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ABSTRACT: An iron-catalyzed radical [2 + 2 + 2] annulation
of benzene-linked 1,7-enynes with aldehydes has been
developed. With this method, a variety of fused [6.6.6] pyran
molecules are built in an efficient and selective manner. The

aldehydic radical-mediated strategy exhibits a particularly

attractive dual role, which triggers and terminates the domino
cyclization.
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F used heteroarene compounds have attracted the attention of
chemists due to their unique intrinsic characteristics and
wide applications in drug discovery and material sciences." For
example, fused pyran compounds are prevalent structural motifs
in a variety of natural products, pharmaceuticals, and marine
organisms (Figure 1).” Despite their significance, the established
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Figure 1. Representative bioactive examples of oxygen-containing six-
membered fused heterocycles.

methods to construct these fused pyran scaffolds continue to use
commercially unavailable starting materials or require quite a few
synthetic steps with low overall yields. Therefore, alternative
atom- and step-economic access to assemble these skeletons is
urgently in demand. However, selectivity control and functional
group compatibility make this straightforward approach
extremely challenging.

The [2 + 2 + m] annulation reaction has emerged as one of the
most straightforward and atom-economic protocols to construct
five- and/or six-membered cyclic systems.” There have been
remarkable and instructive advances on the transition-metal-
catalyzed construction of molecular complexity with this
powerful method.* Recently, Tu’s group® and Li’s group’
reported an unprecedented radical [2 + 2 + 1] carbocyclization
of 1,7-enynes with simple cycloalkanes or heterocyclic
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compounds, respectively (Scheme 1, eq a). This dual a,a-
C(sp®)—H abstraction/insertion bifunctionalization activation

Scheme 1. [2 + 2 + m] Annulation of Benzene-Linked 1,7-
Enynes
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strategy is extremely fascinating. Besides, this radical triggered
cascade spirocyclization also presents a new synthetic method to
build a fused [6.6.5] polycyclic architecture. Very recently, Li’s
group also realized a copper-catalyzed radical [2 + 2 + 1]

annulation of benzene-linked 1,n-enynes (n = 6,7) with
azidobenziodoxolone to prepare fused pyrrolines (Scheme 1,
eqb).

To the best of our knowledge, there have been no reported
examples of catalytic 1,7-enyne [2 + 2 + 2] annulation for the
construction of fused pyran scaffolds.” Aldehydes are commonly
recognized as the carbonyl resources for the synthesis of alcohols
or asymmetric ketones,” including f-peroxy ketones,'’ a,5-
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unsaturated ketones,"' and carbonyl-containing oxindoles'” or
indolines."” In this work, the aldehydic radical-mediated strategy
exhibits a particularly attractive dual role, which triggers and also
terminates the domino cyclization in a one-pot procedure.
Herein, we report the first iron-catalyzed, radical-mediated [2 + 2
+ 2] annulation of benzene-linked 1,7-enynes with aldehydes
(Scheme 1, eq c), which enables the one-step, efficient synthesis
of various fused [6.6.6] pyran molecules, including 6H-
pyrano[4,3-c]quinolin-S(4aH)-one, 4a,5-dihydro-6H-pyrano-
[4,3-c]quinolone, pyrano[4,3-c]chromen-5(4aH)-one, and
pyrano[4,3-c]chromen-S(4aH)-one.

We started our investigation with the tandem cyclization of
benzaldehyde 1a and benzene-linked 1,7-enyne 2a as a model to
optimize the reaction conditions (Table 1). 1,7-Enyne 2a was

Table 1. Optimization of the Reaction Conditions”

Ph Ph.__O.__Ph
(% o talyst L
catalys
N + mph 4’[01 COOMe
1|'s/\<gOMe ?s
2a 1a 3aa
entry catalyst [0] solvent 3aa (%)
1 FeCl, (t-Bu0), PhCl 70(67)
2 FeCl, (t-BuO), EA 69
3 FeCl, (tBuO), CHCl, 40
4 FeCl, (+-BuO), THF 23
s FeCl, (t-BuO), DME 39
6 FeCl, (+-BuO), DMSO 2
7 FeCL-4H,0 (t-BuO), PhCl 67
8 FeCl, (tBuO), PhCl 70
9 FeBr, (t-BuO), PhCl 68
10 Fe(OAc), (£BuO), PhCl 64
11 Fe(acac), (+BuO), PhCl 68
12 cucl, (tBuO), PhCl 68
13 CuBr, (t+-BuO), PhCl 66
14 MnBr, (t+-BuO), PhCl 67
15 CoCl, (tBuO), PhCl )
16 FeCl, t-BuOOH PhCl 48
17 FeCl, PhCOOOBu PhCl 52
18 FeCl, (PhCOO), PhCl 23
19 (t-Bu0O), PhCl 40
20 FeCl, PhCl ND

“Reaction conditions: 1a (1.5 mmol), 2a (0.3 mmol), catalyst (2.5 mol
%), [O] (0.75 mmol), PhCl (1.0 mL), 120 °C, 2 h, under N,.
YReported yields were based on 2a and determined by 'H NMR using
an internal standard; the isolated yield is given in parentheses.

treated with 1a, FeCl,, and di-tert-butyl peroxide (DTBP) and
led to formation of the desired [2 + 2 + 2] annulation product
3aa in 70% yield in the presence of chlorobenzene (entry 1).
Solvent screening revealed that ethyl acetate also gave a
comparable yield (69%) (entry 2), while other tested solvents
such as CHCl;, THF, DMF, and DMSO were all inferior in terms
of reaction yields (entries 3—6). Subsequently, a number of metal
catalysts were investigated; it was found that the other iron
(FeCly, FeBr,, etc.), copper (CuCl,, CuBr,), and manganese
(MnBr,) catalysts all worked efficiently and delivered 3aa in
good yields (entries 7—14), while cobalt catalyst (CoCl,) gave a
52% vyield (entry 15). Afterward, screening of other oxidants
revealed that TBHP, tert-butyl peroxybenzoate (TBPB), and
benzoyl peroxide (BPO) all met little success in this radical [2 + 2
+2] annulation (entries 16—18). Notably, the reaction could also
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furnish product 3aa in 40% yield in the absence of FeCl, (entry
19). However, no desired product was detected without loading
an oxidant (entry 20).

With the optimal reaction conditions in hand, the scope of 1,7-
enynes was investigated (Scheme 2). The [2 + 2 + 2] annulation

Scheme 2. Scope of the 1,7-Enynes”
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“Reaction conditions: 1a (1.5 mmol), 2 (0.3 mmol), FeCl, (2.5 mol
%), (t-BuO), (0.75 mmol), PhCI (1.0 mL), 120 °C, 2 h, under N,.
Reported yields were based on 2 and determined by 'H NMR using an
internal standard; the isolated yields are given in parentheses.

protocol was applicable to various benzene-linked 1,7-enynes,
namely, aniline-linked 1,7-enynes, phenol-linked 1,7-enynes, and
carbon-linked 1,7-enynes. Initially, the substitution effect of the
nitrogen atom was investigated. The N-sulfonyl-substituted
anilines (2b and 2c) reacted smoothly to give the desired
products 3ab and 3ac in good yields. With 1,7-enynes 2d—2g,
bearing a tosyl group, an acetyl group, a methyl group, or a benzyl
group on the amidic nitrogen atom, 6H-pyrano[4,3-c]quinolin-
5(4aH)-ones 3ad—3ag were easy to construct in moderate to
good yields, while 1,7-enyne 2h with a free N—H group was inert
and resulted in no formation of 3ah. Several substituents, namely,
MeO, Me, Cl, and F on the aromatic ring at the terminal alkyne,
were well-tolerated (3ai—3an). The electron-withdrawing
halogen groups, such as Cl and p-, m-, and o-F, were also
compatible with the optimal conditions, albeit in moderate yields
(56—62%), which can be further manipulated at the halogenated
positions. Aliphatic alkyne 2p and trimethylsilyl alkyne 2q were
also applicable for the transformation to give desired products
3ap and 3aq in good yields. Moreover, 3ar was obtained in 15%
yield when terminal alkyne 2r was applied under the optimized
conditions. The 4-Me- and 4-Cl-substituted 1,7-enynes on the
aromatic ring of the aniline moiety were well-tolerated under the
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standard conditions and gave desired products 3as and 3at in 74
and 64% vyields, respectively. Additionally, screening revealed
that the 1,7-enynes 2u and 2v, with a Ph group and a Me group,
respectively, at the 2-position of the acrylamide moiety were
smoothly converted into the corresponding 3au and 3av in good
yields. In the case of the phenol-linked 1,7-enynes 2w and 2x, the
fused [6.6.6] oxygen-containing skeletons 3aw and 3ax were
constructed in 51 and 76% yields, respectively. In addition, 4a,5-
dihydro-6H-benzo[h]isochromen-6-one (3ay) could also be
formed using the carbon-linked 1,7-enyne 2y in 25% yield.
Unfortunately, the 1,7-enyne with an internal olefin moiety failed
to give the desired product.

Next, the scope of the aldehydes was examined (Scheme 3).
The electron-rich aldehydes, such as anisyl aldehyde and p-

Scheme 3. Scope of the Aldehydes”
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“Reaction conditions: 1 (1.5 mmol), 2a (0.3 mmol), FeCl, (2.5 mol
%), (t-BuO), (0.75 mmol), PhCl (1.0 mL), 120 °C, 2 h, under N,.
Reported yields were based on 2a and determined by 'H NMR using
an internal standard; the isolated yields are given in parentheses.

tolualdehyde, reacted smoothly with 2a to afford desired
products 3ba and 3ca in good yields. The aldehydes with a
halogen atom also underwent the [2 + 2 + 2] annulation to give
the fused pyrans 3da—3fa in moderate yields. Moreover, the
absolute configuration of 3da was confirmed by X-ray diffraction
analysis (Figure 2). As expected, the strongly electron-with-
drawing group (CN) on the phenyl ring of benzaldehyde eroded

Figure 2. X-ray diffraction of 3da.

the efficiency of this transformation, and 3ga was obtained in
48% vyield. Furthermore, other aromatic aldehydes such as 2-
naphthaldehyde (1h) and thiophene-2-carbaldehyde (1i) were
also applicable for the present transformation. Unfortunately, the
decarbonylation reaction occurred when aliphatic aldehydes
were applied and did not give the bifunctionalization products
under the same reaction conditions.

Notably, when 1,7-diene 4 and benzaldehyde 2a were applied
under the standard conditions, the desired [2 + 2 + 2] annulation
product S was obtained, though in 34% yield with 4:1
diastereoselectivity (eq 1). Gratifyingly, when 1,6-enyne 6 was
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used as the substrate,'* the reaction also proceeded efficiently
and furnished the corresponding methyl 1,3-diphenylindeno-
[1,2-c]pyran-4a(SH)-carboxylate 7 in good yields (eq 2), thus
demonstrating the generality of this method.

Control experiments showed that the reaction of 1a with 2a
and DTBP was completely suppressed when a stoichiometric
amount of radical inhibitors, including TEMPO or butylated
hydroxytoluene (BHT), was added (eq 3). Notably, the TEMPO

Ph
é e
@\/ , § cndmdcondtons e
NV ph TEMPOor BHT  not detected
Ts COOMe (4.0 equiv)
2a 1a

adduct aldehyde was obtained in the presence of TEMPO (see
Supporting Information), which suggested that this [2 + 2 + 2]
annulation was initiated by the formation of aldehydic radicals
from aldehydes 1a.

On the basis of the present results and previous reports," a
possible reaction mechanism for this [2 + 2 + 2] annulation is
proposed in Scheme 4. Initially, the C(sp?)—H bond in aldehyde
1 is cleaved to deliver the acyl radical A by DTBP under heating.
Subsequently, the addition of A across a C—C double bond in the
enyne 2 produces the radical intermediate B, followed by

Scheme 4. Proposed Reaction Mechanism
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cyclization with a C—C triple bond to afford the vinyl radical
intermediate C. The intermediate C then undergoes 6-endo-trig
addition to the carbonyl to give intermediate D.'® Irreversible
oxidation of D by an iron catalyst gives oxonium cation E. Final
deprotonation delivers annulation product 3.

In summary, we have discovered a novel iron-catalyzed radical
[2 + 2 + 2] annulation of benzene-linked 1,7-enynes with
aldehydes. With this method, a variety of fused [6.6.6] pyran
molecules are prepared efficiently and selectively. The aldehydic
radical-mediated strategy exhibits a particularly attractive dual
role, which triggers and also terminates the domino cyclization in
a one-pot procedure. Further studies on the mechanism and
applications of this radical bifunctionalization strategy in natural
product synthesis are in progress.
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