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ABSTRACT: Gold-catalyzed formal 1,3-dipolar annulation between readily accessible N-pyridinylsulfilimines and ynamides is
reported. A diverse set of imidazole derivatives is prepared from the corresponding sulfilimines and ynamides. These
functionalized cyclic products can undergo further transformations to afford diverse imidazole frameworks. Moreover, in situ
synthesis is feasible and shows good potential in the synthesis of nucleoside analogues.

Gold complexes have emerged as highly effective catalysts for
the electrophilic activation of alkynes under homogeneous

conditions.1 Inparticular,gold-catalyzedreactionsbetweenylides
and alkynes can lead to bioactive compounds, and several ylidic
species were applied in this type of reaction, involving O−−N+,2

O−−S+,3 N−−N+,4 and C−−S+.5 Formation of gold carbenes by
intramolecular or intermolecular atom transfer processes toC−C
triple bonds enables efficient transformations. Moreover, the
introduction of functionality adjacent to the electrophilic gold
carbene in such processes offers a wide opportunity for facile
annulations to form nontrivial heterocycles. In this context, gold-
catalyzed dipolar annulations between conjugated ylides, such as
pyridine-N-aminides (N−−N+ ylide),4e acyl sulfonium ylides
(C−−S+ ylide),5a and activated alkynes provide valuablemethods
for target-directed synthesis, resulting in multisubstituted
oxazoles and furan derivatives.
Imidazo[1,2-a]pyridines6 are keystone nitrogen-containing

heterocycles highly important in widespread areas. In particular,
imidazo[1,2-a]pyridines bearing a 2-amino group on the
imidazole ring are key pharmacophores for many biologically
important compounds, exhibiting a broad range of properties,
including antivirus,7 antitumor,8 antiproliferative,9 and smooth-
ened antagonistic10 activities (Figure 1). Hence, synthesis of
imidazo[1,2-a]pyridin-2-amines isofgreat importance, and in the
last two decades, there has been long-standing interest in the
construction of N-fused imidazole frameworks. However,
methods for the preparation of fused 2-amino imidazoles are
rare and are based on classical multistep synthesis. Recently,
Davies’ group4e reported a gold-catalyzed [3 + 2] annulation
betweenN-pyrimidinylaminide and ynamide for the synthesis of
2-amino-substituted fused imidazole. Later, Chang et al.11

synthesized imidazo[1,2-a]pyridin-2-amine from 2-aminopyr-
idineandnitrile viaSnCl4-promotedcondensationandsequential
I2/KI-mediated oxidative cyclization. Despite these achieve-

ments, an efficient and short route to this significant compound
class from readily available starting materials under mild
conditions is still highly desirable.
Among sulfur-containingylides,whereas sulfoniumylideshave

been widely studied,12 sulfilimines13 are less explored. This
readily available ylidic unit can serve as valuable synthetic
intermediates through a cleavage of the polarized N−S bond.14
This versatile and promising metal−nitrene precursor has been
applied as a gold carbene precusor. Zhang et al.4b employed N-
sulfonylsulfiliminesasnitrenetransfer reagents for thesynthesisof
α,β-unsaturated amidines (two examples). We recently devel-
oped a successful strategy for preparing diverse aza-heterocycles
by utilizing N-phenylsulfilimines as gold carbene precusors.15

This method contains an efficient generation of α-imino gold
carbenes and subsequent divergent intramolecular trappings.
Inspired by the previous studies16 and as a continuous work on
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Figure 1. Bioactive compounds bearing N-fused 2-amino imidazole
cores.
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sulfilimines, we herein envisioned the construction of 2-amino-
substituted imidazo[1,2-a]pyridine 3a from pyridine-based
sulfilimine 1a and ynamide 2a via a gold carbene intermediate
(Scheme 1).

Reaction between S,S-dimethyl-N-(pyridin-2-yl)-sulfilimine
1a and ynamide 2a in toluene was first tested at 80 °C by
employing5mol%of IPrAuCl/AgNTf2ascatalyst (Table1, entry

1), resulting in imidazopyridine 3a in 29% yield. Another gold(I)
catalyst did not improve the reaction (entry 2). Gold(III)
catalysts, such as KAuBr4, delivered 3a in good yield (entry 3).
Among the Au(III) catalysts tested, PicAuCl2

17 performed the
best, affording 3a in 95% yield. A 2 mmol scale reaction is even
more efficient (entry 4). DCE andTHF are also suitable solvents
(entries 6 and 7). Short temperature screening (entries 8 and 9)
indicated that 80 °C was the best temperature. It is worth
mentioning that S,S-diphenylsulfilimine1s andTHT-substituted
sulfilimine 1r also performed well, however, in lower yields
(entries 10 and 11). In the absence of any catalyst, no desired
product was achieved, obviously verifying the necessity of a gold
catalyst (entry 12). Poisoning of the gold catalyst by the second

product, DMS, was not observed (for the detailed investigation,
see Supporting Information).
Under theoptimized reaction conditions (Table1, entry 4),we

investigated the reaction scope. As shown in Scheme 2, a series of

sulfiliminesbearingelectron-donatinggroupsonthepyridinering
all smoothly converted to the corresponding imidazopyridines
(3b−f). Electron-deficient sulfilimines 1g−k, bearing a trifluor-
omethyl or halogen substituent also delivered the targets3g−k in
92−98% yield. A trisubstituted ylide was also well tolerated,
affording product 3l in 76% yield, the structure of which was
further confirmed by single-crystal X-ray structure analysis
(Figure 2). Additionally, this reaction was elaborated to enable
the synthesis of imidazo[1,2-a]pyrimidine 3m, imidazo[1,2-
a]pyrazine3n, imidazo[2,1-b]thiazole3o, benzo[d]imidazo[2,1-
b]oxazole 3p, and benzo[d]imidazo[2,1-b]thiazole 3q from the
corresponding sulfilimines bearing other heteroaromatic units.

Scheme 1. Envisioned α-Imino Gold Carbene Transfer
Process via N−S Bond Cleavage

Table 1. Optimization of Reaction Conditionsa

entry RSR catalyst solvent

temp
(°C)/
time (h) yieldb (%)

1 DMSd IPrAuCl/AgNTf2 toluene 80/24 29
2 DMS PPh3AuCl/AgNTf2 toluene 80/24 34
3 DMS KAuBr4 toluene 80/5 77
4 DMS PicAuCl2 toluene 80/4 95 (97)g

5 DMS Au-1 toluene 80/8 81
6 DMS PicAuCl2 DCE 80/9 75
7 DMS PicAuCl2 THF 80/4 87
8 DMS PicAuCl2 toluene 70/4 91
9 DMS PicAuCl2 toluene 90/4 89
10 DPSe PicAuCl2 toluene 100/10 61
11 THTf PicAuCl2 toluene 80/10 93
12 DMS toluene 80/10 ndc

aGeneral reaction conditions: 1 (0.3 mmol, 1.5 equiv), 2a (0.2 mmol,
1.0 equiv), catalyst (5 mol %), solvent (2.0 mL, 0.1 M). bIsolated
yields of product 3a. cNot detected. dDMS: dimethylsulfide. eDPS:
diphenylsulfide. fTHT: tetrahydrothiophene. gYield of the 2 mmol
scale reaction (reaction time: 18 h).

Scheme 2. Scope of Sulfiliminesa,b

aReaction conditions: 1 (0.3 mmol, 1.5 equiv), 2a (0.2 mmol, 1.0
equiv), PicAuCl2 (3.8 mg, 5 mol %), toluene (2 mL, 0.1 M). bIsolated
yields.

Figure 2. Solid-state molecular structure of 3l.
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As a next step, we tested the limitations with respect to the
ynamides (Scheme 3). A wide range of N-Ts-substituted

ynamides 2b−j with a variety of R1 substituents, involving alkyl,
allyl, benzyl, and aryl, efficiently participated in this process. For
ynamides2k−n, containingothersulfonylprotectinggroups(Ms,
Ns, PhSO2) on the nitrogen atom, this reaction was found to be
compatible. The reaction proceeded well with various sub-
stituents in ortho,meta, andparapositions on thebenzene rings of
starting ynamides 2o−x. The efficiency correlated with the
electron density on the aromatic ring. Electron-rich aryl groups
gave the homologous products 3ah, 3ak, and 3al in good yields,
whereas the reaction was found to be less efficient with electron-
withdrawing groups on the aromatic ring (3af, 3am, and 3ao).
Moreover, 3-(thiophen-3-yl)-substituted (3ap−aq) and 3-
(pyridin-3-yl)-substituted (3ar) imidazo[1,2- a]pyridines were
synthesized from the corresponding heterocyclic-substituted
ynamides.Anynamidewith 1,3-enyne structurewas also found to
be suitable, albeit in 51%yield (3as).We thenmovedour focus to
annulations between sulfilimines and alkyl-substituted ynamides
(R2 = alkyl). Alkyl ynamide 2ac (R2 = 3-phenylpropyl) reacted
well,deliveringthedesiredproduct3at in77%yield,andno1,2-H-
shift product was afforded. In the absence of an α-hydrogen,
ynamide 2ad gave the target compound 3au in 44% yield despite

strong steric hindrance.Dimerized ynamide2ae and bis-ynamide
2af were able to efficiently convert into products 3aw and 3ax
containing two imidazopyridine cores by using 3.0 equiv of ylide
1a. Imidazo[1,2-a]pyridine3av, by contrast, couldbeachievedby
decreasing the amount of ylide 1a.
Heterocycles with unprotected amino groups are always

associated with diverse bioactivities, hence a complete depro-
tection strategy was required. With 3w as an example, the
sequential in situdetosyl-18 anddebenzylationprocessesgave free
6-bromo-3-phenylimidazo[1,2-a]pyridin-2-amine4 in63%over-
all yield (Scheme 4). Reductive dediazotization of 4with sodium

nitrite in aqueous hypophosphorus acid19 afforded 6-bromo-3-
phenylimidazo[1,2-a]pyridine 5 in 70% yield, which can be
quantitively converted into 2,6-dibromo-3-phenylimidazo[1,2-
a]pyridine 6 via NBS-mediated bromination at the 2-position on
the imidazole ring.20 This compound could serve as a valuable
precursor for cross-coupling strategies.
Saving time and energy needed for purification steps makes in

situ processes important for drug and natural product synthesis.
With sulfilimine 1a, we attempted to probe the feasibility of a
sequential synthesis of imidazopyridine 3a directly from 2-
aminopyridine1a′without purificationof the intermediate1a. As
depicted in Scheme 5, direct annulation between crude 1a and

ynamide2a affordedproduct3a in evenhigher yield than the two-
step reactions using pure 1a. Further application by the in situ
modification of adenine 1r′ demonstrated that this versatile
protocol has great potential for the synthesis of nucleoside
analogues.
In summary, N-pyridinylsulfilimines, as new nitrene transfer

reagents, were efficiently applied for the synthesis of imidazo[1,2-
a]pyridin-2-amines and related heterocycles via α-imino gold
carbene intermediates. This method features simple reaction
conditions, high efficiency, and excellent functional group
compatibility. Required sulfilimines can be readily prepared

Scheme 3. Scope of Ynamidesa,b

aReaction conditions: 1 (0.3 mmol, 1.5 equiv), 2 (0.2 mmol, 1.0
equiv), PicAuCl2 (3.8 mg, 5 mol %), toluene (2 mL, 0.1 M). bIsolated
yields. c1.0 equiv of ylide 1a was used. d3.0 equiv of ylide 1a was used;
reaction temperature: 85 °C.

Scheme 4. Important Postmodifications of 3wa

aIsolated yields.

Scheme 5. Investigations of an in Situ Processa

aIsolated yields.
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from commercially available, inexpensive arylamines, dimethyl
sulfide, and NCS. Furthermore, in situ synthesis is available, and
this in situ process showed great potential in the synthesis of
nucleoside analogues. As a competing reaction, a gold-catalyzed
rearrangement (see Supporting Information) of sulfilimines to
offer a new approach to 3-methylthiomethyl-substituted 2-
aminopyridines was discovered.
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D.; Daenen, M.; Gagosz, F. Angew. Chem., Int. Ed. 2018, 57, 13603.
(17) Hashmi, A. S. K.; Weyrauch, J. P.; Rudolph, M.; Kurpejovic,́ E.
Angew. Chem., Int. Ed. 2004, 43, 6545.
(18) Yoshida, S.; Igawa, K.; Tomooka, K. J. Am. Chem. Soc. 2012, 134,
19358.
(19) Franchetti, P.; Cristalli, G.; Grifantini,M.; Cappellacci, L.; Vittori,
S.; Nocentini, G. J. Med. Chem. 1990, 33, 2849.
(20)Marhadour, S.;Bazin,M.-A.;Marchand,P.TetrahedronLett.2012,
53, 297.

Organic Letters Letter

DOI: 10.1021/acs.orglett.9b00140
Org. Lett. XXXX, XXX, XXX−XXX

D

http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b00140/suppl_file/ol9b00140_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.9b00140
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b00140/suppl_file/ol9b00140_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1812317&id=doi:10.1021/acs.orglett.9b00140
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
mailto:data_request@ccdc.cam.ac.uk
mailto:hashmi@hashmi.de
http://orcid.org/0000-0002-6720-8602
http://dx.doi.org/10.1002/anie.201812002
http://dx.doi.org/10.1021/acs.orglett.9b00140

