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ABSTRACT: A metal-free regio- and stereoselective method
is achieved for the preparation of (E)-configured a-halo
enamides, vinyl thioethers, and vinyl ethers using aqueous HX
(X = F, Cl, Br, I), which features high functional group
compatibility and regio- and stereoselectivity, mild conditions,
high efficiency, and rapid transformation. Additionally, the
isomers could be yielded readily from the (E)-configured a-

Ir(ppy)s (1.0 mol %)
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R' = aryl-, heteroaryl-, alkyl-, H- , ester, R? = aryl, alkyl-, EWG = Ts, Ms, Boc

* rapid and practical
* excellent yield

* inexpensive and efficient * (E) - to (Z) - isomerization

* broad FG and substrate compatibility ~ * aqueous condition

halo enamides via photocatalysis or under Sonogashira coupling conditions.

I E namides are versatile intermediates in organic syntheses,
and they are also structural motifs, existing widely in

2 .
Among various
enamides, a-haloenamides, e.g,, chloro, bromo enamides have

natural products and bioactive molecules."

received particular attention due to their synthetic usefulness
with the C—X bonds and nucleophilic alkenes employed as
synthetic handles, providing ample potential for various
elaborations,® such as halogen—metal exchange and cross-
couplings etc., which renders this agent one of the most
important building blocks for synthetic chemistry.* Its fluoro
analogues, ie., a-fluoroenamides, play significant roles in
pharmaceutical chemistry.” Similarly, a-halo vinyl thioethers
and a-halo vinyl ethers are also ubiquitous building blocks in
organic synthesis, material chemistry, and industrial chem-
icals.”” The development of general synthetic protocols to
access these motifs has attracted extensive interest, and a
plethora of strategies have been developed (Scheme 1).571
Hsung et al. first reported the stereoselective syntheses of a-
haloenamides from ynamides using HX generated in situ.”
Afterward, some elegant methods have been independently
reported by Iwasawa, Kazmaier,'® Sahoo,'" and Shin'? for the
syntheses of a-haloenamides. Xu et al. achieved the stereo-
controlled hydrochlorination, hydrobromination and hydro-
fluorination of ynamides using the DMPU/HX system and
KF/HFIP system, respectively.”” In recent years, Zhu and Zhu
et al. independently disclosed silver-promoted trans-hydro-
fluorination of ynamides, giving the (Z)-a-fluoroenamides
which are inaccessible by conventional methods."*" Evano
and Thibaudeau demonstrated stereoselective hydrofluorina-
tion of ynamides using anhydrous HF and HF—pyridine as the
fluorination reagents, respectively.'”
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Scheme 1. Synthetic Strategies for a-Alkenyl Halides

Previous works:

2012 Evanol'5a 2000 Jin16] 2003 Hsung®
anhydrous HF TMSX/MeOH (X=CLBLD yax, and H,0
2015 Evanol'5t! (X=Cl.Br)
HF/pyridine H F Ho X X=1) 2013 Kazmaier!'%

R N—-EWG R\q :ORZ BuzSnH and |,

2 (two steps)
2018 Xul30! (X =Cl, Br, ) 2013 Sahoo!'"!
KF/HFIP RI-——Y-R2 H PPhg, H,0 and CX,
"""""""""" — =0 snewey " =
aa R'  N-EWG
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AgF RYF H X
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This work: Ippy)s (1.0mol %)
HX (aq) H EtNiPr, (0.3 equiv) R’ X
R'—HY*R? ———— — _— =
CH.Cly, rt R! VER2 MeCN (0.2 M) H N-EWG
blue LEDs R2

X=F,ClLBr,I Y=0,8, N-EWG upto 5.7:1 (ZE)

R' = aryl-, heteroaryl-, alkyl-, H- , ester, R?= aryl, alkyl-, EWG = Ts, Ms, Boc

* rapid and practical * inexpensive and efficient * (E) - to (Z) - isomerization

* excellent yield * broad FG and substrate compatibility * aqueous condition

Similarly, a-halo vinyl ethers could be furnished by
hydrohalogenation of ynol ethers using TMSX and meth-
anol.'® The a-chloro vinyl thioethers could also be accessed
using LiX in the presence of HOAc.'** Although these
protocols have been well established, they still suffer from
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either rigorous conditions or poor efficiency, such as elevated
temperature, toxic reagents, as well as narrow substrate scope,
and no general protocol is available for direct hydro-
fluorination, hydrochlorination, hydrobromination, and hydro-
iodination of ynamides, ynol ethers, and thioalkynes. There-
fore, it is highly desirable to develop a general and
straightforward method for the regio- and stereoselective a-
halogenation of ynamides.

Inspired by these elegant works and as a continuation of our
interest in ynamide chemistry,”'” herein we report the direct
electrophilic addition of aqueous HX (X= F, Cl, Br, I) to
ynamides, ynol ethers and thioalkynes in a two-phase system,
affording regio-specific and stereoselective a-halo products in
excellent yields with exclusive (E)-configuration at ambient
temperature. Additionally, the (Z)-a-chloroenamides could be
obtained in good yields via photochemically catalyzed
isomerization of the (E)-a-chloroenamides.

At the outset, oxazolidinone ynamide 1a was selected as the
model substrate to investigate the feasibility of the direct
hydrohalogenation of ynamides using aqueous HCI (6 M) in
EtOAc at ambient temperature (Table 1, entry 1). Gratifyingly,

Table 1. Optimization of Reaction Condition”

(& H Cl
Ph—— N\)O HCI (aq) Ph>:<N\(O

it K/o

1a 2a

entry HCI (6.0 M) (mL)  solvent time (h) yieldb (%) E/Z°
1 1.0 EtOAc 0.3 90 91:9
2 1.0 dioxane 0.2 82 83:17
3 1.0 toluene 7.0 75 89:11
4 1.0 THF 0.2 85 83:17
S 1.0 MeOH 0.5 74 83:17
6 1.0 MeCN 0.5 83 90:10
7 1.0 CH,CI, 1.5 92 92:8
8 0.3 CH,CL, 2.0 94 96:4
9 0.3 H,O0 24 64 87:13

“Unless noted otherwise, all reactions were conducted using 0.2 mmol
of ynamide la and 1.0 mL of HCI (aq) in 1.0 mL of solvent at
amblent temperature. For details, see the Supportlng Information.
bIsolated yield. °E/Z ratio was determined by 'H NMR.

the desired (E)-a-chloroenamide 2a was furnished in 81%
yield within 20 min. Encouraged by this result, the reaction
parameters were then extensively optimized to improve the
efficiency. Afterward, a variety of other solvents were evaluated,
the employment of which, however, only resulted in inferior
yields (entries 2—6). Notably, the solubility of solvents in
water had significant impact on the yield and reaction time
(entries 2—6), and higher yield and stereoselectivity were
observed using more immiscible CH,Cl,, albeit with longer
reaction time (entry 7). The impact of HCI loading and
concentrations on the reaction were then investigated, and 1.5
equiv of HCl (6 M) was identified as the optimal loading,
which furnished 2a in highest yield (see more details in Table
S1). Intriguingly, the desired product 2a could also be
furnished in 55% yield using H,O as solvent with much longer
reaction time (entry 9).

With the optimized conditions in hand, the generality of this
protocol was investigated with sterically and electronically
diverse ynamides subjected to hydrohalogenation, and the
results are presented in Scheme 2. Gratifyingly, all of the
substrates were well tolerated to furnish the desired products

Scheme 2. Hydrochlorination of Ynamides, Thioalkynes and
Ynol Ethers®™*
HCl(03mL,6M)  H  Cl

Rl—VY-R? —m«—— -
CHaCly, (1 mL) R' Y-R?
t

1 2
Y =0, S, N-EWG

R! = aryl-, heteroaryl-, alkyl-, H- , ester, R2= aryl, alkyl-, EWG = Ts, Ms, Boc

H Cl 2a: R'=Ph, 94%, 96:4 (91%, 91:9) 2f : R'=p-CF5-Ph, 93%, 100:0
RN 2b: R'=p-F-Ph, 93%, 96:4 2g: R'=p-MeO-Ph, 94%, 88:12
‘( 2c: R'=p-CI-Ph, 95%, 100:0 2h: R = p-Me-Ph, 95%, 99:1
k/o 2d: R'=m-CI-Ph, 94%, 98:2 2i: R'= p-Et-Ph, 95%, 100:0
2e: R'= 0-CI-Ph, 97%, 100:0 (92%, 92:8)

Hoo

N-Ph <f_< N Ph EtOZC N-Ph
[ 78 T8
s

2j, 94%,100:0 2k, 90%, 100:0 21, 95%, 100:0 2m, 94%, 100:0 2n, 96%, 100:0
(94%,100:0) 93% 100: 0)
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H Cl al Cl
_ (" 20:EWG=Ts, 84%, 1000 N )= —
N-EWG (93%, 100.0) N Ve N-Me ,V@Me
B 2p: EWG=Boc, 93%, 100:0 Ms s

2q: EWG = Ms, 94%, 100:0
2r,96%, 100:0 2, 98%, 100:0 2t 96%, 100:0
2u: R = Ph, 98%, 100:0 (95%, 100:0)

H (97%, 100:0)

H, Cl H cl
cl
y—( 2w R'=pF-Ph, 93%, 1000 = —
RT N-Ph 2w:R'=p-Cl-Ph, 94%, 100:0 N ph H ,N@ SMe
Ms (96%, 100:0) Ms o
2x: R' = p-Br-Ph, 96%, 100:0 :
(96%, 100:0) 233, 92%, 1000 2ab, 95%, 100:0  2acl®, 91%, 100:0
2y: R' = p-MeO-Ph, 97%, 100:0

2z: R' = p-Et-Ph, 98%, 100:0
(98%, 100:0)

e
2ad¥), 90%, 100:0  2ae!, 91%, 100:0 2afl, 92%, 100:0 2ag¥, 91%, 100:0 2ah(®), 81%, 100:0

18l Unless noted otherwise, all reactions were conducted using
0.2 mmol substrates and 0.3 mL HCI (6.0 M in 1.0 mL solvent
at ambient temperature). For details, see the Supporting
Information. ! Isolated yield; ethyl acetate as solvent in
parenthesis. ! E/Z ratio was determined by 'H NMR. “l EtOAc
as solvent. [/ THF as solvent

2ai, 90%, 100:0  py

in good to excellent yields (2a—ai). As to the aryl groups R'
substituted on oxazolidinone ynamides la—i, the electronic
characteristics had trivial impact on the reaction, giving (E)-
chloroenamides in excellent yields (2a—i). Remarkably, the
stereospecific products 2c¢, 2f and 2i were furnished under the
optimal conditions. In addition to oxazolidinone ynamides, N-
sulfonylynamides were also ideal substrates, which could be
readily hydrochlorinated to produce (E)-chloroenamides in
excellent yields as single isomers (2j—ab). Remarkably,
miscellaneous R' substituents, including aryl-, heteroaryl-,
alkyl, H-, and even ester, were all compatible with the
hydrochlorination of ynamides, thus allowing the preparation
of the corresponding polysubstituted a-chloroenamides, many
of which are not readily accessible by conventional
condensation methods. In particular, the isopropanolyl was
also well tolerated to deliver the corresponding product 2aa
without isomerization even under strong acidic condition.
Subsequently, the functional-group compatibility of R* was
then investigated, and various phenyl, benzyl, and methyl
substituents were found to be well tolerated in this
hydrochlorination (20—t, 2ab). Encouraged by these results,
hydrohalogenation of more diverse alkynyl substrates, such as
thioalkynes, was examined under the optimal conditions, and
the reaction proceeded smoothly, yielding the desired (E)-a-
chloro vinyl thioethers (2ac—ag) as the only isomers in high
yields. Similarly, ynol ethers were also subjected to this
hydrochlorination with THF as solvent for higher efficiency,
which stereospecifically furnished the desired (E)-a-chloro
vinyl ether 2ah in 81% yield. The more complex substrate 1ai
was also subjected to the optimal condition to examine the
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generality, affording the desired (Z)-a-chloroenamides 2ai in
high yield.

To further demonstrate the synthetic utility of this protocol,
the hydrofluorination, hydrobromination, and hydroiodination
of diverse ynamides were investigated under similar conditions.
Gratifyingly, the reactions proceeded smoothly, giving the
corresponding (E)-configured a-haloenamides (3a—z, 4j—z,
Sj—z) stereospecifically in 88—97% yields (Scheme 3).

Scheme 3. Hydrofluorination, Hydrobromination, and
Hydroiodination of Ynamides® ¢

EWG  HX(03mL) SN
Rl——N =
R2 CH.Cl, (1.0mL), it R N-EWG
) R?
1-30 min

1 3(X=F)
X=F,Br| 4(X=Br)

5(X=1)

Ho X HooX Ho X Ho X X
= o — —
N ~ — Y—=(
- A O <f—< N-Ph  nBd  N-Ph
0 Ts Ts T¢ T¢
S

3a, 88%, 100:0 3j, 95%, 100:0 3k, 91%, 100:0 31, 95%, 100:0 3m, 94%, 100:0
4a, 91%, 96:4 4j, 92%, 100:0 4k, 91%, 100:0 41, 90%, 100:0 4m, 96%, 100:0
5a, 90%, 95:5 5§, 91%, 100:0 5k, 90%, 100:0 51, 95%, 100:0 5m, 96%, 100:0
H o X
H X H o X _ _
= _ N-Ph N-Ph N—Ph
EtO,C N Ph s v Vs

Ts
3n, 90%, 100:0
4n, 92%, 100:0
5n, 95%, 100:0

Cl" 3w, 96%, 1000  Et 3z 97%, 100:0
4w, 92%, 100:0 42, 97%, 100:0
5w, 94%, 100:0 52, 97%, 100:0

3u, 93%, 100:0
4u, 95%, 100:0
5u, 94%, 100:0

“Unless noted otherwise, all reactions were conducted using 0.2 mmol
of ynamides and 0.3 mL of HF (48% w/w in water), HBr (48 wt % in
water), or HI (55% w/w in water) in 1.0 mL of CH,Cl, at ambient
temperature. For details, see the Supporting Information. bIsolated
yield. “E/Z ratio was determined by 'H NMR.

Intriguingly, these hydrohalogenation showed high func-
tional-group compatibility once again, and miscellaneous R'
substituents and electron-withdrawing groups had trivial
impact on the yields, whereas the option of electron-
withdrawing group had a significant influence on the
stereoselectivity. If oxazolidinone ynamide la was employed
as substrate, 4a and Sa could be furnished with high
stereoselectivity, but not stereospecificity. In sharp contrast,
the stereospecific products (3j—5z) could be furnished with N-
sulfonylynamides (1j—z) as substrates in which sulfonyl groups
serve as the electron-withdrawing groups on nitrogen atom.
Notably, hydrobromination showed higher efficiency than
other hydrohalogenations, which could be finished in a few
minutes.

In recent years, the photocatalytic (E)-to (Z)-isomerization
of alkenes has received considerable attention.'® As both (E)-
and (Z)-configured haloenamides are useful synthetic inter-
mediates, to further increase the usefulness of this hydro-
halogenation, the conversion of (E)-configured a-haloena-
mides to (Z)-isomer was tried using Ir(ppy); in the presence of
DIPEA and blue light, and gratifyingly, the (Z)-haloenamides
could be formed as the main products with moderate
stereoselectivity.

Afterward, the generality of photocatalyzed E/Z-isomer-
ization was investigated with a variety of (E)-a-fluoro, bromo
and iodo-enamides employed, and the results are summarized
in Scheme 4. All of the substrates were well tolerated,
farnishing the (Z)-a-haloenamides as the major isomers.
Remarkably, the halogen type of a-haloenamides had
significant impact on the stereoselectivity, and when chlorine

Scheme 4. (E)- to (Z)-Isomerization of a-Halo
Enamides®

Ir(ppy)3 (1.0 mol %) 1 X
H X EtN/Pr, (0.3 equiv) R
— -
R' N-EWG MeCN (0.2 M), blue LEDs  H ;FEWG
R? 1,30 h R

2.5 2.5
X =F,Cl, Br,|
cl
CN
cl cl cl
— cl — —
H  N-Ms = H  N-Ms H  N-Boc
PH H  N-Ms me B
PH
2u', 98%, (75:25) 2w', 99%, (68:32) 2s', 98%, (65:35) 2p', 98%, (72:28)
cl Et
H N-Ms H N-Ms H N-Ts H N-Ms
PH PH PH PH

4u', 95%, (82:18)  Aw', 99%, (76:24)

c

4, 93%, (74:26)  4z', 98%, (80:20)
Et

5u',97%,(85:15) 5w', 91%, (84:16) 3u', 94%, (78:22) 3Z', 97%, (74:26)

“Unless noted otherwise, all reactions were conducted using 1.0 equiv
ynamides, 0.3 equiv DIPEA and 1.0 mol % Ir(ppy); in MeCN (0.2
M) at 30 °C in the presence of blue light under a nitrogen
atmosphere. For details, see the Supporting Information. bIsolated
yield. “Z/E ratio was determined by 'H NMR.

was replaced with bromine, or even iodine, the Z/E selectivity
could be improved significantly (e.g., 2u’, 4u’, Su’, 2w’, 4w/,
5w’). Whereas the R' and R? groups showed little influence on
the reaction outcome. Notably, the thermodynamically less
stable Z-type a-chloroenamide 2u’ could be afforded in one
pot in 91% yield with acceptable stereoselectivity by cascade
hydrochlorination and photocatalysis, using 0.2 mmol of 1u
and 0.3 mL of HCI (6 M) in 1.0 mL of MeCN (Scheme 5).

Scheme 5. One-Pot Synthesis of Z-Type a-Chloroenamide
2u’

Ir(ppy)s (1.0 mol %)

Ms HCI (6 M, 0.3 mL) Ph, Cl H cl
Ph—=—N — L D=
h MeCN (0.2 M) H N-Ph ot/ N—ph
blue LEDs, N, M me
1u 30 h 20 2

91%, 2u':2u (66:34)

To examine the scalability of the developed protocols, the
synthesis of 2u on a gram scale was performed under the
optimal conditions, and the product was furnished in 95% yield
with excellent stereoselectivity. Subsequently, Sonogashira
coupling was conducted using (E)-configured a-chloroena-
mide 2u, through which the synthetically versatile alkynyl
moiety could be readily installed into enamides, surprisingly
yielding the E-coulping product 6 in 90% (Scheme 6)."” To
our delight, (E)-configured enamide 7 was produced in the
absence of phenylacetylene in excellent yield and stereo-
selectivity (Scheme 6).

To account for the formation of (E)-configured a-
haloenamides, a plausible mechanism is proposed, as shown
in Scheme 7. Initially, the electron-rich alkynyl motif of
ynamide is protonated by hydrogen halide due to the electron-
donating ability of the lone }z)air on nitrogen atom, giving the
keteniminium intermediate,'”"* which then captures a halide
anion to afford the syn-addition product, namely, (E)-
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Scheme 6. Gram-Scale Preparation and Further Synthetic
Applications

Ph—= oh I:L
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=N — ph | 6(90%) E:Z > 955
CHyCl, rt Ph N-Ph
Ms =ra- Ms’ PU(PPhs)azmz Ph. H
1u(1.0g) 2u (95%) (5 mol %) -
Cul(3 mol %) H ~ N-Ph

ms

Et;N, DMF, 80 °C
7(92%) E:Z>955

Scheme 7. Proposed Mechanism

X@
HX (aq) " ( . WX
— i . @
R'-=—Y-R? Y—=v-Ry — >:<
proton transfer R! R' V-R2
. O .
steric hindrance X major product

intermediate
X=F,ClBr| Y =0, S, N-EWG
R' = aryl-, heteroaryl-, alkyl-, H- , ester, R? = aryl, alkyl-, ENG = Ts, Ms, Boc

configured a-haloenamides. The high stereoselectivity might
be attributed to the steric repulsion shown in the transition
state, which blocks halogen anion from approaching the
keteniminium intermediate from the R' side.

In summary, the synthetically versatile (E)-a-halo products
were provided directly via hydrohalogenation of ynamides,
thioalkynes, ynol ethers, etc., using aqueous hydrogen halides.
This method features wide substrate scope, high functional
group tolerance, mild conditions, high efliciency, rapid
transformation, and high stereoselectivity. In addition, (Z)-
configured a-haloenamides were readily produced via visible-
light-promoted (E)- to (Z)-isomerization, and the synthetic
elaboration of the resultant products further verified the
usefulness of this protocol.
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