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ABSTRACT: We have developed a bromination/alkynylation
sequence that enables efficient transformation of simple cyclic enol
ethers to difunctionalized products. The success of this strategy relies
on a highly diastereselective, zinc-catalyzed addition of terminal
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alkynes to a-bromo oxocarbenium ions, formed in situ via ionization
of acetal precursors. Using this method, trans-a-alkynyl-f-halo pyran and furan derivatives can be prepared with high

diastereoselectivity and excellent functional group tolerance.

a-Substituted oxygen heterocycles represent a privileged
scaffold in both natural products and bioactive molecules.” A
powerful approach to deliver a-carbon substituents to these
oxygen heterocycles is the alkynylation of an acetal substrate.
The alkyne can then be elaborated to a range of a-carbon
substituents. However, known methods for the addition of
alkynes to acetals often require either a strong base or a
functionalized alkyne, thereby limiting functional group
tolerance or convenience (Scheme 1A).>* Previously, we

Scheme 1. Alkynylations of Acetals
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reported the addition of unfunctionalized terminal alkynes to
cyclic oxocarbenium ions using either a zinc or copper catalyst.*
We envisioned that this approach may offer a general,
functional-group-tolerant and convenient strategy for the
addition of alkynes to acetals. However, to date, this method
has been limited to oxocarbenium ions that lack S-hydrogens
and therefore cannot undergo decomposition via El elimi-
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nation (Scheme 1A). We now report a zinc-catalyzed
alkynylation of a-halo tetrahydropyranyl and tetrahydrofuranyl
acetals to deliver trans-3-halo-2-alkynyl oxygen heterocycles in
high yields and excellent levels of diasteroselectivity (Scheme
1B). When combined with the efficient preparation of the 3-
halo-2-acetoxy substrates via halogenation of cyclic enol ethers,’
this method enables a difunctionalization of cyclic enol ethers.
The halide substituent not only promotes higher yields in the
alkynylation but also provides the trans-3-bromo-2-alkyl oxygen
heterocycle motif present in a number of marine natural
products,'* " as well as a handle for further elaboration.”®

We began our investigation with the addition of phenyl
acetylene to 2-acetoxytetrahydropyran, which can be easily
prepared from dihydropyran.” Although Cul and ZnBr, were
both effective catalysts in the alkynylation of benzopyranyl
acetals 2 and 3, the use of a copper(I) catalyst in the
alkynylation of acetal 8 provided only trace product (20 mol %
Cul, BF;-OEt,, NEt;, Et,O, rt, 24 h, 4% yield by '"H NMR
analysis). However, desired product 9 was observed when
ZnBr, was used as catalyst (Table 1, entry 1). The yield of 9
was increased to 50% by using dioxane as solvent (entries 2 and
3), but further attempts to optimize the reaction failed. We
assume that competitive E1 elimination of the oxocarbenium
ion and subsequent polymerization of the resulting dihydropyr-
an prevents higher yields.®

We envisioned that the use of an a-bromo substituent might
electronically disfavor El elimination, as well as control
diastereoselectivity and provide a second functional group
handle in the product. trans-3-Bromo-2-acetoxy pyran 4a was
readily prepared in 85% yield and 7:1 dr via bromination of
dihydropyran in acetic acid.> Alkynylation of acetal 4a resulted
in only 38% yield when dioxane was used as solvent (entry 4).
Use of CH,Cl, as solvent resulted in an increased yield of 75%
(entry S). By increasing the equivalents of BF;-OEt,, an 85%
yield of 10 was observed. Under all conditions, a single
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Table 1. Reaction Optimization”
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entry acetal solvent equiv BF;-OEt, yield (%)
1 8 Et,0 13 19
2 8 dioxane 13 N
3 8 CH,CL, 13 28
4 4a dioxane 2.0 38
s 4a CH,CL, 2.0 75
6 4a CH,CI, 3.0 85

“Conditions: acetal (0.10 mmol, 1.0 equiv), ZnBr, (0.010 mmol, 10
mol %), alkyne (0.13 mmol, 1.3 equiv), BF;-OEt, (0.1 mmol, 1.§
equlv), i-Pr,NEt (0.15 mmol, 1.5 equiv), solvent (0.20 M).
*Determined by '"H NMR analysis using 1,3,5-trimethoxybenzene as
internal standard.

diastereomer of 10 was formed. A promising, albeit not
synthetically useful, yield was observed when the bromination/
alkynylation was performed in one pot; a 15% yield of alkyne
10 was obtained when dihydropryran 11a was treated with
NBS, followed by ZnBr,, phenyl acetylene, i-Pr,NEt, and BF;:
OEt,.

Under the optimized conditions, a wide variety of terminal
alkynes undergo reaction with a-bromoacetal 4a (Scheme 2).

Scheme 2. Scope of Alkynes
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“Conditions: 11a (11.5 mmol 1.0 equiv), NBS (1.3 equiv), AcOH
(10.0 equiv), 0 °C to rt. “Acetal 4a (0.50 mmol, 1.0 equiv), ZnBr,
(0.050 mmol, 10 mol %), alkyne (0.65 mmol, 1.3 equiv), BF;-OEt,
(1.5 mmol, 3.0 equiv), i-Pr,NEt (0.7S mmol, 1.5 equiv), CH,Cl, (0.18
M), rt, 24 h. Average isolated yields of duplicate experiments (+6%),
unless otherwise noted. “Result of a single experiment.

With aryl-substituted alkynes, substituents are well tolerated at
the ortho, meta, and para positions. Alkynes with both electron-
rich (12) and electron-poor (13—18) aryl groups can be
utilized. In addition, a range of functional groups are tolerated,
including chloride (13), ether (14), trifluoromethyl (15), nitrile
(16), fluoride (17), and ester (18). Alkynes with aliphatic
substitution are also successful in this alkynylation (19 and 20).
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Addition of trimethylsilylacetylene was also effective, allowing
access to terminal alkynes via deprotection of the TMS group
(see below). In every case in Scheme 2, a single diastereomer of
product was observed, consistent with our hypothesis that the
a-bromide may stabilize the oxocarbenium ion via a
bromonium-like structure (see S in Scheme 1B). The trans
configuration of product 16 was confirmed by X-ray
crystallography.” The configurations of other products were
assigned by analogy.

This halogenation/alkynylation sequence was also successful
in the preparation of other trans-3-halo-2-alkynyl cyclic ethers
(Table 2). As for dihydropyran 11a, this sequence resulted in a

Table 2. Scope of Halogens and Enol Ethers
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“Conditions: 11 (1.0 equiv), NBS (1.3 equiv), AcOH (10.0 equiv), 0
°C to rt. Yields of single experiments. “Acetal 4 (0.50 mmol, 1.0
equiv), ZnBr, (0.050 mmol, 10 mol %), phenyl acetylene (0.65 mmol,
1.3 equiv), BF;-OFEt, (1.5 mmol, 3.0 equiv), i-Pr,NEt (0.75 mmol, 1.5
equiv), CH,Cl, (0.18 M) rt, 24 h. Average isolated yields of duplicate
experiments (+4%). “17:1 dr. “Bromination conditions: 11 (1.0
equiv), NBS (1.3 equiv), AcOH (10.0 equiv), CH,Cl, (3.0 mL), 0 °C.
°NBS was replaced by NCS./2.9:1 dr. £17:1 dr.

single diastereomer for each 3-bromo-2-alkynyl heterocycle
shown in Table 2 (entries 1—4). The bromination and
alkynylation of dihydrofuran 11b proceeded in 71% (17:1 dr)
and 75% yields, respectively, demonstrating that this strategy is
not limited to pyrans (entry 1). Importantly, the bromination
of substituted dihydrofuran 11lc proceeded in high diaster-
eoselectivity, ultimately giving a single diastereomer of 3-
bromo-2-alkynyl furan 22c (entry 2). The relative configuration
of 22¢ was assigned by analogy to the configuration of its acetal
precursor (4c), which was determined by X-ray crystallog-
raphy.” Isochromene 11d and vinylogous enol ether 11e also
underwent the bromination/alkynylation in high yields (entries
3 and 4). For these latter substrates (1lc—11le), the
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bromination reactions were performed in AcOH/CH,Cl,
instead of neat AcOH to avoid decomposition of the bromo
acetal intermediates.

In addition to bromination, chlorination of dihydropyran 11a
can be performed, albeit in lower yield and diastereoselectivity
than the analogous bromination (Table 2, entry S). Subsequent
alkynylation of the a-chloro acetal delivered 22f in moderate
yield, but excellent diastereoselectivity (17:1 dr). The
analogous iodination was not successful.

Elaboration of the alkyne products can be accomplished in
high yields to give single diastereomers of products (Scheme
3). For example, hydrogenation of alkyne 10 resulted in

Scheme 3. Elaboration of Products
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quantitative formation of tetrahydropyran 23. After depro-
tection of the trimethylsilyl group of alkyne 21, a copper-
catalyzed Click reaction delivers triazole in 71% yield."" The
bromide also provides a handle for functionalization;
elimination delivers enyne 24 in moderate yield.

In summary, we have developed mild reaction conditions for
the addition of unfunctionalized, terminal alkynes to a-halo
oxocarbenium ions, formed in situ from acetal precursors.
When coupled with halogenation, this method enables the
preparation of difunctionalized oxygen heterocycles from
simple enol ether precursors in excellent diastereoselectivities.
Ongoing efforts are directed toward the application of this
method to additional enol ether substrates, as well as glycals, to
enable efficient preparation of multisubstituted oxygen hetero-
cycles.
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