation and characterization of the carbinol derived
from the anion 2a’ were undertaken.

Compound 2a (Table 1) can be isolated in 95% yield from
the reaction of 1-alkynylimidazole 1a under the conditions
shown in Figure 1 when the reaction mixture is quenched
with 1 M HCI solution rather than water. Treatment of
alcohol 2a in the presence of various metal catalysts in
refluxing CH;CN'” was investigated (Table 1). The reaction
proceeded to completion using AuCl; as catalyst affording
imidazo[2,1-¢][1,4]oxazine 4a (Table 1, entry 2) as the only
product in 95% isolated yield.'®

In addition to AuCls;, AuCl (Table 1, entry 1), PdCl,
(Table 1, entry 3), and CuCl, (Table 1, entry 6) afforded
the cyclized compound 4a, although in lower yield. Interest-
ingly, none of these cases showed any traces of the 5-exo-dig
product 3a.

Our interest in the formation of both compounds 3a
and 4a led us to reinvestigate the cyclization reaction of 2a
under basic conditions. Under aqueous conditions (1 equiv
of I M NaOH) in THF at room temperature, the desired
compound 3a was obtained in 75% yield. The use of strong
organic bases (n-BuLi or EtMgBr) in THF did not lead to
any conversion at room temperature and led to degradation
under forcing conditions. A catalytic quantity of K3;POy4
(5 mol %) in CH;CN at reflux afforded 3a in 80% yield
within an hour. The cyclization was also attempted under
acidic conditions (HCl saturated THF) with no success.'” A
few 5,7-dihydroimidazo[1,2-cloxazole derivatives have been
reported in the literature for their biological properties
and are generally prepared by condensation reaction

(17) Other solvents screened include CH,Cl, (5% conversion with 2 mol
% of AuCl; after 14 h) and THF (100% conversion and 60% yield of 4a with
2 mol % of AuCls after 14 h, with the formation of several unidentified side
products).

(18) The imidazo[2,1-¢][1,4]oxazine system has been reported previously
only once: (a) Essassi, E. M.; Fifani, J.; Hamamsi, I. Bull. Soc. Chim. Belg.
1994, 103, 83-84. The related 6,8-dihydroimidazo[2,1-¢][1,4]Joxazines are
also largely unexplored: (b) O’Sullivan, D. G.; Pantic, D.; Wallis, A. K.
Nature 1965, 205, 262-264. (c) Medaer, B. P.; Hoornaert, G. J. Tetrahedron
1999, 55, 3987-4002.

(19) This led to a rapid conversion of 2a into compounds arising from the
addition of HCI across the carbon—carbon triple bond, as has been pre-
viously observed for 1-alkynylimidazoles; see refs 8 and 9.
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TABLE 2.  Regioselective Cyclizations of 1-Alkynylimidazoles 2a—j
R N R
KOy (5%) N1 LN>\fR3
/—> e}
(N i/ n-Buli (N OH CH;CN, reflux Z//
R Y i/ RyCOR, R g R,
N N g 3
\\ THF, -78°C \\
AuCls (2%) N Reg
R, R, RI_LN\> k ’
[¢]
1 2 CH;CN, reflux \_<—
R,
4
entry R, R, R; Ry yield“ (1 to 2) yield“ (2 to 3) yield” (2 to 4)
1 H Ph H Ph 2a (95%) 3a (80%) 4a (95%)
2 H Ph H Et 2b (90%) 3b (97%) 4b (99%)
3 H Ph Ph Et 2¢ (86%) 3¢ (99%) 4c (100%)
4 Benz” Ph Ph H 2d (87%) 3d (96%) 4d (85%)
5 4-Ph-im‘ Ph Ph H 2e (92%) 3e (78%) de (95%)
6 H p-'Bu-Ph H Ph 21 (92%) 31 (93%) 4f (100%)“
7 H p-CF5-Ph H Ph 2g (85%) 32 (85%) 4g (85%)°
8 H TIPS H Ph 2h (90%) 3h (86%) 4h (0%)
9 H H H Ph 27/ 3i (24%) 4i (16%)
10 H n-Hex H Ph 2j (87%) 3j/4j (93%)* 4j (87%)

“Isolated yield after chromatography. PBenz refers to the benzimidazole core. “4-Ph-im refers to the (4-Ph)-imidazole core. “Yield after I h. “Yield after
6 days.’Yield from 2h (TBAF, THF, —78 °C) is 80%. ¢3j and 4j were obtained as a 53/47 mixture but can be separated by flash chromatography.

N oH NIS (6 equiv.) [N\ Ph
[ > < K3PO, (6 equiv.) > (
N Ph - N 0
THF, RT >=<
\\ overnight I Ph
Ph
2a 5a, 98%

FIGURE 2. Todo-cyclization of 2a into 5a.

between 2-(hydroxymethyl)imidazole and aldehydes.”®
However,  5-methylene-5,7-dihydroimidazo[1,2-c]oxazole
derivatives such as 3a, which possess a cyclic N,0-ketene
acetal poised for further elaboration,?' have not been pre-
viously reported.

In the same vein, the iodo-cyclization reaction of 2a using
excess of NIS and KsPO, affords the iodo-imidazo[2,1-c]-
[1,4]oxazine 5a (Figure 2), which provides a chemical handle
for further functionalization of the oxazine ring.”>*

Having optimized the conditions for the cyclization of 2a
in either the 5-exo-dig or the 6-endo-dig mode, the scope of

(20) (a) Katritzky, A. R.; Aslan, D. C.; Leeming, P.; Stell, P. J. Tetra-
hedron: Asymmetry 1997, 8, 1491-1500. (b) Katritzky, A. R.; Aslan, D. C;
Oniciu, D. C. Tetrahedron: Asymmetry 1998, 9, 2245-2251. (¢) Chimirri, A.;
Monforte, P.; Zappala, M.; Monforte, A. M.; De Sarro, G.; Pannecouque,
C.; Witvrouw, M.; Balzarini, J.; De Clercq, E. Antiviral Chem. Chemother.
2001, /2, 169-174.

(21) For recent studies of cyclic N,0-ketene acetals, see: Zhou, A.; Cao,
L.; Li, H.; Liu, Z.; Pittman, C. U., Jr. Synlett 2006, 201-206. (b) Zhou, A.;
Njogu, M. N.; Pittman, C. U., Jr. Tetrahedron 2006, 62, 4093-4102. (c)
Huang, Y.-t.; Moeller, K. D. Tetrahedron 2006, 62, 6536-6550. (d) Quast, H.;
Ach, M.; Balthasar, J.; Hergenroether, T.; Regnat, D.; Lehmann, J.; Banert,
K. Helv. Chim. Acta 2005, 88, 1589-1609.

(22) The structure of 5a was confirmed by X-ray diffraction. 5a was
converted into 4a by treating with magnesium followed by H,O quench.

(23) Notably, Liu and co-workers reported compounds arising from a 5-
exo-dig process under similar conditions: Liu, Y.; Song, F.; Cong, L. J. Org.
Chem. 2005, 70, 6999—7002.

these transformations was evaluated. Toward this end,
compounds 2b—j were synthesized, and their cyclizations
were carried out in presence of AuCl; or KsPO,4 in CH;CN
(Table 2).

Variation of the substituents at the carbinol center (Rj,
R,) and at the imidazole core (R;) offered alcohols 2a—e as
well as the corresponding 5-exo-dig 3a—e and 6-endo-dig
4a—e cyclization products from good to excellent yields
(Table 2, entries 1—5). Substrates possessing either an elec-
tron-donating (2f) or an electron-withdrawing (2g) aryl
substituent on the carbon—carbon triple bond both led to
the expected products in high yields (Table 2, entries 6 and 7);
however, the rate of the AuCls-catalyzed cyclization was
dramatically affected. The cyclization of the 4-methoxy
substituent analogue 2f in the presence of AuCls is complete
in just 1 h, whereas the cyclization of the (4-trifluoro)phenyl
analogue 2g requires 6 days before reaching completion. The
cyclization of the triisopropylsilyl-substituted 1-alkynylimi-
dazole 2h occurred in the presence of K3;POy to give 3h in
86% yield; however, no conversion of 2h into 4h in the
presence of AuCl; was observed even after extended reaction
times (Table 2, entry 8). Apparently, the steric hindrance of
the bulky TIPS substituent prevents approach of the hydro-
xyl group to the terminal sp carbon required for the 6-endo-
dig cyclization. In the case of the l-ethynylimidazole 2i,
prepared from 2h by protodesilylation (TBAF, THF, —78 °C,
30 min), the corresponding 5-exo-dig 3i and 6-endo-dig 4i
products were obtained in low yields (Table 2, entry 9). In
these cases, the formation of multiple side products was
observed. Finally, reaction of 2j under basic condition is the
sole example where a mixture of compounds has been ob-
tained (Table 2, entry 10). Under gold catalysis, 2j gave
exclusively compound 4j from 6-endo-dig attack. Remark-
ably, with the exceptions of compound 2h, which failed to
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afford the 6-endo-dig cyclization product under AuCls cata-
lysis, and 2j, which gave a mixture of 3j and 4j under basic
condition, others alcohols 2 examined afforded exclusive
5-exo-dig cyclization in the presence of K;PO,4 and exclusive
6-endo-dig cyclization in the presence of AuCl;. We are
unaware of a similar case of such high reagent control of both
5-exo-dig and 6-endo-dig cyclization modes in other
4-ynol cyclizations.

We believe that cycloisomerizations under basic and
m-acid metal conditions are two distinct cases. Under basic
condition, competition should take place between 5-exo-dig
and 6-endo-dig cycloisomerization.'>® With 1-alkynylimida-
zole substrates, the nitrogen attached on the carbon—carbon
triple bond should strongly disfavor the formation of the
carbionic species at its o.-position (6-endo-dig attack). Under
transition metal catalysis, a complete regioselective process
regardless of the metal or the electronic nature of the
substituents is observed. This indicates that, under transition
metal catalysis, the 5-exo-dig attack is strongly disfavored.'*
We propose that Au catalyzes the cycloisomerization by
activation of the alkyne, for example, through a [(7*-alkyne)-
AuX,] complex as recently described by Behrens.>* This
coordination results in preferential acceleration of the
6-endo-dig cyclization, possibly due to the proximity of the
nucleophile to the alkyne terminal carbon in this proposed
gold #* complex.

In conclusion, we have shown that 1-alkynyl-2-(hydro-
xymethyl)imidazoles can be cyclized in the presence of
K3PO4 or AuCl; in CH;CN to afford preferentially S-endo-
dig or exclusively 6-endo-dig cyclization products, respec-
tively. These cyclizations exemplify a powerful new strategy
for the construction of various imidazo-fused heterocycles
from I-alkynylimidazoles.

Experimental Section

Typical Procedure for the Synthesis of Phenyl-(1-(2-
phenylethynyl)-1H-imidazol-2-yl)methanol (2a): To a solution
of 1-(2-phenylethynyl)-1 H-imidazole (1a) (168 mg, 1 mmol)
in THF (10 mL) under argon at —78 °C was added n-BuLi
(0.400 mL of 2.5 M solution in hexane, 1 mmol). The reaction
mixture was stirred for 15 min at —78 °C prior to the addition of
benzaldehyde (0.112 mL, 1.1 mmol). After stirring for 30 min
at —78 °C, the mixture was quenched with 1 M HCI solution
(5 mL) and the temperature was allowed to rise to room
temperature. The reaction mixture was then extracted with
CH,Cl, (3 x 50 mL), the combined organic layers were dried
over Na,SOy, and the solvent was evaporated under reduced
pressure. The residue was purified by flash chromatography

(24) Schulte, P.; Behrens, U. Chem. Commun. 1998, 1633.
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(0—50% EtOAc/hexane) to afford 260 mg (95%) of 2a as a white
crystalline solid: mp 89.8—90.9 °C; "H NMR (400 MHz, CDCl5)
0 7.47—-7.42 (2H, m), 7.39—7.28 (8H, m), 7.13 (1H, s), 7.00
(1H, s), 6.05 (1H, s), 4.39 (1H, s, OH); '*C NMR (100 MHz,
CDCl3) 6 152.7 (brs), 140.3, 131.6 (2C), 129.0, 128.5 (2C), 128.4
(20),128.1,127.6,127.1 (2C), 122.3 (brs), 120.9,77.1,73.5, 69.5;
IR (KBr) 3127, 2259, 1432, 1248, 1179, 1150, 1054, 758,
695 cm™'; MS (CI) 549 2M + 1, 4%), 531 2M — 17, 8%),
275 (M + 1, 100%), 257 (M — 17, 23%); HRMS calced for Cyg
Hys N, O (M + H™) 275.1184, found 275.1181.

Typical Procedure for the Synthesis of (Z)-5-Benzylidene-7-
phenyl-5,7-dihydroimidazo[1,2-cJoxazole (3a):. To a solution of
2a (69 mg, 0.25 mmol) in CH3CN (5 mL) was added K5POy
(3 mg, 0.0125 mmol). The mixture was gently refluxed until
completion. After chilling, the solvent was evaporated under
reduced pressure. The residue was purified by flash chromatog-
raphy (0—20% EtOAc/hexane) to afford 55 mg (80%) of 3aas a
white solid: mp 107.6—109.8 °C; "H NMR (400 MHz, CDCl;) 6
7.62—7.57 (2H, m), 7.52—7.46 (2H, m), 7.45—7.38 (3H, m),
7.36—7.30 (2H, m), 7.26—7.22 (2H, m), 7.20—7.14 (1H, m), 6.50
(1H, s), 5.50 (1H, s); '*C NMR (100 MHz, CDCl;) 6 150.8,
144.1, 135.9, 135.1, 133.8, 129.4, 128.9 (2C), 128.5 (2C), 127.3
(2C), 126.6 (2C), 125.7, 110.3, 85.4, 80.1; IR (KBr) 3126, 1704,
1536, 1403, 1286, 1155, 1030, 996 cm™'; MS (CI) 549 (2M + 1,
3%),275 M + 1, 100%), 257 (M — 101, 20%), 157 (M — 117,
40%); HRMS caled for CigH s N> O (M + H1)275.1184, found
275.1186.

Typical Procedure for the Synthesis of 6,8-Diphenyl-8H-
imidazo[2,1-c][1,4]oxazine (4a):. To a solution of 2a (69 mg,
0.25 mmol) in CH3CN (5 mL) was added AuCl; (0.5 mL of a
0.01 M solution in CH3CN, 0.005 mmol). The mixture was
gently refluxed until completion. After chilling, the solvent was
evaporated under reduced pressure. The residue was purified by
flash chromatography (0—30% EtOAc/hexane) to afford 65 mg
(95%) of 4a as a white solid: mp 115—117 °C; '"H NMR (400
MHz, CDCl;) 6 7.63—7.58 (2H, m), 7.46—7.41 (2H, m),
7.41-7.32 (6H, m), 7.16 (1H, d, J = 1.4 Hz), 7.07 (1H, d, J =
1.4 Hz), 7.01 (1H, s), 6.49 (1H, s); *C NMR (100 MHz, CDCl5)
0143.0,139.6,136.7,131.9,129.2,128.9,128.7,128.5(2C), 128.4
(2€), 127.1 (2C), 124.4 (2C), 115.6, 102.0, 76.1; IR (KBr) 3112,
1652, 1484, 1449, 1437, 1400, 1337, 1162, 1026, 749 cm™'; MS
(CI) 275 (M + 1, 100%); HRMS calcd for C;g His N, O (M +
H™) 275.1184, found 275.1185.
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