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ZnCl,-Catalyzed [4+1] Annulation of Alkylthio-Substituted
Enaminones and Enaminothiones with Sulfur Ylides

Yuan He,® " Jiang Lou,”® Zhengkun Yu,** < and Yong-Gui Zhou*"

Abstract: Concise construction of furan and thiophene
units has played an important role in the synthesis of po-
tentially bioactive compounds and functional materials.
Herein, an efficient Lewis acid ZnCl, catalyzed [4+1] annu-
lation of alkylthio-substituted enaminones is reported,
that is, a-oxo ketene N,S-acetals with sulfur ylides to
afford 2-acyl-3-aminofuran derivatives. In a similar fashion,
[4+41] annulation of the corresponding enaminothiones,
that is, a-thioxo ketene N,S-acetals, with sulfur ylides effi-
ciently proceeded to give multisubstituted 3-aminothio-
phenes. This method features wide substrate scopes as
well as broad functional group tolerance, offering a con-
cise route to highly functionalized furans and thiophenes.

N

The furan and thiophene motifs are important structural units
abundant in many biologically active natural products, phar-
maceuticals, and agrochemicals.!" Furan and thiophene deriva-
tives can also function as versatile building blocks for the syn-
thesis of organic functional polymers due to their interesting
electrochemical and optical properties.” For example, the 3-
aminobenzofuran motif has been widely used as the key struc-
tural unit for the construction of pharmaceutical agents such
as androgen receptors® and HCV protease inhibitors,” and 2-
carboxamidefuran derivatives can act as NHE-1 inhibitors.”’ 3-
Aminothiophene derivatives have also been medically consid-
ered as the potent inhibitors of p38 kinase,”” IKK3,” and islet
amyloid polypeptide (IAPP)® (Figure 1). Continuous efforts
have been devoted to the synthesis of substituted furans by
means of cyclization of the suitable precursor compounds.”’ In
this regard, transition-metal-catalyzed dehydrogenative hetero-
cylization has been used to construct furan-fused carbocycles
or multisubstituted furans."®" Intramolecular cyclizations"? in-
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Figure 1. Furan and thiophene motifs in selected biologically active mole-
cules.

volving alkynyl epoxides," allenyl ketones,'* allenyl or homo-
propargylic alcohols,"*' vinyl diazoesters,"* and allene-1,3-di-
carboxylic esters"*¥ were employed for the same purpose.
Copper-catalyzed intermolecular heterocyclization of alkynyl
ketones and imines, ™ iron-catalyzed cyclization of 1,6-eny-
nes,"*? phosphine-mediated reductive condensation of y-acyl-
oxybutynoates, ™ Brgnsted acid promoted cyclization of 1,4-
diketones,"™ and palladium-catalyzed condensation of N-aryl-
imines and alkynylbenziodoxolones" all afforded the corre-
sponding furan derivatives. A two-step reaction procedure of
aldehydes with propargylic alcohols was also developed for
the preparation of highly substituted furans."” In general, the
synthesis of thiophene derivatives involves either an indirect
way by functionalization of the thiophene ring™ or a direct
way via ring closure of suitable precursors." The latter ap-
proach is clearly more versatile and attractive, but it has less
been developed. In this area, Fiesselmann,*” Gewald,*" Paal,*?
and Hinsberg™® reactions were developed for the direct con-
struction of a thiophene ring in specific thiophene derivatives.
Internal alkenes o-oxo ketene S,S-acetals®? were applied as
the building blocks to establish a thiophene ring.?**! 3-Amino-
thiophenes are considered as the important small molecules
for drug development,” but only a few methods were docu-
mented for their synthesis.”>?" Enaminothiones of type a-
thioxo ketene N,S-acetals”” have been reported to react with
activated methylene compounds in the presence of stoichio-
metric Hg(OAc),”™® or with diazo compounds under Rh" cataly-
sis,® giving 3-aminothiophenes. Considerable advances have
recently been achieved in the synthesis of thiophenes, but
direct and concise methods are still strongly desired to access
highly functionalized thiophene derivatives.
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Sulfur ylides are among the most important and widely ap-
plied reagents in organic synthesis,*” which are usually per-
ceived as the 1,1-dipole reagents for the synthesis of three-
membered carbo- and heterocycles through [241] annula-
tion.B" Sulfur ylide [343] and [442] cycloaddition reactions
were also realized.®” However, [4+1] annulation of sulfur
ylides has been paid less attention in recent years although it
can be used as a powerful method to access diverse five-mem-
bered rings.”® In this regard, Xiao etal. reported a formal
[4+1] annulation of stabilized sulfur ylides with o,f-unsaturat-
ed imines to prepare polysubstituted pyrroles by a one-pot,
two-step process.*” Chandrasekhar et al. developed a highly
efficient [2+2]/[4+1] cycloaddition cascade of arynes and
stable sulfur ylides to synthesize 2-aroyl benzofurans.®

We recently found that alkylthio-substituted enaminones
and enaminothiones, that is, a-oxo (thioxo) ketene N,S-acetals,
could undergo carbene insertion reactions to establish O- and
S-heterocycles under copper(ll) catalysis®’® or metal-free condi-
tions®" (Scheme 1a), and cycloketone oxime esters were also
used as the C1 building blocks to react with enaminothiones
in the presence of a copper(l) catalyst to give thiophene deriv-
atives (Scheme 1b).*¥ Thus, we envisioned that sulfur ylides
might also act as the suitable C1 building blocks to react with
alkylthio-substituted enaminones and enaminothiones to exe-
cute [44+1] annulation to afford multisubstituted furan and
thiophene derivatives (Scheme 1c).

(a) carbene as the C1 building block!?72]

20mol % CuBr,  R!

— NNHTs 3 equiv tBuOLi E} ,
+ - NR
R1MSMG RS’H\R4 toluene, 110 °C
X=0,5 R R*
(b) cyclic oxime ester as the C1 building block®®!
_OR3 4
S NHR? N 10 mol % CuCl R! RS R* CN
NaOAc S 7
I, + & , R
R SMe 72X A DMF, 70 °C 2
RY R n=1~4 NHR?
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Scheme 1. [441] Annulations of a-oxo (thioxo) ketene N,S-acetals.

Initially, the reaction of enaminone a-oxo ketene N,S-acetal
(1a) with S,S-dimethyl sulfur ylide (2a) was conducted to
screen the reaction conditions (Table 1). Various Lewis acids
were first tested as the catalysts, and ZnCl, was found to be
the most efficient one to facilitate the desired reaction among
the screened metal chlorides AICl,, LiCl, Zn(OTf),, ZnBr,, and
ZnCl, (Table 1, entries 1-5). In the presence of 10 mol% ZnCl,
as the catalyst, DMF was the superior choice compared to
other solvents (Table 1, entries 5-7). 120°C seemed to be the
best reaction temperature (Table 1, entries 7-9). Under the op-
timized conditions, the reaction of 1a and 2a in a 1:2 molar
ratio afforded the target annulation product, that is, (5-methyl-
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Table 1. Screening of reaction conditions.”
M o]
O NHPh O Me iti Ph
y )J\/\ . )J\yé\ conditions b\(
e SMe Ph Me 0
NHPh
1a 2a 3a
Entry Lewis Acid Solvent T[°C] Yield®™ [%]
1 AlCl, toluene 110 29
2 LiCl toluene 110 39
3 Zn(0OTf), toluene 110 24
4 ZnBr, toluene 110 25
5 ZnCl, toluene 110 63
6 ZnCl, DMSO 110 70
7 Zncl, DMF 110 72
8 ZnCl, DMF 100 60
9 ZnCl, DMF 120 74 (72)"9
109 ZnCl, DMF 120 61
11 ZnCl, DMF 120 45
12 ZnCl, DMF 120 79 (75)
139 ZnCl, DMF 120 34
14 DMF 120 0
[a] Conditions: Ta (0.3 mmol), 2a (0.6 mmol), Lewis acid (10 mol %), sol-
vent (3.0 mL), 0.1 MPa N,, 24 h. [b] Determined by 'H NMR analysis by
using 1,3,5-trimethoxybenzene as the internal standard. [c] Isolated yield
given in parentheses. [d] Solvent (2.0 mL). [e] Solvent (4.0 mL). [fl1a
(0.5 mmol), 2a (1.0 mmol). [g] Lewis acid (5 mol%).

3-(phenylamino)furan-2-yl)-(phenyl)methanone (3a), in 75%
isolated yield (Table 1, entry 12). Use of 5 mol% ZnCl, as the
catalyst dramatically diminished the yield of 3a to 34%, and
the reaction did not occur in the absence of ZnCl, catalyst
(Table 1, entry 14).

Under the optimized reaction conditions, the protocol gen-
erality for the synthesis of furans 3 was explored (Table 2).
With a-acetyl ketene N,S-acetals 1b-1i as the substrates, com-
pounds 3b-3i were obtained in 61-82% vyields from their re-
actions with sulfur ylide 2a. Functional groups methyl, me-
thoxy, chloro, bromo, and trifluoromethyl were tolerated on
the anilino groups (NHAr) in which 2- and 4-positioned elec-
tron-donating methyl and methoxy groups facilitated the reac-
tion, while 3-Me, 3-Cl, 4-Cl, and 4-CF; diminished the product
yields to 61-66%, and 2-Br led to 72% yield for 3 f. The bulky
1-naphthylamine-derived enaminone 1j reacted smoothly to
give 3j (70%). a-Aroyl ketene N,S-acetals 1k-1s also efficiently
reacted with 2a to form 3k-3s (57-82%), and a clear negative
electronic effect was observed for 3-positioned Me, OMe, Cl,
and CF; groups on the a-aroyl moieties of enaminones 1. a-(1-
Naphthoyl) ketene N,S-acetal 1t reacted well with 2a to afford
the target product 3t (85%), exhibiting no steric effect. How-
ever, o-(2-furoyl) and -(2-thienoyl)-based substrates only ach-
ieved a moderate reaction efficiency to form 3u (53%) and 3v
(40 %), respectively. a-Cinnamoyl-functionalized ketene N,S-ace-
tals Tw and 1x also effectively reacted with 2a, yielding 3w
and 3x in 65-70% yields. It should be noted that alkylamine
and benzylamine-derived a-oxo ketene N,S-acetals could not
execute the same type of annulation reaction under the stated
conditions, and secondary amine-based enaminones did not
react either. These results have suggested that an NH function-
ality in the enaminone substrates is crucial for the [44+1] annu-
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Table 2. Substrate Scopes for the Synthesis of Furans (3).!
RI
O NHR? 10 mol% ZnCl 7 Q  ge
3 Y
RJKH\ J\és Me  DMF120°c R Y
R NHR?
1 2 3
Me, Me 3b (R = 2-Me), 82% Me
0 o 3¢ (R = 3-Me), 65% ¢}
. Ph
/ P / ™ 34 (R = 4-Me), 81% / A
o R O  3e(R=4-OMe), 78% O o
NH - 3f (R = 2-Br), 72% NH
3g (R = 3-Cl), 62%
3h (R = 4-Cl), 66%
3a, 75% 3i (R = 4-CF3), 61% 3j, 70%
Ph. R 3m (R = 3-Me), 72%
IS e % 3n (R = 2-OMe), 82% O
A N 30 (R = 3-OMe), 72%
NH O )0 3p (R = 4-OMe), 80% /=0
/©/ _b_ pn 3a(R=3C),66% P
R 3r (R = 2-CF3), 72%
3k (R = H), 73% PAHN O 35 (R=3-CFy), 57% PhHN O
31 (R =0OMe), 81% 3t, 85%
Ar, Me,
X
X . JQ | g
=
79 7~
_o__Ph _0__Ph NH O
3y (R = 4-Me), 90%
PhHN O PhHN o] 3z (R = 2-OMe), 96%
3u (X =0), 53% 3w (Ar = 4-MeCgHy), 70% 3z1 (R = 4-Br), 85%
3v (X =8), 40% 3x (Ar = 4-CICgHy), 65% 322 (R = 3-CF3), 66%
PHEIN PhHN NHPh NHPh
323, 38% 324, 35% 325, 76% 326, 60%
[a] Conditions: 1 (0.5 mmol), 2 (1.0 mmol), ZnCl, (0.05 mmol), DMF (3 mL),
0.1 MPa N,, 120°C, 24 h.

lation reaction in which the sulfur ylides acted as the C1 build-
ing blocks. Electron-donating methyl and methoxy, and
bromo-substituted sulfur ylides 2b-2d efficiently reacted with
1a to give the target products 3y-3z1 in excellent yields (85—
96 %), while 3-CF;-bearing sulfur ylide 2e only reached 66 %
yield for the target product 3z2 in the reaction with 1a. The
bulky adamantyl and tert-butyl-functionalized sulfur ylides 2 f
and 2g reacted much less efficiently than their aryl-based ana-
logues with 1a and 1k to form 3z3 (38%) and 324 (35 %), re-
spectively. Unexpectedly, the fully substituted enaminones 1y
(R®=MeCO) and 1z (R*=PhCO) also effectively reacted with
sulfur ylide 2a, giving the corresponding tetrasubstituted
furan 325 (76 %) and 326 (60 %), respectively.

S,S-Diphenyl sulfur ylide 2h was also applied in the reaction
with 2a, giving the target product 3a in 34% yield [Eq. (1)]. By
means of the corresponding oxide of sulfur ylide 2a, that is,
benzoyl sulfoxonium ylide (2i), as the coupling partner, 3a was
obtained in a low yield (20%) [Eq. (2)]. The fully substituted
sulfur ylide 2j exhibited a poor reactivity to 2a, and it could
not execute the reaction to form the desired product 3z7
[Eg. (3)]. In the cases of using PhNH-, MeO-, or methyl-func-
tionalized a-oxo ketene N,N-acetal 1aa, N,O-acetal 1ab, and
enaminone 1ac, the reaction with 2a could hardly occur
[Eq. (4)]. These results have revealed the crucial role of the al-
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kylthio functionality at the N-functionalized terminus of the in-

ternal C=C backbone in the enaminone substrates.
Me. o
O NHPh O Ph standard conditions [ Ph
= * $ 7 ]
Me SMe Ph “Ph o)
NHPh
1a 2h 3a, 34%
Mey -6 Ph
O NHPh O Me standard conditions M
. 0 — e, / @
MeMSMe Ph)l\"/ o}
NHPh
1a 2i 3a, 20%
Me
(o] NHPh o l\é/le standard conditions | O Me Ph @
+ i _——
MGMSMe Ph)k'f Me
Me PhHN" SMe©
1a 2 327, trace
Ph
O NHPh 0O Me standard conditions @\(Ph @
+ _— Y
S.
PhM R Ph)J\f Me X
NHPh
1aa, R = NHPh 2a 3k, trace
1ab, R = OMe n.d.
1ac, R =Me n.d.

Next, the protocol was employed to synthesize thiophene
derivatives (Table 3). Under the optimal conditions, (E)-4-(meth-
ylthio)-4-(phenylamino)but-3-ene-2-thione, that is, enamino-
thione (a-thioxo ketene N,S-acetal) 4a, reacted with sulfur
ylide 2a to give the target thiophene product 5a in 71 % yield.
With a-acetyl ketene N,S-acetals 4b and 4c as the substrates,
thiophene derivatives 5b and 5c¢ were obtained in 76-79%
yields. 1-Naphthylamine-derived enaminothione 4d efficiently
reacted to form product 5d (83 %), while (E)-1-cyclopropyl-3-
(methylthio)-3-(phenylamino)prop-2-ene-1-thione (4e) exhibit-
ed a lower reactivity to 2a, yielding the target thiophene prod-
uct 5e in 65% yield. Benzylamine-derived a-thioxo ketene N,S-
acetal 4f also reacted well with 2a to afford the product 5 f
(82%). In comparison to the synthesis of furans 3k (73 %) and
31 (81%) (Table2), the corresponding thiophene com-
pounds 5g (93%) and 5h (80%) were readily accessed. Steric
and electronic effects were observed from the 2-OMe and 3-
CF; substituents on the aryl groups of the a-arylthioxo moie-
ties, leading to thiophenes 5i and 51 in yields (67-70%) lower
than those (83-84%) for 5j and 5k. 2-Furyl-substituted thio-
phene 5m was obtained in a much higher yield (759%) than its
furan analogue 3u (53%) (Table 2). It should be noted that the
benzylamine-derived enaminothiones 4n-4v reacted with 2a
to give the corresponding thiophene products 5n-5v in high
yields (53-83 %), among which 2-furyl and 2-thienyl-substituted
thiophenes 5u and 5v were generated in much higher yields
(80-83%) than 3u and 3v (40-53 %), whereas the correspond-
ing benzylamine-derived enaminones of type 1 could not react
with 2a to form furan products under the same conditions
due to the ready decomposition of the substrates during the
reaction. Diverse aryl and alkyl sulfur ylides could also act as
the effective partners to couple with various enaminothiones,
producing functionalized thiophenes 5w-5z1 (45-73 %). Inter-
estingly, chiral benzylamino-based enaminothiones reacted
with 2a to yield the corresponding chiral thiophene derivatives

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 3. Substrate Scopes for the Synthesis of Thiophenes (5).”

R‘
MRZ 10 mol% ZnCl, I S g
S. Y
R! )Kv// “Me  DMF,120°C Y
NHRZ
4
Me
% / Ph
o)
Ar/NH NH
5a (Ar = Ph), 71%
5b (Ar = 4 MeCGH4 ), 79% , ! !
5c (Ar = 2.CICaH), 76% 5d, 83% 5e, 65% 5f, 82%
Ph
/ g 5i (R = 2-OMe), 67%
5) (R = 3-OMe), 83%
NH 5k (R = 4-OMe), 84%
A 51 (R = 3-CF3), 70%
59 (Ar = Ph), 93% PhHN

5h (Ar = 4-OMeCgHy), 80%

Ph
s
// Ph
//NH 0]
A BnHN O BnHN O PhHN O OMe
5n (Ar = Ph), 72%
50 (Ar = 3-OMeCgH,), 53%  5r (R =3-Me),69%  5u (X = 0), 80% 5w, 57%
5p (Ar = 2-CIC¢H,), 75% 5s (R=4-Br),66%  5v(X=S),83%
q (Ar=3-CF3CeH,), 68% 5t (R = 2-F), 72%
Ph Ph (1
Ph s i S ph N i S ph
s ! A R Y /
_ 0 0
BnHN O Me,,, NH Mey, NH
PhHN O (
5y (R = tBu), 45% Ph Ph
5z (R = 4-BrCgH,), 71%
5x, 52% 521 (R = 3-CF3CgHy), 73% 522, 53%, 99% ee 523, 60%, 99% ee

[a] Conditions: 4 (0.5 mmol), 2 (1.0 mmol), ZnCl, (0.05 mmol), DMF (3 mL),
0.1 MPa N,, 120°C, 24 h.

522 (53%) and 5z3 (60%) with unchanged enantiopurity
(99%ee). Secondary amine-derived enaminothiones of type 4
could not react with the sulfur ylides, further demonstrating
the crucial role of an NH functionality at the S-functionalized
terminus of the internal C=C backbone in 1 and 4. The molec-
ular structures of compounds 3 and 5 were further confirmed
by the X-ray single crystal structural determinations of furan
3a and thiophene 5h (Figure 2, see the Supporting Informa-
tion for details).

To demonstrate the applicability of the present synthetic
protocol, gram-scale preparation was carried out under the
standard conditions by means of the reactions of 1k and 4g
with 2a [Eq. (5)]. The target products 3k and 5g were ob-
tained in 75% and 91% yields, respectively, demonstrating a
reaction efficiency comparable to those on a smaller reaction
scale.

Ph

X NHPh standard conditions Q\(Ph o
_standard conditions
Ph SMe ph)J\é “Me o
NHPh
1k X=0 2a 3k, 1.27 g, 75%
49, X=8 59,1629, 91%
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(3a)

(5h)

Figure 2. Molecular structures of compound 3a and 5h.

Control experiments were conducted to probe into the reac-
tion mechanism. Thus, the reaction of 1a with 2a was per-
formed in the presence of 4.0 equivalents of 2,2,6,6-tetrameth-
yl-1-piperi-dinyloxy (TEMPO) or 2,6-di-tert-butyl-4-methylphenyl
(BHT) (see the Supporting Information for details). Under the
standard conditions, these radical-trapping reagents could not
inhibit the annulation reaction, leading to 3a in 63-70%
yields. Furthermore, no EPR signal was observed from the reac-
tion mixture, which excludes a radical pathway in the catalytic
cycle. The adduct of 1a with stoichiometric ZnCl, was consid-
ered as the reaction intermediate, but it was not successfully
prepared from the 1:1 molar ratio reaction of 1a and ZnCl, at
ambient temperature or under heating conditions. Based on
the possible Lewis acid catalysis pathway, a plausible reaction
mechanism is proposed in Scheme 2. Initially, Lewis acid ZnCl,
interacts with enaminone 1 or enaminothione 4 through coor-
dination to the metal center by the oxygen or sulfur atom of
the C=X functionality and the amino nitrogen atom. Reactant

NH
RZ R'” N NsMe
Cly R® A
MeSH\/ E
R! Cl,
I X H R4 /ZU-.+
R3 X NHR?
0
mes” 2 R‘MSMe
/ Zn!
R? & R’ g

Scheme 2. Proposed mechanism.
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1 or 4 is thus activated to form adduct 1(4)-ZnCl, (A)/zwitter-
ion species B. Nucleophilic attack of sulfur ylide 2 at the imini-
um carbon of species B yields species C. Subsequent release of
dimethyl sulfide results in intermediate D from which metha-
nethiol is further eliminated to generate adduct intermediate
E. Regeneration of the Lewis catalyst gives the target prod-
uct 3 or 5, finishing a catalytic cycle.

N-Dearylation of 3-aminofurans (3) and 3-aminothiophenes
(5) was tried to cleave the aryl on the nitrogen functionality by
means of ceric ammonium nitrate (CAN)®” or silver(ll) persul-
fate [Ag(Py),]S,04°® according to the literature methods, but
failed. The oxidative N-dearylation reaction of 3e only led to
complicated mixtures from which the desired N-dearylation
product was not isolated.

In summary, an efficient Lewis acid catalyzed protocol has
been developed for the synthesis of 2-acyl-3-amino-substituted
furan and thiophene derivatives from enaminones and enami-
nothiones, that is, a-oxo (thioxo) ketene N,S-acetals, and sulfur
ylides. The [4+1] annulation featured allows for broad sub-
strate scopes, high efficiency, and good functional-group toler-
ance. This work has demonstrated the potential applicability of
the present method for the synthesis of highly functionalized
furan and thiophene derivatives.

Experimental Section
General procedure for the synthesis of 3

Synthesis of 3a: Under a nitrogen atmosphere, a mixture of (E)-4-
(methylthio)-4-(phenylamino)but-3-en-2-one (1a) (104 mg,
0.5 mmol), S,S-dimethyl sulfur ylide (2a) (180 mg, 1.0 mmol), and
ZnCl, (7 mg, 0.05 mmol) in DMF (3 mL) was stirred at 120°C for
24 h. After cooled to ambient temperature, 5 mL CH,Cl, was added
and the resultant mixture was filtered through a short pad of
Celite, followed by rinsing with 10 mL CH,Cl,. The combined filtrate
was concentrated under reduced pressure. The resulting residue
was purified by silica gel column chromatography (eluent: petro-
leum ether (60-90°C)/EtOAc=50:1, v/v) to afford 3a as a yellow
solid (104 mg, 75 %).
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