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Transfering waste to treasure is highly important in green
chemistry. However, it is difficult to realize it efficiently due to the
low reactivity, especially the simultaneous utilization of two
unreactive feedstocks in one reaction. Herein, we report the first
utilization of both elemental sulfur and CO, in a multi-component
reaction to generate valuable thiazolidin-2-ones and 1,3-thiazinan-
2-ones. Under transition-metal-free reaction conditions, a variety
of easily available arylamines react with elemental sulfur and CO,
(1 atm) to give functional thiazolidin-2-ones and 1,3-thiazinan-2-
ones in moderate to good yields via C—H bond functionalization.
This strategy is highlighted by high step economy with generation
of three bonds in one reaction and good functional groups
tolerance.

Tremendous efforts have been devoted to the
development of green and sustainable chemistry, given the
significance of its environmental impact and sustainability both
in academia and industry. Among diverse investigation, the
formation of valuable chemicals using CO, as the C1 source is
an attractive strategy due to the abundance, availability,
sustainability, and nontoxicity of CO,.! Although the
thermodynamic stability and kinetic inertness of CO, set
challenges for its utilization in organic synthesis, many kinds of
CO, transformations have been developed to construct
important  carbonyl-containing  heterocycles.?  Recently,
carbonylation of C—H bonds with CO, has emerged as an
efficient and highly promising strategy to generate a variety of
valuable carbonyl-containing heterocycles base on the concept
of “CO, = CO + [0]”.34 It is still highly desirable to develop
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other sustainable strategies for the construction of carbonyl-
containing heterocycles via C—H functionalization.

Thiazolidin-2-ones are important structural motifs in a large
number of pharmaceuticals, agrochemicals, and natural
products (Scheme 1A).> Therefore, the development of
efficient protocols for selective synthesis of thiazolidin-2-one
derivatives is of much interest and importance. Recently, many
groups have made great contributions to this field by
developing various strategies to generate thiazolidin-2-ones
with a series of carbonyl sources (e.g., CO,, CO, COS, or DMF).®
In most cases, however, the substrates are limited to
bifunctional arenes bearing two functional groups (e.g.,
halogen, sulfur-containing groups) (Scheme 1B).” To the best
of our knowledge, the mono-functionalized substrates, such as
arylamines, have not been used to construct thiazolidin-2-ones
with CO, and one sulfur source. Considering that elemental
sulfur (Sg), which is non-toxic, stable, inexpensive and easy to
handle, is well known as industrial waste® and has been applied
in C=S bond formation,® we hypothesized whether we could
construct thiazolidin-2-one derivatives by using three simple
and easily available substrates, including aryl amines, Sg and
CO,. However, there are several challenges. First of all, the
formation of C=S bond via C—H bond sulfuration is inefficient
due to the low activity of C—H bonds and Sg. Moreover, the
inert property of CO, might also hamper the carbonylation.
Thus, the low reactivities of such three components might call
for harsh reaction conditions, which would cause problems to
control the chemo- and regio-selectivities. For example, di- or
multi-sulfuration instead of mono-sulfuration might happen.
The generation of other carbonylative products, such as ureas
and carbamates, is also possible. Therefore, it is highly
challenging to develop an efficient and selective three-
component reaction to directly synthesize thiazolidin-2-ones
by using two unreactive feedstocks. With our continuous
interest in the utilization of CO, to generate carbonyl-
containing heterocycles, herein we report a practical three-
component reaction to generate valuable thiazolidin-2-ones
from arylamines, Sg, and CO, (1 atm) under transition-metal-
free and redox-neutral conditions (Scheme 1C).
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Scheme 1 Importance and synthesis of thiazolidin-2-ones.
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arise from the unfavorable carbonylation and sulfuration with
unreactive CO, and Sg (Table 1, entries BG) 1 FIFEASIROFS/ WE
also examined the amount of Sgand found that 4.0 equivalent
of Sg was the best choice (Table 1, entries 10-11). Other
solvents, such as diglyme, DMF, DMA, and DMSO, were also
tested and gave poor results (Table 1, entries 12-15), indicating
a unique role of 1,4-dioxane in this reaction. Further change in
concentration did not improve the reaction (Table 1, entry 16).
Control experiments showed that both CO, and Sg were vital to
this transformation (Table 1, entries 17-18).

Table 2. Substrate scope of naphthalen-2-amines and quinolin-6-amine®

Table 1 Optimization of reaction conditions®

i~

H
NH, NH
base (x eq.)
+ CO, + Sg ——M >
1,4-dioxane, T°C, 24 h

1a (1 atm, closed) (4.0 eq.) 2a

entry  base x TpC  yield(%)? | entry  base  x  Tprc  yield (%)

1 LiOBu 5 140 44 10°  NaOBu 6 140 35
2 KOBu 5 140 62 119 NaOBu 6 140 74
3 NaO'Bu 5 140 78 12°  NaO'Bu 6 140 22
4 Cs,CO; 5 140 8 13" NaOBu 6 140 35
5 NaO'Bu 3 140 24 149 NaOBu 6 140 12
6 NaO'Bu 4 140 40 151 NaO'Bu 6 140 36
7 NaO'Bu 6 140 87 16/  NaO'Bu 6 140 68
8 NaO'Bu 6 120 n.d. ; 17 NaO'Bu 6 140 n.d.
9 NaO'Bu 6 130 34 18K  NaOBu 6 140 n.d.

9Reaction Conditions: 1a (0.2 mmol), Sg (32 g/mol, 0.8 mmol, 25.6 mg), CO, (1 atm,
closed), 1,4-dioxane (1 mL), 24 h. Plsolated yields. Sg (32 g/mol, 0.4 mmol, 12.8 mg). 9Sg
(32 g/mol, 0.6 mmol, 19.2 mg). ediglyme (1.0 mL). /N,N-Dimethylformamide (DMF, 1.0
mL). 9N,N-Dimethylacetamide (DMA, 1.0 mL). "Dimethyl sulfoxide (DMSO, 1.0 mL). '1,4-
Dioxane (2.0 mL). /Without Sg. “Under the atmospheric of N, instead of CO, n.d. = not
detected.

o]
H /(
NH ;
= 2 NaO'Bu (6.0 eq.) NH
R— + CO, + § ————— > =
\\X 14-dioxane, 140°C ,24h R—— N
X= X
2

1 (1 atm, closed) (4.0 eq.)

2a, 87% (76%") 2b, 78% 2c, 63%
o]
o o) s
s—< s—< NH
“OO " “OO " e
MeO Ph O
NC
2d, 74% 2e, 69% o 2f, 62%°
s—q s—« o]
NH NH 54
OO OO B'NH
FaC O F O
2g, 61%° 2h, 58%° 2i, 68%

(0]

s—( S’{

o
o
NH NH H
MeO. Ph ‘ N
—
N

2j,83% 2k, 56%° 21, 66%¢
9Reaction conditions: 1 (0.2 mmol), Sg (32 g/mol, 0.8 mmol, 25.6 mg), NaO'Bu (6.0 eq.),
CO, (1 atm, closed), 1,4-dioxane (1 mL), 24 h, 140 °C. Isolated yields. ?Gram scale. €48 h.

We began to investigate the reaction using naphthalen-2-
amine 1a as the standard substrate with Sg as the sulfur source
under one atmosphere of CO, (Table 1). To our delight, the
desired product 2a was obtained in 78% yield with NaO!Bu as
base and 1,4-dioxane as solvent at 140 °C for 24 h (Table 1,
entry 3). This reaction is highly regioselective, as the
sulfuration at the C3-position was not detected. A variety of
bases, such as LiO'Bu, KO'Bu, and Cs,COs, were tested to give
lower yields than NaO'Bu (Table 1, entries 1-4). The screening
of the amount of NaO'Bu demonstrated that 6.0 equivalent
was the best choice (Table 1, entries 5-7). Moreover, lowering
reaction temperature also provided worse results, which might

2| J. Name., 2012, 00, 1-3

972 h
o

NH2 ’
NaO'Bu (6 Oeq.) (eq 1)
1 ,4-dioxane, 140 °C , 48 h

(1 atm, closed) (4.0 eq.) 4,52%

With the optimal reaction conditions in hand, we explored
the substrate scope and generality of the three-component
reaction (Table 2). We found that diverse naphthalen-2-amines
1a-k underwent this transformation smoothly to afford the
expected products in 56%-87% vyields. Notably, a gram-scale
reaction of 1a (8 mmol), CO, and Sg was successfully
performed to give 2a in 76% yield. Different substituents, such
as electron-neutral groups, electron-donating groups (EDGs)
and electron-withdrawing groups (EWGs), did not affect the
reaction. Various functional groups, such as methoxyl,
trifluoromethyl, cyano groups, C-Br and C-F bonds, were
tolerated well. Importantly, the quinolin-6-amine 1l also
showed good reactivity in this transformation. Moreover, a

This journal is © The Royal Society of Chemistry 20xx
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related fused aryl amine, anthracen-2-amine 3, could also take
part in this transformation to generate the desired product 4
in moderate yield (eq. 1).

In addition to naphthalen-2-amines, the reactions of
naphthalen-1-amines 5 could also proceed well, furnishing the
target products with moderate to good yields (Table 3).
Interestingly, the sulfuration of 5 happened selectively at the
C8-position to construct 1,3-thiazinan-2-ones with the 6-
member ring. A variety of naphthalen-1-amines 5 bearing
different substituents, such as methoxyl, thiophene, thiol, and
trifluoromethyl group, could undergo this transformation to
provide the desired products in good vyields. Similarly, the
quinolin-5-amine 5h also behaved well in this transformation.

COMMUNICATION

bond cleavage, we could apply simple anilinesZ,insush;@
three-component reaction to give the desiréd Pr8duts 8d-8d
in moderate yields (Table 4). When we used a meta-
substituted aniline 7d as the substrate, we observed a highly
regioselective sulfuration at the position with less steric
hindrance. As the ortho-substituted anilines are less reactive
due to the steric hindrance, the corresponding products could
only be obtained with low vyields (Please see Supporting
Information (SI) for details). Successful implementation of
these reactions suggests that this strategy would be useful for
the formation of valuable thiazolidin-2-one derivatives.

Table 3. Substrate scope of naphthalen-1-amines and quinolin-5-amine®

1 Ss7 ONH

= NaO'Bu (6.0 eq.
R | + CO, + __ NaOBu(6.0eq) =

X 1,4-dioxane, 140°C,24h R |

X K\x
X=CH,N

5 (1atm, closed) (4.0 eq.) 6
(o}
o o]

0 )k )k ST ONH

)k S NH S NH

Bu CF3 SMe
6e, 56%° 6f, 57% 6g, 68% 6h, 52%"

9Reaction conditions: 5 (0.2 mmol), Sg (32 g/mol, 0.8 mmol, 25.6 mg), NaO'Bu (6.0 eq.),
CO, (1 atm, closed), 1,4-dioxane (1 mL), 24 h, 140 °C. Isolated yields. 72 h

Table 4. Substrate scope of anilines®

NH;

TN LiO'Bu (6 5eq.), Nal (1.0 eq.)
R + CO, + Sy ):0
M T oWRoccash
7 (1 atm, closed) (2.5eq.)

H H H ¢ Y

N N N Bu N
oLy L L \CE >

Ph S e0 S Me B B

8a, 46% 8b, 36% 8c, 39% 8d, 50%"
9Reaction conditions: 7 (0.2 mmol), Sg (32 g/mmol, 0.5 mmol, 16 mg), LiO'Bu (6.5 eq.),
Nal (1.0 eq.), CO, (1 atm, closed), DMF (0.5 mL), 36 h, 140 °C. Isolated yields. Y60 h.

Standard conditions

NHz NH
TEMPO or PhSeSePh (4.0 eq.)
+ S @ —————— (A)
| TEMPO: 80% !

| PhSeSePh: 82% !
1a (4.0eq) T 2a

Standard conditions NH
777777777777 (B)
! CO,: 89% !
1 Nz 6% )

9 (4.0eq.) 2a

" " S NH
_N N Standard conditions
1-Nap Y 1-Nap  + S T ©
o ! €Oy 54% |
DN 23% |
10 (40eq) 7

S
Standard conditions
+ S —— (D)
| COy61% ;
3 N3: 59% !

1 (4.0eq.) 6a

NHPh
Standard conditions NPh
+ Sg
12 (4.0eq.) 13, n.d.

o]

SH S—(
Standard conditions

With Sg: 84% !

| Without Sg: 79% |

. - NH
OO NH, . co, with or without Sg (4.0 eq.) “:: ®

14 (1 atm, closed) 2a
Scheme 2 Control experiments. 1-Nap = 1-naphthyl

To demonstrate the power of the strategy, we further
challenged us by testing less reactive anilines in this reaction,
which would be even more difficult arising from a higher
energy barrier for the possible dearomization process in the
sulfuration step. To our delight, after slightly modifying the
reaction conditions with additional Nal, which might make the
isocyanate intermediate more active® and/or promote the S-S

This journal is © The Royal Society of Chemistry 20xx

To shed light on the mechanism of this reaction, a variety of
control experiments were performed (Scheme 2). In the presence of
TEMPO or PhSeSePh as the radical scavenger (Scheme 2A), the
reaction of 1a underwent smoothly to give the desired product 2a
in 80% and 82% vyield respectively, which implied that a single
electron transfer pathway might not be involved in this reaction. As
we could detect the carbamate and urea as by-products in the
reaction mixture, we applied tert-butyl naphthalen-2-ylcarbamate
9, 1,3-di(naphthalen-1-yl)urea 10 and 1-isocyanatonaphthalene 11
as starting materials in such a transformation respectively (Scheme
2B-D). We found all of these three compounds could be
transformed into the final products under CO, or N, atmosphere.

J. Name., 2013, 00, 1-3 | 3
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However, the efficiency of the reactions of 9 and 10 under N, was
much lower than those under CO,, indicating that neither
carbamate nor urea is the key intermediate to undergo following
sulfuration. Moreover, N-phenylnaphthalen-2-amine 12 could not
be converted into 13 under the standard conditions (Scheme 2E).
All of these results indicated that the isocyanate might be the most
active intermediate to generate the desired product. When we
applied 2-aminonaphthalene-1-thiol 14 in the reaction in the
presence or absence of Sg, we could obtain the desired product 2a
in good yields in both cases (Scheme 2F). However, we were not
able to detect the sulfuration of arylamines under standard reaction
conditions, which indicated that the sequence of sulfuration and
then carbonylation might be less favored. Therefore, we speculate
that the formation of isocyanate and following cyclization reaction
would be more favored to provide the desired product.

Based on the results above and previous reports,*¢4pP.10 we
proposed a possible mechanism (Scheme 3). Arylamine 1
might react with two molecules of CO, in the presence of
NaO’Bu to generate the isocyanate C, along with the formation
of A and B as intermediates as well as NaHCO; and HO'Bu as
by-products.*? Both of D and E, which might be formed from 1
or C in the presence of CO, and/or NaO!Bu, could also
decompose to generate 1 and C. Meanwhile, nucleophilic
attack to elemental sulfur might lead to ring-opening
generation of F.°' Then, nucleophilic attack of F to the
isocyanate C would generate G (Path A), which could further
undergo intramolecular sulfuration to give H. Final
deprotonation and re-aromatization would afford the desired
product. The intermolecular sulfuration of arylamine
derivatives, such as 1 and intermediates A-E, with Sg to
generate the aryl thiolate J (Path B) and following
intramolecular cyclization with isocyanates might also be
possible (Please see Sl for details).

—_— o) o
R et » N
- ) =
S s ! Fare
2 J H 1

H
Nm/ofau
02
o“?>°‘0 3 PathB | Sg
W E 4’90;
~°
0 co. N
COQ _CO NaO'Bu,
Yr—»c

A /Nu
50/ "o / HS—S; F
W\ T Sg
‘/ @ Path A NuH
CE alvean

(‘BUOH, ArNH, HI)

H
@ /EO \,S ™

Scheme 3. Proposed Mechanism

Conclusions

In summary, we have developed the first three-component
reaction to synthesize valuable thiazolidin-2-ones from
arylamines, Sg, and CO, via C(sp?)—H bond functionalization.

4| J. Name., 2012, 00, 1-3

This strategy features easy availability of starting,materials,
broad substrate scope, and good functidal GHOIPLESIePEAEES
allowing access to a series of functionalized thiazolidin-2-one
derivatives in the absence of transition metals and external
oxidants. The preliminary mechanistic studies indicate that
isocyanate might be the key intermediate.
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