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A divergent photoinduced selective synthesis of thiocyanate and
isothiocyanate derivatives from readily available carboxylic acids
was developed using N-thiocyanatosaccharin and a catalytic
amount of base or acid. This molecular editing strategy allowed
the functionalization of bioactive compounds. A mechanism for the
transformation was proposed based on control experiments.

Organothiocyanates' are interesting linchpin residues,’ often
used to access a wide variety of sulfur-containing molecules.?
They are also found in a number of agrochemical and pharma-
ceutical compounds and natural products." Molecules bearing a
SCN residue on a C(sp?) center are of great interest as exemplified
by 9-thiocyanatopupukeanane, fasicularin and psammaplin B.
Although synthetic routes for the preparation of SCN-containing
molecules are available, there remains a demand for the develop-
ment of sustainable chemical transformations that meet environ-
mental challenges (e.g: circular economy, sustainability, valorization
of raw materials). Recently, significant advances have been achieved
in direct thiocyanation of C(sp®)-H bonds, in particular for the
functionalization of benzylic C-H positions and redox active
esters.* The decarboxylative thiocyanation of carboxylic acids
seems a promising complementary approach to selectively
introduce a thiocyanate moiety in the presence of benzylic
C-H positions. Given the plethora of carboxylic acids readily
available, the development of such synthetic route will be
appealing for both academia and industry, and will expand
the chemical space of this class of compounds.” The direct
molecular editing strategy® starting from a simple CO,H group,
and its conversion into various functional groups by decarb-
oxylation” has offered a synthetic manifold in organic chemistry
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Divergent process for the catalytic
decarboxylative thiocyanation and
isothiocyanation of carboxylic acids
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Scheme 1 State of the art and this work. PhthSCN = N-thiocyanato-
phthalimide.

with a limited amount of waste, especially when using a photo-
catalyst. However, the use of such a strategy to form a C-SR bond
from a C-CO,H bond is limited compared to other transforma-
tions. In particular, for the thiocyanation reaction, only a few
examples have been reported to date (Scheme 1). The decarbox-
ylative thiocyanation reaction of cinnamic acid derivatives using
either electrochemistry® or photocatalysis has been achieved, to
afford the corresponding vinyl thiocyanates.®” The o-chlorination of
B-keto acids with N-chlorosaccharin (SaccharinCl) followed by
decarboxylative thiocyanation has also been reported to yield the
corresponding 2-chloro-2-thiocyanato ketones.* To the best of our
knowledge, no general decarboxylative thiocyanation reaction has
been reported with a wide range of carboxylic acids containing a
variety of functional groups. Recently, we have shown a strong
interest in developing new catalytic processes to synthesize thio-
cyanate compounds.’

Herein, we demonstrate the photoinduced decarboxylative
thiocyanation and isothiocyanation reaction on C(sp?) centers

This journal is © The Royal Society of Chemistry 2024
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Table 1 Optimization of the reaction

Ph
TPT (2.5 mol%) Y &,
Na,COj3 (20 mol%) P07 P
Source | (2 equiv) >< >< TPT
Ph”™ “CO,H ——— Ph” "SCN * Ph” "NCS o]

50 °C, 45 min, Ar o 2

Kessil (456 nm)

Source |

Entry Variation from standard conditions Yield 2a“ (%) Yield 3a“ (%)

1 None 87 (72) —
2 Mes-Acr” BF,~ (5 mol%) 10 —
3% PhthSCN 8 3
4% 1,2-Dichloroethane 5 33
5%¢ CH,Cl, 21 36
6’ Et;N (20 mol%) 16 9
7% Cs,CO; (20 mol%) 56 28
8°  AcOH (20 mol%) 29 48
9°  AcOH (20 mol%), 4 h — (91)
10 No TPT n.r. n.r.
11%  No light n.r. n.r.

'H NMR yields were determined using 1,1,2,2-tetrachloroethane as
internal standard. “ Isolated yields were given in parenthesis. ? 16 h.
¢ TPT (5 mol%). n.r. = no reaction.

of carboxylic acids using an organic photocatalyst. The study
started with the functionalization of the a,0-dimethylphenyl acetic
acid 1a (0.2 mmol) in the presence of the N-thiocyanatosaccharin I.
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After the screening of various parameters, the thiocyanation of 1a
selectively afforded the desired product 2a in 72% yield after
45 min, when using 2,4,6-triphenylpyrylium tetrafluoroborate
(TPT) as the photocatalyst, in the presence of the source I, at
50 °C, in chlorobenzene under blue LED irradiation (Table 1, entry
1). The use of the 9-mesityl-10-methylacridinium salt (entry 2) or the
N-thiocyanatophthalimide (entry 3) for 16 h was detrimental to the
reaction. In the latter case, traces of the isothiocyanate product
3a™'” were also observed. When other photocatalysts, light sources,
electrophilic and nucleophilic thiocyanate reagents were evaluated,
low or no product was observed (see ESIt). Replacing chlorobenzene
with other solvents (entries 4 and 5) was not beneficial for the
formation of 2a. Changing the additive (20 mol% of acid or base)
and the reaction time (entries 1, 6-9) had a significant effect on the
outcome of the reaction, and a selective and divergent process to
selectively access 2a (45 min, 72%, entry 1) or 3a (4 h, 91%, entry 9)
was achieved. In the absence of photocatalyst or light, no reaction
occurred (entries 10 and 11) (see ESIT). After establishing the best
reaction conditions, the reaction scope was explored (Scheme 2).
Tertiary (1a-1d) and secondary (1e-1j) benzylic carboxylic acids were
efficiently converted to the corresponding thiocyanates in good
yields (2a-2j). Interestingly, a scale up was conducted in the case
of 1f and the reaction was also possible under flow conditions
affording 2f in a quantitative yield (see ESIf). Primary benzylic
carboxylic acids (1k-1ai) were also suitable substrates for this

TPT (2.5 mol%)

152 Na,COj3 (20 mol%) 1p2
RyR Source | (2 equiv) RV
CO,H SCN
. PhCI .
5}2%%"552':}:)" * competitive site
R R R 2e, R = Me, 94% SCN SCN SCN
2f, R = Et, 9%, 65%,” >99%° SCN
SCN , , 99%, 65%,
28 RS Me, 73%, T2%8 | c 2h, R =CqHs, 78%
a R =Me, 73%, 120 2¢, 74%, 70%2 2d, 81% 2i, 95% 2j, 73% 2k, 70% 21, 72%

2b, R = Et, 60%

o e ay
*
MeO

SCN
Br.

9
Q

SCN /@Ascu /©/\SCN D/\SCN /©/\SCN /©/\SCN
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cl N/ Boc
2ae, 39%" 2af, 45%" 2ag, 59%9 2ah, 29% 2ai, 82% 2aj, 39%9 2ak, 57%" 2al, 55% 2am, 85%
sife Decarboxylative thiocyanation of bioactive molecules 5 TPT (2.5 mol%)
selectivity "\ R1R2 ACOH (20 mol%) e
SCN SCN Source | (2 equiv)
SCN OO COH NCS
* PhCI
MeO 1 5 3
competitive 2ap, 79% 50 C 4h, Ar
Gie 2an, 78%°/ 2ao, 60% from ketoprofen Kessil (456 nm)
from ibuprofen from naproxen
SCN R R NCs
SCN o Cbz
o MeO. { NCS NCS N._NCS
; i o0
Yy 0yt ) : o0
cl ES0) site )\Q\ - o o2 5
competitive selectivity Q cl 2: R _ e 9?) %, 91% 3¢, 86% 3h, 57% 3av, 53%
site , R =Et, 78%
2aq, 64% 2ar, 62%°' 2as, 55°%/ 3at, R = Ph, 68%
from diclofenac from isoxepac from indometacin

Scheme 2 0.3 mmol of 1 was used unless otherwise stated. Isolated yields are provided. 0.2 mmol scale. 3 mmol scale. ©Under flow conditions.

9Product isolated with an inseparable impurity. € No base was added. 74 h. 9
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16 h. " 2ak was isolated with 2g in a 4:1 ratio. 20 min.
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reaction, demonstrating that any substitution pattern for the carbon
bearing the carboxylic acid function was tolerated. Furthermore, the
reaction was compatible with various functional groups, including
halides, azides, or cyanos. Chemoselective functionalization was
also observed with substrates containing active benzylic C-H bond,
such as 1o, 1p, 1z and 1ac affording the desired products in good
yields. In addition, 2p was isolated in 69% yield without any
nucleophilic substitution reaction with the alkyl bromide, illustrat-
ing the complementarity of this approach to existing strategies.
Carboxylic acids containing pyridine (1ag), indole (1ah) and pyrene
(1ai) residues provided the corresponding products 2ag 2ah and 2ai
in 59%, 29% and 82% yields, respectively. The functionalization of
alkyl tertiary carboxylic acids was also achieved. When the reaction
was performed with 1-adamantanecarboxylic acid or 2,2-dimethyl-3-
phenylpropanoic acid, 2aj and 2ak were isolated in 39% and 57%
yields, highlighting the added-value of the approach compared with
existing routes. Finally, thiophenoxy- and phenoxyacetic acids were
suitable substrates, affording 2al and 2am in 55% and 85%,
respectively. This molecular editing strategy allowed the site-
selective late-stage functionalization of several bioactive and
complex molecules (lan-1as, Scheme 2), showing tolerance for
halogen (diclofenac 1aq, indometacin 1as) and ketone (ketoprofen
lap and isoxepac lar). Here again, a significant benefit of this
decarboxylative strategy was further demonstrated with the control
of the site selectivity of the thiocyanation reaction in the presence of
highly reactive benzylic C-H centers as illustrated with the functio-
nalization of ibuprofen 1an and isoxepac 1ar. The selective synthesis
of isothiocyanate derivatives was possible by using a catalytic
amount of acetic acid and extending the reaction time to 4 hours
(Table 1, entry 9). Hence, the phenyl isobutyric acid 1a was easily
converted to the corresponding isothiocyanate 3a in 93% yield.
Tertiary and secondary carboxylic acids were suitable for this
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reaction as illustrated by the synthesis of compounds 3a-3c, 3h,
3at and NCBz-phenylglycine 3av.

Since organocyanates are known to be potent molecular
platform, the SCN residue was readily converted into high
value-added moieties (Scheme 3A). In the presence of TMSCF;
under basic conditions, a Langlois-type nucleophilic substitu-
tion afforded trifluoromethylthiolate compound 4 in 66%
yield.®*'? By reaction with NaNj, a [3+2]-cycloaddition reaction
afforded 5 in 74% yield."'” Furthermore, by replacing reagent I
with the N-selenocyanatosaccharin, the corresponding seleno
adduct 6 was isolated in 87% yield."?

Mechanistic studies were then performed to further under-
stand the transformation (Scheme 3B). First, radical trapping
experiments were performed in the presence of 3,5-di-tert-4-
butylhydroxytoluene (BHT), 2,2,6,6-tetramethyl-piperidine-N-
oxyl (TEMPO) and 1,1-diphenylethylene (Scheme 3B(a)). In all
cases, 2a was observed in a significantly lower yield compared
to the standard reaction conditions and in the last two cases,
the TEMPO-adduct and 2,2-diphenylethenyl thiocyanate were
detected by HRMS (see ESIT). A radical clock experiment was
then conducted starting from 1aw; the ring-opening product 7
along with the isothiocyanate compound 8 were isolated in 45%
and 22% yields, respectively (Scheme 3B(b)). All these results
suggested that a radical pathway might be involved in the
process. A light ON/OFF experiment (see ESIf) (no reaction in
the dark) and the determination of the quantum yield @ = 23
(see ESIT) supported a photoinduced radical chain process.

To further understand the initiation step of the process,
cyclic voltammetry measurements revealed two reduction waves for
N-thiocyanatosaccharin I (Ep* = —0.08 V vs. SCE & Ep® = —1.6 V vs.
SCE), while 1a (with and without base) showed an oxidative
potential (Ep = +2.4 V vs. SCE) (see ESIt). Considering the redox

A. Post-functionalization reactions & extension to the SeCN group

. -N 2
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2k —— 3| 22X — H Ph” YCO,H ~— -~ Ph” “SeCN >0
CH3CN, 40 °C iPrOH, 50 °C SeCN reagent o
20 h, Ar 4, 66%2 2h, Ar - 5, 74%2 1e instead of | 6, 87%7 SeCN reagent
B. Mechanistic experiments C. Plausible mechanism
a) Radical trapping experiments?
[o]
>< X saccharin  CO2M N Q
Ph” O COH PR scN * pn” ones | T OO N oepT S ©
S. TPT RCO’
1a 2a 3a b 70 X 2
standard conditions: 73% / Radical chain o PthOCaItalytlc \/
with BHT: 19% / process (® = 23) ;;’tchea SET
with TEMPO:® 21% / Path b o /
P _di .c o
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TPT (2.5 mol%)
Na,COj (20 mol%) >_<
| ;
Source | (2 equiv) ph/\/\/SCN N o
Ph” > COH PheI Ph”NCS I i @[/(NSCN
1aw 50 °C, 45 min, Ar 7,45% 8, 22% 2 S,
Kessil (400-500 nm) 0 g0
c) Control experiments® ' AcOH 1
2a standard conditions 3a 3a standard conditions no reaction RNCS

100%

Scheme 3 A. Post-functionalization reactions & extension to the SeC

3

N group: On 0.3 mmol scale. Isolated yields were given. B. Mechanistic

experiments: ©On 0.2 mmol scale. ” Determined by *H NMR using 1,1,2,2-tetrachloroethane as an internal standard. Adduct detected by HRMS.

C. Plausible mechanism.
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properties of the organophotocatalyst (TPT) at the excited state
(E(PC*/PC*™) = +2.3 V vs. SCE),"® a first reaction of the photo-
catalyst with the carboxylic acid appears favorable. To elucidate the
formation of the isocyanate derivative, additional experiments were
performed.”” When 2a was used as the starting material, a full
conversion to 3a was observed, whereas no reaction occurred
starting from 3a (Scheme 3B(c)), indicating that 3a might result
from the isomerization of 2a (see kinetic study in the ESI}). In
addition, both light irradiation and acidic conditions were required
for the efficient synthesis of isothiocyanates."”” Based on these
experiments and literature reports,'* a plausible mechanism is
shown in Scheme 3C. After irradiation, the excited state of TPT
participates in a single-electron oxidation with the aliphatic carbox-
ylate (formed by the deprotonation of the carboxylic acid with
sodium carbonate or Ib) or the carboxylic acid under the isothio-
cyanation reaction conditions, to afford the corresponding carbon-
centered radical (R®) after decarboxylation. The reaction with the
source I yields product 2 together with the radical residue (Ia)
derived from saccharin (I). To complete the catalytic cycle, the latter
is then reduced by the radical anion of the photocatalyst (PC* ™) to
regenerate the photocatalyst together with the saccharin anion Ib
(path a). Alternatively (path b), and taking into account the
measured quantum yield (¢ = 23), a radical chain propagation is
likely. Therefore, Ia could also react with the carboxylic acid
according to a HAT event to form the corresponding carboxylic
acid radical, which upon decarboxylation produces the alkyl radical
R*. With respect to the formation of 3, under acidic conditions and
light irradiation, 2 could be fully converted to 3.

In summary, a transition metal-free photoinduced process
has been developed for the divergent and selective synthesis of
thiocyanates (45 examples, up to 99% yield) and isothiocya-
nates (6 examples, up to 93% yield) from a variety of primary,
secondary, and tertiary alkyl carboxylic acids including at
benzylic and on non-activated tertiary positions as well as on
(thio)phenoxyacetic acids. A large number of functional groups
including halides, ethers, cyanos, azides, as well as heterocycles
are compatible with the reaction conditions. Note that this
approach requires no pre-activation steps for the carboxylic
acids, and relies on a simple catalytic system using a catalytic
amount of additives (base or acid) and organophotocatalyst.
The thiocyanation reaction was completed in only 45 min.
Various analogs of bioactive drugs were obtained in an efficient
manner thanks to this molecular editing strategy, and the
method showed a complementary site-selectivity compared
to existing methods. Mechanistic studies were performed and
a photoinduced radical chain process was proposed for this
transformation.
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