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Highly Substituted Furo ACHTUNGTRENNUNG[3,4-c]azepines by Gold(I)-Catalyzed
Diastereoselective Tandem Double Heterocyclizations and 1,2-Alkyl

Migration

Hongyin Gao,[a] Xiaoli Zhao,[a] Yihua Yu,[b] and Junliang Zhang*[a]

Transition-metal-catalyzed domino reactions[1] are unri-
valed in their ability to provide rapid access to architectural-
ly complex molecules from relatively simple starting materi-
als. In the context of our ongoing efforts to develop cascade
reactions for the synthesis of heterocyclic compounds,[2] we
now report a novel approach to fused heterobicyclic furo-ACHTUNGTRENNUNG[3,4-c]azepines by a gold-catalyzed[3] highly diastereoselec-
tive tandem double heterocyclization[4] and 1,2-alkyl migara-
tion.[5] Despite the numerous methods towards furans[6] or
azepines[7] from acyclic precursors developed in past few
years, there are no reports on the synthesis of fused hetero-
bicyclic furo ACHTUNGTRENNUNG[3,4-c]azepines. Furthermore, as far as we know,
no gold-catalyzed domino reaction consisting of tandem
double heterocyclizations and 1, 2-alkyl migration has been
described.

Recently, gold-catalyzed heterocyclization of 2-(1-alkyn-
yl)-2-alken-1-ones with nucleophiles leading to trisubstituted
furans was reported by Larock and co-workers.[8] Very re-
cently, we also developed a novel approach to fused hetero-
bicyclic compounds by a highly diastereoslective gold(I)-cat-
alyzed tandem heterobicyclization of 2-(1-alkynyl)-2-alken-
1-ones with nitrones.[2f] These reactions are believed to pro-
ceed via furanyl gold intermediates A. We envisaged that
the nucleophilic a, b-unsaturated imines might attack the
carbocation of intermediates A to produce furanyl gold in-
termediates B tethered with an allylic iminium ion. Subse-
quent nucleophilc attack of furanyl gold to the iminium ion

would give two different heterobicycylic compounds 3 or 4
via regioselective 1,5- or 1,7-cyclizations (Scheme 1).

We began our research by examining the cyclization of
ketone 1 a and N-4-methoxyphenyl imine 2 a in the presence
of various metal catalysts (see the Supporting Information).
This cyclization reaction was later found to proceed smooth-
ly under the catalysis of 5 mol% of Ph3PAuOTf (generated
from a 1/1 mixture of [Ph3AuCl] and AgOTf) at room tem-
perature in CH2Cl2 in the presence of 4 � molecular sieves.
However, to our surprise, we found that the product was
5,7-fused 5 aa rather than the expected fused 5,5-heterobicy-
clic 3 aa or 5,7-heterobicyclic 4 aa [Eq. (1)]. The structure of
5 aa was confirmed by single-crystal X-ray diffraction
(Figure 1),[9] indicating that the reaction undergoes a novel
unexpected reaction pathway. Other commonly used cata-
lysts in cyclization reactions such as AuCl, AuCl3, picolinic
acid derived gold catalyst (PicAuCl2), IPrAuOTf, PtCl2, Yb-ACHTUNGTRENNUNG(OTf)3, Sc ACHTUNGTRENNUNG(OTf)3 as well as silver catalysts give the product
in low yields. Other solvents such as 1,2-dichloroethane
(DCE), toluene, CH3CN and THF also give lower product
yields.
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Scheme 1. Proposed reaction pattern of ketones 1 with a, b-unsaturated
imines 2.
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Having established the standard conditions, we examined
the scope of this gold-catalyzed cascade reaction (Table 1).
The reaction is highly tolerant of various substituents at all

three positions of the unsaturated imine component 2. For
example, conjugation with aryl or aliphatic groups (R4 and
R5) and N-aryl or N-benzyl groups (R6) had little impact on
the product yield (Table 1, entries 1–8). For example, the re-
action of imine 2 h with 1 a affords 5 ah in 63 % yield albeit
with higher catalyst loading (Table 1, entry 7). Furthermore,
it is noteworthy that all the products were obtained as a
single diastereoisomer (>20:1), as determined by checking
the 1H NMR spectrum of the crude product.

After examination the scope of imine 2, we turned our at-
tention to studying the scope of the ketone component of
this gold-catalyzed transformation (Table 2). The ketone
substituent R1, which can be either aromatic or aliphatic

groups, has little impact on the yield of transformation
(Table 2, compare entries 1 and 10). The alkyne substituent
R3 can also be aromatic or aliphatic groups, but aliphatic
ones give relatively lower yields of the cycloadducts
(Table 2, entries 5, 8, and 9). It seems that the olefin sub-
stituent R2 needs to be aromatic group to obtain a reasona-
ble product yield. The structure of 5 ba was also further con-
firmed by single-crystal X-ray diffraction (Figure 1).[9] 2-D
NMR spectra analysis (H,H-NOESY, HSQC, HMBC) of se-
lected compounds 5 aa, 5 ae, 5 fa, 5 ai, and 5 ia showed that
they are consistent with each other. For example, there are
H,H-NOESY signals between the protons of CH3 and the
CH (R4) for 5 aa, 5 ae, 5 ai, and 5 ia and the protons of CH2-ACHTUNGTRENNUNG(C3H7) and CH(R2) of 5 fa.

We next examined the reaction of 1 a with heteroaryl
imine 6 a under the catalysis of Ph3PAuOTf [Eq. (2)]. Sur-
prisingly, the 2-D NMR spectra of the product are not con-
sistent with those of 5 aa. For example, there is a H,H-
NOESY signal between the protons of CH3 and CH(Ph)
rather than CH ACHTUNGTRENNUNG(NTs), indicating that the reaction might not
undergo the same migration pathway.[10] This hypothesis was
further confirmed by the X-ray structure analysis of 7 ab
(Figure 2).[9]

A proposed mechanism that accounts for this gold-cata-
lyzed cascade transformation is depicted in Scheme 2. Gold-
catalyzed cyclization of ketone 1 afforded a furanyl gold in-
termediate A. The addition of imine 2 to the cabocation via
the nitrogen atom would afford intermediate B with an al-
lylic iminium ion, which would undergo intramolecular 2,7-
cyclization leading to a spirobicyclic oxonium ion C rather

Figure 1. X-ray structures of 5aa (left) and 5ba (right).

Table 1. Diastereoselective synthesis of highly substituted furo ACHTUNGTRENNUNG[3,4-c]aze-
pines by variation of imine 2[a] .

Entry Imine 2 Temp Time Yield of 5[b]

R4/R5/R6 [h] [%]

1 Ph/Me/Ph (2 b) rt 12 5ab (85)
2 Ph/Me/4-ClPh (2 c) rt 12 5ac (80)
3 Ph/Me/4-NO2C6H4 (2 d) rt 12 5ad (86)
4 Ph/Ph/4-MeOC6H4 (2e) reflux 10 5ae (88)
5 4-MeOC6H4/Me/4-MeOC6H4 (2 f) reflux 10 5af (86)
6 4-NO2C6H4/Me/4-MeOC6H4 (2 g) reflux 10 5ag(75)
7[c] Me/Me/4-MeOC6H4 (2h) reflux 10 5ah (63)
8 Ph/Me/Bn (2 i) reflux 12 5ai (77)

[a] All reactions were carried out using 1 (0.5 mmol) under standard con-
ditions. [b] Yield of the isolated product as a single diasteroisomer (>
20:1). [c] 20 mol % of [Ph3PAuCl]/AgOTf were employed, otherwise a
by-product was formed from the reaction of 1a with 4-methoxyphenyla-
mine generated from the decomposition of unstable imine 2h.

Table 2. Diastereoselective synthesis of highly substituted furo ACHTUNGTRENNUNG[3,4-c]aze-
pines by variation of ketone 1.

Entry Ketone 1 Temp Time Yield of 5[a]

R1/R2/R3 [h] [%]

1 Me/4-MeOC6H4/Ph (1 b) rt 12 5ba (81)
2 Me/4-MeOC6H4/4-MeOC6H4 (1c) reflux 24 5ca (79)
3 Me/Ph//1-Naphthyl (1 d) rt 24 5da (82)
4 Me/4-MeOC6H4/1-Naphthyl (1e) rt 36 5ea (76)
5 Me/Ph/nBu (1 f) reflux 12 5 fa (58)
6[b] Me/Ph/4-MeOC6H4 (1g) rt 24 5ga (78)
7 Me/Ph/4-NO2C6H4 (1h) reflux 18 5ha (84)
8[c] Ph/Ph/nBu (1 i) rt 24 5 ia (79)
9[d] Ph/Ph/1-cyclohexenyl (1j) rt 24 5ja (81)
10 Ph/Ph/Ph (1k) rt 24 5ka (96)

[a] Unless otherwise specified, the diastereoselectivity is >20:1, the
number in parentheses is the isolated yield of the major isomer. [b] d.r.=
8.0:1. [c] d.r.=4.1:1. [d] d.r.=6.1:1.
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than the direct 1,5- or 1,7-cyclization. The definite reason is
unclear but the configuration of the intermediate B may not
favor the direct 1,5-or 1,7-cyclizations. Subsequent regiose-
lective C�C bond cleavage via path d in Scheme 2 would
give a furanyl gold intermediate D with an iminium ion fol-
lowed by cyclization to produce the final product and regen-
erate the gold catalyst. In contrast, when heteroaryl imines 6
were used as the heterodiene component, the reaction of
heteroaryl imine 6 with intermediate A produced a furanyl
gold intermediate E with an iminium ion. Subsequent direct
cyclization of intermediate E gave the product 7 without
any migration. The reason why the intermediate E under-

goes the direct cyclization is not very clear, but the highly
reactive iminium ion may readily react with the vinyl gold.
To our surprise, the oxonium ion C did not undergo the ex-
pected 1,2-alkyl migration from 3- to 2-positions of the
furan ring, which was discovered by Kirsch and co-workers
in the AuIII- or PtII -catalyzed tandem hetherocyclization
and 1,2-alkyl migration reaction of alkynyl carbonyl com-
pounds.[5a]

It is not surprising to find that the reaction of the imine
(Z, E)-2 e with 1 a gave the same product, trans-5 ae, in 85 %
yield [Eq. (3)], since the reaction was believed to proceed
via the same allylic iminium ion B as those E,E-hetero-
dienes.

Interestingly, cyclization of 1-(1-alkynyl)cyclopropyl
ketone 8, an analogue of 2-(1-alkynyl)-2-alken-1-one 1, with
imine 2 a provided the fused 5,6-heterobicyclic compound 9
in 70 % yield under the standard conditions (Scheme 3). The

structure was also confirmed by single-crystal X-ray diffrac-
tion (Figure 2).[9] The reaction is believed to proceed via the
1,6-cyclization of furanyl gold intermediate F tethered with
an allylic iminium ion, a longer tethered chain than inter-
mediate B. The reason that intermediate F did not undergo
similar cyclization and subsequent migration is unclear, but
the configuration of intermediate F may favor the nucleo-
philic attack of vinyl gold to the iminium ion to form a six-
membered ring.

In summary, we have developed a novel cationic AuI-cata-
lyzed tandem reactions under mild conditions, providing a
rapid, efficient and stereoselective access to highly substitut-
ed furoACHTUNGTRENNUNG[3,4-c]azepines from the simple, readily available 2-
(1-alkynyl)-2-alken-1-ones and heterodienes. The nature of
the heterodienes will control the reaction pathway. Further-
more, the substituent of the product could be easily varied

Figure 2. X-ray structures of 7ab (left) and 9 (right).

Scheme 2. Plausible mechanism.

Scheme 3. Tandem double heterocyclization of 8 with 2a and the pro-
posed reaction pathway.
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by changing the substituent pattern of the corresponding
starting materials. Further studies including mechanism,
scope and synthetic application are being ongoing in this
laboratory.

Experimental Section

Synthesis of fused heterobicyclic compound 5 aa [Eq. (1)]: To a solution
of [Ph3PAuCl] (12.4 mg, 0.025 mmol) in CH2Cl2 (2 mL) was added
AgOTf (6.4 mg, 0.025 mmol) under an Ar atmosphere, and the mixture
was stirred for 10 min at room temperature. Then 4 � molecular sieves
(200 mg), ketone 1 a (123 mg, 0.50 mmol), imine 2 a (150.6 mg,
0.60 mmol), and CH2Cl2 (3 mL) under Ar at room temperature was
added to this mixture. The resulting mixture was stirred for 12 h after
which time the reaction was complete as determined by TLC analysis.
The mixture was passed through a short silica gel column and then con-
centrated under reduced pressure. The residue was purified by flash
column chromatography on silica gel to afford the pure product 5aa
(228.8 mg) in 92% yield as a white solid. 1H NMR (300 MHz, CDCl3):
d=7.49 (d, J=7.5 Hz, 2 H), 7.41–7.29 (m, 9H), 7.28–7.15 (m, 4 H), 6.93–
6.82 (m, 4H), 6.68 (s, 1H), 5.56 (s, 1H), 4.34 (s, 1H), 3.80 (s, 3H), 1.98 (s,
3H), 1.70 ppm (s, 3 H); 13C NMR (75.4 MHz, CDCl3): d =152.42, 148.78,
145.42, 145.05, 142.07, 141.99, 131.07, 128.90, 128.62, 128.30, 128.26,
128.15, 128.06, 127.80, 127.03, 126.73, 126.04, 125.28, 122.41, 120.23,
114.87, 114.63, 56.93, 55.63, 47.81, 21.92, 12.61 ppm; MS (EI) m/z (%):
497 [M+] (23.17), 375 (100); HRMS calcd for C35H31NO2: 497.2355,
found: 497.2357. For preparative procedures and spectroscopic data for
all new compounds, see the Supporting Information.
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