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ABSTRACT: A method for the regio- and stereoselective
synthesis of highly substituted vinyl ethers via trans-1,2-
difunctionalization of alkynes with a cyclic A*-iodane
electrophile (benziodoxole triflate) and alcohols is
reported. The reaction tolerates a variety of internal and
terminal alkynes as well as various alcohols, affording
B-A3-iodanyl vinyl ethers in good yields with high regio-
and stereoselectivities. The benziodoxole moiety of the
products can be used as a versatile linchpin for the
synthesis of structurally diverse vinyl ethers that are
difficult to access by other means.

Vinyl ethers are useful electron-rich olefins in organic
synthesis as well as in polymer chemistry.! They have
been utilized for valuable C—C bond forming reactions
such as cycloaddition and Claisen rearrangement,” and
continue to serve as workhorses for new synthetic
methodology development.> A variety of methods for
the synthesis of vinyl ethers have been developed,*
including hydroalkoxylation of alkynes,” C-O coupling
between alkenyl halides or -boronates and alcohols,®
acid- or metal-catalyzed vinyl ether exchange,’
isomerization of allyl ethers,® and Horner—Wittig
olefination, among others (Scheme 1a).® Nevertheless,
the stereoselective synthesis of multisubstituted vinyl
ethers remains a formidable challenge,'® which
constitutes a major barrier for their applications with
stereocontrol of tertiary and quaternary centers. The
hydroalkoxylation is known for long time'! and remains
a subject of active research in homogeneous catalysis, !?
but is mostly limited to terminal alkynes.
Alkynylbenziodoxolones have been shown to undergo
stereoselective addition of phenols to afford vinyl ethers
bearing a versatile benziodoxolone moiety (Scheme

1b),'>15 while this vinyl ether synthesis requires
individual preparation of each iodane reagent and does
not allow access to tetrasubstituted derivatives.

In contrast to the above known approaches,
stereoselective addition of an alcohol to an electrophile
(E")-activated alkyne appears to offer an attractive
approach to a highly substituted vinyl ethers using a
single reagent, provided that the group “E” can be used
as a versatile handle for subsequent transformations.
However, no such transformation has been reported for
unactivated terminal and internal alkynes using common
halogen electrophiles such as Br,, I, and N-
halosuccinimide.!® In this respect, our attention was
drawn to trivalent iodine species as potentially viable
electrophiles. Thus, iodonium reagents containing
triflate or fluoride have been shown to promote trans-
difunctionalization of alkynes with I(III) and the internal
nucleophile (Scheme 1¢),!7-?0 while conversion of the
resulting vinyl triflate into the corresponding ethers is
nontrivial. Meanwhile, our group reported Zhdankin’s
benziodoxole triflate (BXT; 1)?! as an I(I1I) electrophile
to promote “iodo(Ill)cyclization” of alkynes bearing
nucleophilic moieties, affording heteroarenes and
polycyclic arenes bearing a synthetically versatile
benziodoxole group.?>? Herein, we report a method to
stereoselectively synthesize highly substituted vinyl
ethers via trans-1,2-difunctionalization of alkynes using
BXT and alcohols (Scheme 1d). The method is
applicable to a variety of internal and terminal alkynes
as well as various alcohols, affording the corresponding
B-A3-iodanyl vinyl ethers in good yields under mild and
metal-free conditions. The A3-iodanyl group of the
products can be readily utilized for the access to
structurally diverse vinyl ethers that are difficult to
synthesize by existing methods.

Scheme 1. Synthetic Approaches to Vinyl Ethers
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[ Access to previously inaccessible vinyl ethers

Using 1-phenyl-1-butyne (2a, 0.1 mmol) as a model
alkyne, the desired difunctionalization proceeded
smoothly using 2 equiv of 1 in MeOH (3a, 0.5 mL) at
room temperature to afford the B-A3-iodanyl vinyl ether
4aa in 98% yield with exclusive trans selectivity
(Scheme 2a). The product 4aa could be purified by
routine silica gel chromatography and proved to be
stable on exposure to open air at least for one month
without decomposition. The difunctionalization can also
be achieved using alcohol as reagent. Thus, the reaction
of 1 (2 equiv), 2a, and benzyl alcohol (3b, 5 equiv) took
place in MeCN to afford the desired product 4ab in 87%
yield. Et;0 could be used in place of MeCN with
slightly decreased yield, while other solvents such as
THF, DCE, and toluene retarded the reaction. Thus, we
defined the reaction conditions using alcohol as solvent
and reagent as conditions A and B, respectively. For
both the conditions, the desired products could be
obtained in reasonable yields (68-78%) using 1-1.2
equiv of 1 (see Tables S1-S3 for details). The addition
of inorganic bases such as carbonate salts caused slight
or large negative effect, while amine bases completely
shut down the reaction. Note that 1 is non-hygroscopic,
easy to synthesize on a decagram scale and storable at
room temperature for more than a month. On the other
hand, analogous reagent derived from 2-iodobenzoic

acid,?! which is rather hygroscopic, failed to promote the
present iodo(I1I)etherification.

Scheme 2. Iodo(IIl)etherification of 1-Phenyl-1-
butyne (2a) with 1 and Alcohol”

(a)

TIO—|—0 FF3C
3
Et—=——Ph + CgFS
3 MeOH (3a) >_<
2a t, 24 h
1
2 equiv 4aa, 98%
(b)
FsC
TfO——0 BnOH 3
cF. (3b,5equiv) F3C \
Et—=—Ph + s I Ph
CF3 solvent —
2a 1, 24 h &’ oBn
1
2 equiv 4ab
87% (MeCN)
79% (Et,0)
20% (THF)

0% (DCE, toluene etc.)

The yields were determined by '°F NMR.

With the optimized reaction conditions in hand, we
explored the scope of the “iodo(Ill)etherification” of
internal alkynes (Scheme 3). A wide variety of aryl alkyl
alkynes participated in the reaction with MeOH as
solvent to afford the corresponding B-iodanyl vinyl
ethers 4aa—4la in moderate to excellent yields with
exclusive trans-selectivity. The reaction of 1-phenyl-1-
propyne could be performed on a gram scale (3 mmol)
to afford 4ba without compromising the yield (86%).
Both electron-donating groups such as methoxy (4ea)
and methyl (4fa) and electron-withdrawing groups such
as ester (4ga), chloride (4ha), bromide (4ia), and
trifluoromethyl (4ja) could be tolerated on the aryl
group. The reaction became sluggish with 2-methyl
group presumably due to the steric hindrance (see 4ka).
A thienyl group could be well tolerated (see 4la).
Dialkyl alkynes also proved to be amenable to the
iodo(IlT)etherification reaction (see 4ma—4sa). Notably,
unsymmetrical dialkyl alkynes bearing
methyl/secondary alkyl groups or methyl/alkoxymethyl
groups afforded single regioisomers as a result of
methoxylation of the less hindered acetylenic carbon
(see 4na—4qa). On the other hand, those bearing
methyl/primary  alkyl groups displayed modest
regioselectivity (see 4ra and 4sa). The structures of the
products 4ba and 4na were unambiguously determined
by X-ray crystallographic analysis.>* Note that diaryl
alkynes such as diphenylacetylene did not participate in
the reaction and were largely recovered.

Next, the iodo(IIT)etherification reactions of 2a with
various alcohols were examined. The reaction of 2a with
CD;0D as reagent produced the product 4aa-d; in 90%
yield. A variety of primary and secondary alcohols took
part in the present reaction to afford the corresponding
vinyl ethers 4ab—4ao in moderate to good yields. The
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reaction tolerated functional groups such as hydroxy
(4ag), methoxy (4ah), cyano (4ai), bromo (4aj and 4ak),
silyl (4al), allyl (4am), and carbonyl (4a0) groups on the
alcohol substrate, while conditions A using alcohol as
solvent gave higher yields for some functionalized
alcohols (see 4ag—4ak). Naturally occurring alcohols
such as (-)-menthol and androsterone were also
amenable to the present iodo(Ill)etherification (see the
products 4an and 4ao). Less nucleophilic
trifluoroethanol afforded the desired product 4ap in
good yield using toluene as the solvent, while tertiary
alcohols such as +BuOH failed to participate in the
reaction. When the yield of the iodo(Ill)etherification
product was low, the alkyne was typically recovered but
1 was largely decomposed to the 2-iodobenzyl alcohol
derivative.

Attempts on using nucleophiles other than aliphatic
alcohols, such as phenols, carboxamides, sulfonamides,
and thiols, were largely futile (Figure S1), and in such
cases the decomposition of 1 was observed.
Nonetheless, 2-hydroxypyridine, acetic acid, and
pyrazole took part in the present difunctionalization to
afford the desired products 4aq—4as in good yields.

Scheme 3. lodo(III)etherification
Alkynes*

of Internal

Conditions A
R30H (3; solvent)  F3C
TfO—1—0O »
1, 24 h FCY N\
— 2 + CFs3 2
R'——R | R
CF3  conditions B —
2 R3OH (3; 5 equiv) R'  OR?
1 MeCN, rt, 24 h
4
BX  Ph R
R OMe BX
4aa (R = Et), 98% (A) —
4ba (R = Me), 89% (86%)” (A) Bi  OMe
4ca (R =Cy), 91% (A) 4ea (R = OMe), 78% (A)
4da (R = (CHp)sCONMe,), 87% (A)  4ba (X-ray)  4fa (R = Me), 91% (A)

4ga (R = CO,Et), 62% (A)
4ha (R = CI), 92% (A)

R SN
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_ _ Ve _

Bu OMe nCgHiz OMe Bu OMe
4ia (R = Br), 66% (A) 4ka, 32% (A) 4la, 93% (A)
4ja (R = CF3), 82% (A)
BX Pr BX Me
Pr OMe R OMe
4ma, 92% (A) 4na (R = Pr), 85% (A) 4na (X-ray)

4oa (R = Cy), 82% (A)
BX Me BX Me

RO—)_<OMe E>—)_<OM9

4pa (R = Ph), 74% (A) 4ra, 82% (A) 4sa, 92% (A)
4qa (R = Bn), 82% (A) rr.=3.8:1° rr.=1.8:1°
BX Ph
4aa-d; (R = CD;), 90% (B) =
BX _ Ph 4ab (R =Bn), 85% (B) B O
4ac (R = Et), 94% (A) g
B’ OR 4ad (R=Pr), 91% (A
o ((R z Bu;’ 69% ((A)) 4ag (R = OH), 89% (A); 65% (B)
daf (R = Cy) 81% (B) 4ah (R = OMe), 86% (A); 70% (B)
: 4ai (R = CN), 91% (A); 46% (B)
4aj (R = Br), 85% (A); 42% (B)
BX  Ph BX Ph
_ _ BX  Ph
Et O—\_\ Et O—\—\ Ei; - <O

Br SiMes
4al, 90% (B)

4ak, 77% (A); 55% (B) 4am, 45% (B)?

BX Ph B BX

— \ = BX  Ph
Et O Et _

Et OCH,CF4
4an, 91% (B) 4ao0, 57% (B) o e
from (-)-menthol from androsterone 4ap, 83% (B)
BX Ph

BX_ ph BX  Ph _

- - == Et'  N-N
B0 B’ OAc

N O

4aq, 89% (B) 4ar, 81% (A) 4as, 80% (B)"

“The reaction was performed on a 0.1 mmol scale. The
symbol BX in the product formula refers to the
benziodoxole moiety. ’The yield for a 3 mmol-scale
reaction is given in the parentheses. r.r = regioisomer ratio.
AThe reaction was performed using 2a (0.1 mmol), 1 (0.3
mmol), and allyl alcohol (3m; 0.3 mmol) in MeCN (0.5
mL). °The reaction was performed in toluene. Pyrazole was
used as the nucleophile.

The scope of the iodo(Ill)etherification reaction could
be extended to terminal alkynes (Scheme 4). A variety
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of aryl acetylenes reacted regio- and stercoselectively
with BXT and MeOH to afford the corresponding B-
iodanyl vinyl ethers 6aa—6ga in moderate to high yields.
The structure of 6aa was confirmed by X-ray
crystallographic analysis.?* The reactions of 1-hexyne
and cyclohexylacetylene also proceeded smoothly to
afford the corresponding products 6ha and 6ia in good
yield. Enynes such as 2-methylbut-1-en-3-yne and 1-
ethynylcyclohexene underwent chemoselective
functionalization of the acetylenic moiety to furnish the
1-iodanyl-2-alkoxy-1,3-dienes 6ja and 6ka in 92% and
49% yields, respectively. In contrast to these cases,
trimethylsilylacetylene underwent the
iodo(Ill)etherification with opposite regioselectivity to
afford the P-silyl vinyl ether 6la in 81% yield,
presumably due to the ability of the silyl group to
stabilize positive charge at the B-position.!7>?* Like the
reactions of internal alkynes, a variety of primary and
secondary alcohols took part in the reaction with
phenylacetylene to afford the products 6ab—6at in
moderate to high yields.

Scheme 4. Todo(IIl)etherification of Terminal
Alkynes”
Conditions A
TfO—I—O :3(2)‘:.-Ih(3; solvent)
H——R' + CFs
CF3  Conditions B
5 R30H (3; 5 equiv)
1 MeCN, rt, 24 h
R 8
¢
BX
H OMe
6aa (R = H), 91% (A) 6aa (X-ray) 6ea (R = OMe), 87% (A)

6ba (R = CF3), 82% (A)
6ca (R = CO,Me), 48% (A)
6da (R = CN), 42% (A)

e

6fa(R CF3), 82%( )

H OMe M
6ga, 67% (A) 6ha, 86% (A) 6ia, 77% (A) 6ja, 92% (A)
BX BX H
H OMe Me;Si OMe
6ka, 49% (A) 6la, 81% (A) 6la (X-ray)
BX Ph BX Ph BX Ph
H OR H [e] H (¢]
- 0 _\_R _\_\
6ab (R = Bn), 88% (A) B
.

6ac (R = Et), 92% (A)
6ad (R = Pr), 88% (A)
6af (R = Cy), 80% (A)

6ah (R = OMe), 56% (A)
6ai (R = CN), 87% (A)
6aj (R = Br), 65% (A)
BX Ph BX Ph
>*< H o (e}
i e
(6]

6am, 76% (B)? 6at, 52% (B)

6ak, 48% (A)

“The reaction was performed on a 0.1 mmol scale. The
symbol BX in the product formula refers to the
benziodoxole moiety. ®The reaction was performed with 5a
(0.1 mmol), BXT (0.3 mmol), and allyl alcohol (0.3 mmol),
and MeCN (0.5 mL).

The present iodo(Ill)etherification is considered to
involve electrophilic activation of the alkyne by a BX
cation upon dissociation of triflate from BXT.'> This
would trigger nucleophilic addition of the alcohol to the
C=C bond in a trans-fashion with Markovnikov-type
regioselectivity, eventually affording the B-iodanyl vinyl
ether along with HOTT. DFT calculations supported this
mechanistic  picture, and also reproduced the
regioselectivity trend observed for 4-methylpent-2-yne
and hex-2-yne (see 4na/4sa and Figures S8-S10).
Kinetic  studies on  the reaction of 4-
trifluoromethylphenylacetylene (5b) in MeOH, using '°F
NMR, revealed first-order dependence on both 1 and 5b
(Figures S6 and S7), in support of rate-limiting trans-
iodo(IlT)etherification. It is notable that the vinyl ether
product remains intact in the presence of strongly acidic
HOTf, presumably due to steric and electronic
protection by the bulky and electron-withdrawing
iodanyl group.

The B-iodanylvinyl ethers obtained by the present
method serve as versatile starting materials for the
stereoselective synthesis of highly substituted vinyl
ethers. As illustrated in Scheme S5a, the product 4ba
smoothly underwent Pd-catalyzed Stille, Sonogashira,
and Suzuki—Miyaura coupling to afford conjugated vinyl
ethers 7, 8, and 9, respectively, in good yields with
retention of the stereochemistry.!*¢ In addition,
Rosenmund-von Braun cyanation? and reduction of the
benziodoxole moiety in 4ba could be selectively
achieved at different temperatures. Thus, B-cyano and -
iodo vinyl ethers 10 and 11 were obtained in good yields
at 90 °C and 50 °C, respectively. The Pd-catalyzed
hydrodehalogenation of the BX moiety in 4ba also
proceed smoothly, and the product then took part in
ytterbium triflate-catalyzed Mannich reaction,?® inverse
electron-demand hetero-Diels—Alder reaction with in
situ generated 1,2-diaza-1,3-diene,?’ and
cyclopropanation with dichlorocarbene, affording [3-
amino ketone 12, tetrahydropyridazine 13, and
cyclopropane 14, respectively, in moderate yields over
two steps (Scheme 5b). Furthermore, B-iodanylvinyl
allyl ethers 4am and 6am underwent Cu-promoted
reduction and Claisen rearrangement to afford a-iodo
homoallyl ketones 16a and 16b, respectively, in good
yields (Scheme 5c¢).

Scheme 5. Product Transformations
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In summary, we have developed a regio- and
stereoselective frans-1,2-difunctionalization reaction of
alkynes with a cyclic A*-iodane electrophile and alcohols
as a versatile approach to highly substituted vinyl ethers.
The present iodo(Ill)etherification proceeds under
simple and mild conditions and tolerates various internal
and terminal alkynes as well as a broad range of
alcohols, affording air- and moisture-stable frans-p-
iodanylvinyl ethers. The benziodoxole moiety of the
products can be utilized as a synthetic linchpin in
various transformations, allowing for stereocontrolled
preparation of multisubstituted vinyl ethers. We
anticipate that previously unimaginable sterecodefined
vinyl ethers, which are made accessible by the present
method, will not only enhance the scope and the utility
of existing vinyl ether transformations but also inspire
the development of their new synthetic transformations.
Further studies on the use of benziodoxole triflate and
related compounds as electrophilic A3-iodanation agents
are also ongoing in our laboratory.
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