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A direct, redox-neutral, highly atom-economical and metal-free
aerobic method for the synthesis of multi-substituted olefins via
simply coupling ammonium thiocyanate with activated ketones is
described. A series of multi-substituted olefins could be easily and
efficiently obtained in excellent yields by using low-toxicity and in-
expensive ammonium thiocyanate as an amine and thiocyanate
source, and water is the only by-product.

Organic thiocyanate synthesis by means of C-SCN bond for-
mation is a widely used strategy in medicinal chemistry and
organic synthesis." Key structural motifs within this important
class of compounds are C(sp®)-SCN and C(sp®)-SCN thio-
cyanates, which are represented in a significant portion of bio-
active natural products.” Additionally, thiocyanates stand out
as a core structural scaffold for the assembly of functionalized
heterocycles and sulfur-based compounds.” In particular,
a-ketothiocyanates are useful intermediates in the synthesis of
thymidine, triazole, thiazolidine, etc.* Hence, tremendous
effort has been devoted to developing the formation of
a-ketothiocyanates. Significant advancements have been made
in the development of general, catalytic protocols that help
generate o-ketothiocyanates, and conventional approaches
include: (i) nucleophilic substitution reactions of Nu-X (X =
halogen, OTs, N," etc.);” (ii) transition metal catalysis: PhICl,/
Pb(SCN), and Pd(OAc),/NaSCN;® (iii) oxidative dehydrogenative
coupling;” and (iv) using electrophilic thiocyanating reagents:
thiocyanogen (SCN),, thiocyanogen chloride (CISCN),
N-thiocyanatosuccinimide, N-thiocyanatophthalimide, and
N-thiocyanatosaccharin.® Despite the fact that several achieve-
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ments have been made using these methods, there are still
some issues to be addressed, such as the necessity of pre-acti-
vation of the partners, the requirement of excess oxidants, and
the generation of equivalents of toxic byproducts (e.g., succin-
imide, saccharin, and benziodoxole).

The (E)-3-amino-2-thiocyanato-a,B-unsaturated compounds
are a new significant class of multi-substituted olefins in syn-
thetic chemistry.” They were widely used in the preparation of
multifunctional compounds by asymmetric hydrogenation,
and could easily convert to ubiquitous structural motifs, such
as 2-aminothiazoles and pyridones. Recently, Zeng and co-
workers have developed a facile electro-catalyzed aminothio-
cyanation of f-keto esters by using ammonium carbamodithio-
ate or XSCN (X = K, NH,) as the thiocyano source.” In particu-
lar, the employment of NH,SCN as the source of SCN and NH,
for the aminothiocyanation is highly atom-economical
although in situ pre-activation of B-keto esters is still necessary
and only moderate yields were obtained (Scheme 1).

Using molecular oxygen in air to realize efficient chemical
transformations has attracted much attention because dioxygen
is an ideal, green and most abundant oxidant.'® In continuation
of our interest in visible-light-driven aerobic oxidation,"" we
propose that, if dioxygen can serve as a terminal hydrogen accep-
tor to form water in aminothiocyanation, the overall waste of the
reaction will be only water. We herein disclose a simple but
efficient aerobic aminothiocyanation of ketones with NH,SCN
that is catalyzed by fluorescein under visible-light irradiation.
Further synthetic applications of the products and mechanism
investigation are also achieved in this work.

Initial investigations revealed the feasibility of a thiocyanate
oxidation step via Stern-Volmer experiments (see Fig. S2). With
these results in hand, we examined the proposed visible light-
mediated C-H thiocyanation of ethyl acetoacetate 1a and
NH,SCN using photocatalysts and blue light-emitting diodes
(LEDs). Extensive optimization studies established that a combi-
nation of CH3;CN and 3 equivalents of NH,SCN resulted in a
clean reaction under irradiation with blue LEDs in the presence
of fluorescein, giving 2a in 95% yield (see ESI Tables S1-S37 for
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Scheme 1 Methods of the synthesis of (E)-3-amino-2-thiocyanato-
a,f-unsaturated compounds.

details). Control experiments established that fluorescein, air (O,)
and visible-light irradiation were required for an efficient reac-
tion. Gratifyingly, the reaction still proceeded smoothly with com-
parable results, even when using sunlight as the light source.
With optimized conditions in hand, we sought to evaluate
the scope of the Cp:-SCN bond-forming reaction. As shown in
Table 2, only an E-selective process was observed. A myriad of
f-keto esters, including ethyl, methyl, isopropyl, tert-butyl,
benzyl, n-octyl, and pr-menthyl esters, are successful sub-
strates, providing the corresponding SCN and NH, analogues
in good to excellent yields (80-95%, Table 1, 2a-2g). Notably,

Table 1 Reaction scope®?

T FI in (2 mol%) il
uorescein mol, . R1
MO/R1+ NHSCN —————————— )\/U\o/
blue LEDs, CHsCN
air (Oy), rt SCN
1 " (S2). 2
NH, O R'= Et, 2a, 95% NH, O
s __R! R'=Me, 2b,92% s A
O R'=pr, 2¢, 90% o ‘ ~
SCN R'= nBu, 2d, 82% SCN =
2,86% =
NH, O NH, O
)\(U\O/\/\/\/\ MO\“
SCN SCN
9
2,90% y 29, 80%
NH, O 3 NH, O
SCN A SCN o
2h, 65% 2i, 75%
NH, O NH, O
N = A
o NF I o/\\\
SCN
2j, 90% 2k, 88%
NH, O NH; O
)\(LLO/\/O\ A O/\/CN
SCN SCN
21, 74% “, 2m, 94%
NH, O
N
o)
SCN

2n, 78%
SCN

20,73%°

“Reaction conditions: 1 (0.5 mmol, 1.0 equiv.), NH,SCN (1.5 mmol, 3
equiv.), and fluorescein (2.0 mol%) in CH;CN (2.0 mL) were irradiated
with blue LEDs in air at rt. The reaction was monitored by TLC.
b Isolated yield. ¢ 3 mL THF was used instead of CH;CN.
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when the steroid-derived adamantyl derivative 1h was sub-
jected to the optimal conditions, adduct 2h was not signifi-
cantly diminished. The reaction is also amenable for a range
of substituents, such as Michael acceptor (1i), allyl (1j) or pro-
pargyl (1k), methoxyethyl (11), and cyanoethyl (1m) groups,
affording the desired adducts in good yields. Pharmaceutical
intermediates cholesterol and dehydroepiandrosterone deriva-
tives can also be functionalized, affording 78% and 73%
yields, respectively (2n and 20).

Further investigation of the substrate scope of this trans-
formation is illustrated (Table 2). To our delight, p-keto esters
containing ethyl, isopropyl, long alkyl chain, (hetero)benzyl,
phenoxy, and chloro moieties, worked efficiently in this trans-
formation giving products 4a-4j, while the substrate with a
cyclopropyl moiety produced adduct 4k in comparable isolated
yield (40%). In addition, ethyl benzoylacetate could be directly
transformed into 2-aminothiazole 41 via intramolecular cycliza-
tion of the aminothiocyanated product under the standard
conditions.

Finally, on the basis of investigations we found that not
only p-keto esters but also a diverse range of electron-with-
drawing ketones were good reaction partners in this transform-
ation. Aliphatic 1,3-diketones were examined in the reaction,
showing good reactivity (Table 3, 6a-6b). To our delight,

Table 2 Reaction scope®?

SCN
2 Fluorescein (2 mol%) R2_~
zlk/cozEt + NH,SCON —————» COEt
R blue LEDs, CH3CN NH
2
air (Oy), rt
3 4
SCN SCN
RZ Z
w)\cozEt W\/\H\coza
,NH; NH,
- 0
R2=Et, 4a, 94% 4c, 78%
R2= jPr, 4b, 80%
SCN SCN
o Pz
CO,Et o~ CO,Et
NH, O NH,
4d, 88% e, 87%
®  SCN e, 87% oo
CO,Et S = COLE
RN NH, \_s  NH,
R2=H, 4f, 89% 4h, 68%
R2=F, 4g, 87% SCN
SCN cl —
CO,Et
o CO,Et NH,
NH 4j, 86%
4i, 75% NH,
SCN N=
—
CO,Et
NH, CO,Et
4k, 40% 41, 40%

“Reaction conditions: 3 (0.5 mmol, 1.0 equiv.), NH,SCN (1.5 mmol, 3
equiv.), and fluorescein (2.0 mol%) in CH;CN (2.0 mL) were irradiated
with blue LEDs in air at rt. The reaction was monitored by TLC.
b Isolated yield.
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Table 3 Reaction scope®?

NH,

Jk/ Fluorescein (2 mol%) S~ R4
R* 4 NH;SCN ——— =R3

blue LEDs, CH;CN
SCN
5 air (Oy), 1t 6

SCN SCN SCN
6a, 89% 6b, 80% 6c, 91%
. " 9 * 1
)\/P\\ )\(P\\O/\ NS P\\o/
4 0—
SCN SCN SCN
6d, 91% 6e, 92% 6f, 70%
NH, O NH, O
SCN SCN
69, 85% 6h, 91%

“Reaction conditions: 5 (0.5 mmol, 1.0 equiv.), NH,SCN (1.5 mmol, 3

equiv.), and fluorescein (2.0 mol%) in CH;CN (2.0 mL) were irradiated

w1th blue LEDs in air at rt. The reaction was monitored by TLC.
b Isolated yield.

B-electron withdrawing groups such as cyano, phosphonate,
and thioate groups could also be applied with good to excel-
lent yields (6c-6h).

To further demonstrate the utility of this C-H thiocyanation
protocol, a gram-scale reaction of f-ketoester 1a (50 mmol,
6.5 g) was performed with NH,SCN (150 mmol, 11.4 g) in
CH;CN for 18 h delivering the desired product 2a in excellent
yield (8.37 g, 90% yield, Scheme 2). The obtained products
were then further transformed into useful building blocks for
organic synthesis. The thiocyano group could be readily trans-
formed using tributylphosphine, thus affording the sulfoether
7a in 92% yield. Hydroxy-thiocyanatobut-2-enoate 7b could

a O O NH, O

Fluorescein (0.2 mol%) S
MO/\ + NH8CN ————————» MO/\

blue LEDs, CHzCN
SCN

air (Oy), 1t
50 mmol 150 mmol 8.37g, 90% vyield

NH, O

b) Mo/\

r 7a92%
H
H,e N
| )
sK CO,Et

PPN
_
ii) SCN

7b 98%

OH
7d 80% ‘iii) NH,
N;—<
S
7¢ 99%
/\o

Scheme 2 (a) Larger scale reaction and (b) further transformations of
products: (i) 2a, ethanol, tri-n-butylphosphine, THF, room temperature,
3 h; (i) 2a, HCL, H,0, room temperature, 15 minutes; (iii) 2a, TBAF, THF,
room temperature, 2 h; and (iv) 7a diethyl malonate, C,HsONa, toluene
reflux, 48 h. TBAF = tetrabutylammonium fluoride.
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also be easily obtained by hydrolysis in the presence an acid.
Furthermore, we choose f-keto esters as the raw material to
synthesize the aminothiazole backbone 7c¢ in two steps in
excellent yield. Thiazole carboxanilides are also well known as
members of the carboxamide family of fungicides. Examples
include Metsulfovax, Scedlavax, Ethaboxam and Thifluzamide,
which can be constructed from 7c.'” Pyridones are privileged
scaffolds, and they play key roles in many medicinally related
molecules.”® However, the functionalization on the pyridone
ring is a great challenge due to the low reactivity and is usually
accessed via longer multi-step procedures. Remarkably,
5-(ethylthio)pyridone 7d can be easily obtained from 2a in two
steps in our method.

To gain some insight into the mechanism, investigations
were conducted as shown (see the ESIT). First, Stern-Volmer
experiments (see Fig. S2t) illustrated that the luminescence
emission of fluorescein was quenched by NH,SCN more
efficiently than 1a, which indicated a reduction quenching
mechanism. Furthermore, when radical inhibitor BHT was
introduced into the photocatalytic system, the adduct of the
radical inhibitor with ‘SCN was detected by ESI-HRMS (see
Fig. S3t), thus providing straightforward evidence of 'SCN
radical formation. To confirm the proposed reaction mecha-
nism, quantum mechanical calculations were performed
(Fig. 1). The energy profiles reveal that the initiation of an elec-
tron-deficient a-carbonyl carbon radical (INT1) is the rate-
determining step; the free energy of activation of the enolate
attacking the dimer is 47.9 keal mol™" (through TS1'), whereas
it is reduced to 23.1 kcal mol™ by the hydrogen extraction
process, with the corresponding transition state being TS1.
Then INT1 is immediately trapped by (SCN), to yield INT2
through TS2,'* using an activation energy of 15.72 kcal mol™*

DG, /keal/mol
o o
o o
I~
A~ ‘
! NCS,
Hel: “SCN
SoN
23.1 soN 283
T \ HSCN seN S Ts2 \
! 0o o - Y
! \ / Y USCN
Path | csen ! \‘)J\/U\O/\' k]
/ 7 )
o o - ‘86 Y 0 o
——— \
)J\/U\O/\ 00 ! INT1 \ o~
N e L
§ INT2
S~
ALK
NCS,
'scN
48.5 SC
FE 5 S
! | SON-
SN | el
|
scy | v
N~ \ OH O
! \
Path Il oH O | \ (O
| \
o 0 MO/\"' L o o
| .
AN o™ oo 06 wrr o™
. SCN
1a 1a HseN™ 3.4
INT2

Reaction coordinate

Fig. 1 Analysis of the reaction pathway. Quantum mechanical calcu-
lations were performed using Gaussian 09. All geometries and single
point energies were calculated with M06-2x/6-31+G(d,p) and the SMD
model for acetonitrile.
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Scheme 3 Proposed mechanism.

(see Fig. S4t). Gratifyingly, the adduct of intermediate INT1
with TEMPO was confirmed by ESI-HRMS.

We postulated a plausible mechanism for this aminothio-
cyanation process. The reaction begins with the visible light-
induced SET oxidation of NH4SCN" (Eo, = 0.61 V vs. SCE in
CH;CN) by the excited state photocatalyst *fluorescein'®
(E;.q = 0.78Vvs.SCE) generating the thiocyanate radical and
the reduced species fluorescein™™. The fluorescein™™ could be
oxidized with dioxygen to provide a superoxide and regenerate
the photocatalyst. Then, the "SCN radical abstracts a hydrogen
from 1a to produce a carbon-centered radical and thiocyanic
acid (HSCN)."? The obtained a-carbonyl radical INT1 was sub-
sequently trapped by other "SCN or (SCN), to form coupling
intermediate INT2, which has a more electron-deficient carbo-
nyl group and can be easily attacked by nucleophilic NH;.
Finally, the elimination of water from the adduct of INT2 and
NH; affords the desired product (Scheme 3).

Conclusions

In summary, we have developed a highly efficient metal-free
visible-light promoted aminothiocyanation of activated
ketones wusing air as the terminal oxidant to afford
(E)-3-amino-2-thiocyanato-o,f-unsaturated compounds. The
net reaction is very clean and water is the only byproduct when
NH,SCN is used as the source of SCN and NH,. The resulting
multi-substituted olefins can be used as direct precursors to
construct an array of important molecules.
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