[n]

W) Check for updates

Adva
Synthesis &
Catalysis

FULL PAPER

DOI: 10.1002/adsc.202001510

Copper-Catalyzed Decarboxylative Alkylselenation of Propiolic
Acids with Se Powder and Epoxides

Yujing Yao," Caihong Wang,** Yunfei Ma,” Jintao Zhang," Dong Sun,**
Luya Chen,* Lehao Huang,* and Ge Wu®™ > ¢*

School of Pharmaceutical Sciences,

Wenzhou Medical University,

Wenzhou 325035, People’s Republic of China

E-mail: wangcaihong@wmu.edu.cn; sundong@wmu.edu.cn; wuge@wmu.edu.cn
State Key Laboratory of Structural Chemistry,

Fujian Institute of Research on the Structure of Matter,

Chinese Academy of Sciences,

Fuzhou, Fujian 350002, People’s Republic of China

State Key Laboratory for Chemistry and Molecular Engineering of Medicinal Resources,
Guangxi Normal University,

Guilin, 541004, People’s Republic of China

Manuscript received: December 3, 2020; Revised manuscript received: January 27, 2021;
Version of record online: Februar 9, 2021

Supporting information for this article is available on the WWW under https://doi.org/10.1002/adsc.202001510

Abstract: A copper-catalyzed decarboxylative alkylselenation of propiolic acids with Se powder and epoxides
leading to alkynyl selenides is developed. This protocol not only provides an approach to obtain alkynyl
selenides with the formation of double C—Se bonds, but also expands the applicability of alkynyl carboxylic
acid.
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Introduction

Alkynyl selenides compounds are intriguing fragments,
that served as building blocks transformed into various
polyfunctionalized vinyl selenides!"! and precursors for
anti-inflammatory drug molecules.”” Therefore, various
methodologies were developed to construct novel
alkynyl selenides with the formation of new C—Se
bonds.”) One representative reaction is the copper-
catalyzed decarboxylative C—Se cross-coupling, where
highly reactive selenating reagents such as phenyl
selenocyanate!” and seleno Bunte salts’™ were used
(Scheme 1A). However, issues are accompanied by
unstable selenating reagents, expensive catalytic sys-
tems and narrow scope of substrates, limiting the
development of selenium-containing
pharmaceuticals.!” Pan et al. described a three-compo-
nent reaction to prepare S-arylselanyl-1,2,3-triazoles
from propiolic acids, diselenides and azides via
decarboxylative selenation and subsequent intermolec-
ular click reactions.”” However, a prevailing challenge
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in copper-catalyzed decarboxylative selenation of
propiolic acids with diselenides is the chemo-and
region-selectivity to generate tri-selenide alkenes™
(Scheme 1B). Thus, a new approach for transfering
alkynyl carboxylic acids into C,—Se bonds would be
significant to organic synthesis and pharmaceutical
science.

Given our long-term interest in the difunctionaliza-
tion of elemental selenium,”’ we aimed to find a new
pathway for the alkylation of alkynylselenyl anions.
This approach could nicely address the polyselenation
of alkynyl carboxylic acids by avoiding the use of
electrophilic diselenides.”®! Therefore, we proposed a
copper-catalyzed three-component cascade coupling of
alkynyl carboxylic acids, Se powder and epoxides
(Scheme 1C). As a blueprint of our design, we
assumed that copper-catalyzed decarboxylative selena-
tion of alkynyl carboxylic acids with elemental
selenium could generate alkynylselenylcopper species.
Moreover, intermolecular nucleophilic ring-opening
reactions could appear by these key intermediates with
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(A) Previous works: single C-Se bond formation

Cu(OAc); (5 mol%)
Ag>CO3 (1.0 equiv)

Ph—==—CO,H + Ph—SeCN NP 190G J0h Ph—==—SePh
Cul (20 mol%)
R-=—CO,H + NaO;S-Se-R2 —£9COxKPOs oy o oo

DMF, 130 °C,12h
prior preparation of selenating reagent poor functional groups tolerance
expensive catalytic system narrow substrate scope

(B) Challenge: over-selenation

R— com ArSeSen Cul(10 mol%) ArSe,  SeAr
= + -
2 rSeSeAr Cs,CO3 (2.0 equiv) K seAr
NMP, 120 °C
(C) Our work: double C-Se bonds formation
0 =—-Se R
CuCl
— — e
R—==—CO,H *+ Se + Qv%* —-oH
, R H,0, 50 °C R?
! A
i decarboxylation o :
. yAANE
' Se RRZ’ '
R—=—CulL -----—=--o-e- - lR = SeCuL} -----------
insertion coupling nucleophilic

ring-opening
@ Se as selenating reagent
@ water as solvent

green catalytic system
Spectrum functional group tolerance

Scheme 1. Copper-catalyzed decarboxylative selenation of al-
kynyl carboxylic acids.

epoxides to access P-alkynylselenyl alcohols. As a
result, this transformation could provide a straightfor-
ward and efficient protocol to access structurally
diverse alkynylalkyl selenides by forming two C—Se
bonds, expanding the new applicability of alkynyl
carboxylic acid.

Results and Discussion

Phenylpropiolic acid 1a, Se powder and glycidyl
phenyl ether 2 a were chosen as substrates to verify the
feasibility of copper-catalyzed three-component decar-
boxylative C—Se cross-coupling reactions. After the
extensive screening of reaction parameters, it was
found that the expected product 3a was isolated in
91% yield when using CuCl, as the catalyst, 1,10-phen
as an efficient ligand, Cs,CO; as base and TBAI as
phase transfer catalyst in H,O at 50°C (Tablel,
entry 1). CuCl, was essential to this reaction (entry 15),
but other copper salts, such as Cu(OAc), CuBr,, CuCl
or Cul showed relatively low efficiency, and only
Cu(OAc), gave comparable yields (entries 2—5). The
pK, of base greatly influenced this transformation
(entries 6-8). Presumably, base plays an essential role
in the deprotonation of carboxylic acid and activation
of elemental selenium. Next, the effect of reaction
solvent was investigated, whether strong polar, weak
coordination or apolar solvent were unsuitable for
current three-component reactions (entries 9—11). It
was found that switching TBAI to TBAB significantly
affected the reaction outcome (entries 12). Besides,
2,2'-bipyridine instead of 1,10-Phen did not enhance
the product yield (entry 13). Moreover, the trans-
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Table 1. Reaction optimization.™

OH
CuCly, phen, Cs,CO3 Pno\)\/ Se

Ph—=——CO,H +

Se + A
£A__oPh

TBAI, H,0, 50 °C, air \Ph
1a 2a 3a

Entry  [Cu] Base Solvent  Yield (%)™
1 CuCl, Cs,CO; H,O 91

2 Cu(OAc), Cs,CO4 H,0 77

3 CuBr, Cs,CO; H,O 32

4 CuCl Cs,CO; H,0 56

5 Cul Cs,CO; H,0 41

6 CuCl, Li,CO, H,0 22

7 CuCl, Na,CO; H,O 25

8 CuCl, K,CO;, H,0 38

9 CuCl, Cs,CO; DMSO 14

10 CuCl, Cs,CO; CH,CN 22

11 CuCl, Cs,CO;4 toluene 0

120 CuCl, Cs,CO; H,0 68

13 CuCl, Cs,CO; H,O 83

14 CuCl, Cs,CO; H,0 0

150 CuCl, Cs,CO, H,0 80

16 CuCl, H,0 0

17 Cs,CO; H,0 0

[l Reaction conditions unless specified otherwise: 1a
(0.2 mmol), Se (0.6 mmol), 2a (0.6 mmol), CuCl,
(0.02 mmol), 1.10-phen (0.02 mmol), Cs,CO; (0.6 mmol),
TBAI (0.4 mmol), H,O (2.0 mL), under air, 50°C, 24 h.

) Isolated yield.

) TBAB instead of TBAL

41 2,2"-bipyridine instead of 1,10-phen.

[e

[

I The absence of TBAI.
T The absence of 1.10-phen.

formation was completely shut down, when the
reaction was performed in the absence of a phase
transfer catalyst (entry 14). Besides, the yield of
product 3a was slightly decreased in the absence of
ligand (entry 15). Finally, when the reaction was
performed in the absence of copper salts or base, no
target product was detected, suggesting that these
factors played indispensable roles in promoting decar-
boxylation and in the formation of double C—Se bonds
(entries 16—-17). It is worth mentioning that vinyl
selenides via copper-catalyzed decarboxylative C—Se
cross-coupling,!'®! ring-opening halogenating
reaction'™ of epoxides with TBAI and oxidative
decarboxylative homocoupling!*! of aryl propiolic
acids were not observed in all cases.

With the optimized reaction conditions in hand, we
set out to examine the scope of propiolic acids for
copper-catalyzed three-component decarboxylative al-
kylselenations (Scheme 2). Generally, it was noted that
arylpropiolic acids bearing electron-donating substitu-
ents (3a, 3b, 3d and 3f) showed much higher
reactivity than those bearing electron-deficient sub-
stituents (3¢, 31, 3m-30). This observation suggested
that the high efficiency of current transformation relies

© 2021 Wiley-VCH GmbH


http://asc.wiley-vch.de

FULL PAPER

asc.wiley-vch.de

Adva
Synthesis &
Catalysis

Q CuCl,, phen, Cs,CO5 pho._h_ se
R—==—CO,H Se +
2 £ _oPh TBAI, H,0, 50 °C, air x
1 2a 3a-3p
Se, Se, .Se,
- - X
on XTI XN X
X= pPho,
N R Bu
R=H,3a,91% 3c, 78% 3d, 94%
R = Me, 3b, 95%
.Se, -Se, .Se, .Se Cl
Ph OMe F
3e, 73% 3f, 90% 3g, 62% 3h, 82%
Se -Se, Se, Se

3i, 85%

.Se,
Eaet

R = CO,Me, 3m, 70%
R = CFs, 3n, 61%

3 Reaction conditions unless specified otherwise: 1 (0.2
mmol), Se (0.6 mmol), 2a (0.6 mmol), CuCl, (0.02 mmol),
phen (0.02 mmol), Cs>CO;3 (0.6 mmol), TBAI (0.4 mmol),
H,O (2.0 mL), under air, 50 °C, 24 h. Isolated yields are
given.

3k, 80%

.Se,
-
W/

30, 64%

3p, 81% no reaction

Scheme 2. Propiolic acids scope.™

on substituents’ innate electronic effect on the benzene
ring. To our delight, various important functional
groups, such as alkyl (3b-3d), halogen (3g-3k),
phenyl (3 e), cyano (31), ester (3 m) and trifluoromethyl
(3n, 30) were well-tolerated, which indicated good
compatibility of this protocol. It was delightful to
observe that sterically hindered 3-mesitylpropiolic acid
(3¢) could smoothly undergo decarboxylative alkylse-
lenation to give a corresponding product with high
efficiency. Besides, heteroaromatic propiolic acid (3 p)
was also viable and provided the expected product in a
good yield. However, 2-butynoic acid could not be
accommodated under the standard reaction conditions.
Unfortunately, the current catalytic system could not
be extended to the alkynyllkylation of sulfur or
tellurium, even after systematic optimization of reac-
tion conditions.

Subsequently, various epoxides were also evaluated
to investigate their role in this methodology, and the
results were summarized in Scheme 3. Generally,
various glycidyl aryl ethers were successfully engaged
in these transformations to access the targeted alkyny-
lalkyl selenides with moderate to good yields. Also,
the copper-catalyzed ring-opening alkynylselenation of
epoxides displayed a broad-spectrum functional group
tolerance, such as different halogen (4b, 4c¢ and 41),
trifluoromethoxy (4e), thiomethyl (4f) and amine
(4h), providing a useful platform for further trans-
formation of selenium-containing products. Notably,
the substrate (4g) bearing nitro group that could
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R! R?

e} CuCl,, phen, Cs,CO, X se
Ph—=—COH + Se + LR HO N\
2 R2 TBAI, H,0, 50 °C, air \Ph
1a 2 4a4p
Y= $=—ph

OH OH OH
YvSe\/\/o\Q\ v 39\/@0\©\ v Se\)\/O\Q
Cl Br OMe

4a, 92% 4b, 87%

OH OH OH
Se.
Y'SE\)\/O\Q sze\)\/o\@ y'SEJ\/O\Q\ Y
OCF, SMe NO,

4e, 77%

4c, 75% 4d, 94%

OH

Ao

NEt,

4f, 56% 49, 72% 4h, 83%

Y,Se;t/o /v\)oi/o\©::> sze\ji/Q\/@ Y,Se\/OC/O\Q\F

4i, 90% 4j, 78%

OH o
oH o\ Y,Se\)\/o \)Oi/ QMe Yege “
s o
o Tn 5D =0 eodh
3
o

4m, 91%

4k, 81% 41, 82%

4n, 78%
from Carvacrol

40, 84%
from Guaiacol

4p, 56%
from Estrone

) Reaction conditions unless specified otherwise: 1a
(0.2 mmol), Se (0.6 mmol), 2 (0.6 mmol), CuCl, (0.02
mmol), phen (0.02 mmol), Cs2CO3 (0.6 mmol), TBAI
(0.4 mmol), H»O (2.0 mL), under air, 50 °C, 24 h.
Isolated yields are given.

Scheme 3. Epoxides scope.™

undergo the nucleophilic substitution with chalcogen'""!

also worked well and afforded the corresponding
product with satisfactory yield. Heterocycle substituted
oxirane (4m) was also a feasible substrate for
alkynylselenation with good efficiency. Furthermore,
this protocol could be applied to an array of structur-
ally more-complicated molecules, such as carvacrol
(4n), guaiacol (40) and estrone (4p) derivatives,
which indicated the applicability and versatility of
current catalytic systems. Encouraged by the versatility
of our catalytic alkynylselenation of epoxides, we
turned our attention to examine other commonly used
nucleophiles, such as indole, benzoxazole, arylboronic
acid as cross partners, to achieve the new type cascade
of three-component reaction. Regrettably, the prepara-
tion of the target compound has not yet been obtained.

As shown in Scheme 4, the prominent feature of
this reaction is that the large-scale reaction makes the

Scale-up experiment: OH

0 CuCly, phen, Cs,CO3
Se LA _oph o
TBA, H,0, 50 °C, air

1a, 10.0 mmol 2a

=
i

PhO\/I\/SE\ (.

X

h [ )

3a, 66%, 2.19 g :
v

Ph—==—COH +

Late-stage selenation of bioactive molecules:

SOL
Se, TBAI, H,0, 50 °C, air
HO,C z PhO” Y sé
OH

[¢]
SOL

=
5a, 6%

CuCly, phen, Cs,CO53

from estrone

Scheme 4. Gram-scale reaction and late-stage selenation of
bioactive molecules.
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research strategy more reliable and immense applica-
tion prospects. This protocol was also further applied
to the late-stage selenation of bioactive molecules,
alkynyl carboxylic acid from estrone, which is one of
the major mammalian estrogens, which has shown
selective decarboxylative alkylselenation to give the
corresponding product in good yield.

A series of controlled experiments were designed to
elucidate the reaction mechanism and the sequence of
multi-component cascade reactions (Scheme 5). With
the addition of 3.0 equivalents of TEMPO to perform a
radical-probing experiment (eq. 1), it was found that
the efficiency of the reaction was not significantly
affected, which excluded the radical-mediated prog-
ress. Two sets of blank tests were conducted and
investigated by GC-MS, and a mixture of phenyl
propionic acid with selenium powder under the
standard reaction condition (eq. 2), a certain amount of
1,4-diphenylbuta-1,3-diyne and cis-5-phenyl-2-
(phenylmethylene)-1,3-diselenole!'? were detected. It
is worth noting that the reaction of epoxides with Se
powder under the optimized reaction conditions
(eq. 3), only gave the vicinal diol product via
nucleophilic ring-opening reactions. This result sug-
gested that the possibility in situ formation of alkynyl-
copper intermediate could undergo the selenium
insertion reaction. When using 10 mol% phenylethynyl
copper as catalyst (eq. 5), 61% yield of corresponding
product was isolated, which suggested the alkynylcop-
per may be the key intermediate, which was further
supported by the stoichiometric reactions (eq.4).
Furthermore, cesium 3-phenylpropiolate reacted with
Se powder and epoxide under the standard reaction
condition to give the target compound in good yield
(eq. 6). This reaction showed that cesium carbonate
played an essential role in the deprotonation of alknyl
acids and promoted the activation of selenium with
copper salts.

Based on the above experimental results and
relevant works of literature, a plausible reaction
mechanism for copper-catalyzed three-component de-

standard -

[o}
Ph—==—CO,H + Se + Y (eq. 1)
2 £ _0Ph TEMPO (3.0 equiv) 3a,67%
standard Se Ph
Ph—==—COH + Se /[ = + Ph—=—=—Ph (eq.2)
Ph” S€ g
detected by GC-MS detected by GC-MS
o standard OH
pro A\ + e —eaclion condions pho._L__oH (eq. 3)
6b, 77%
Ph C R phen, Cs,CO.
=-Cu + Se + oph —Phen.Cs;COs - 5. oag
e TBAI, H;0, 50 °C, air @ 13% (q.4)
2 Ph—==—Cu (10 %)
Ph—=—COH + Se + = J
2 € £ OoPh phen, C5,C0; 3a,61% (eq. 5)
TBAI, H,0, 50 °C, air
o standard
Ph—=—C0,C: Se + 9
2Cs + e £A_oph without Cs,CO3 %a, 55% (ea-6)

Scheme 5. Preliminary mechanism investigation.
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carboxylative alkylselenation reaction was proposed
(Scheme 6). The decarboxylation of the alkynyl
carboxylic acid with the copper catalyst appears first to
produce alkynylcopper species A with the release of
equivalent CO,. Then, this intermediate A undergoes
the ligand exchange with Se’~ and disproportionation
to form the key intermediate C,”'"! and reductive
elimination and recoordination of alkynylselenyl
anions with copper salt to generate alkynylselenylcop-
per species D. Finally, the critical complex D under-
goes nucleophilic ring-opening reactions with
epoxide!' to provide the target compounds and release
the copper catalyst.

Conclusion

The first example of copper-catalyzed decarboxylative
alkylselenation of alkynyl carboxylic acids with Se
powder and epoxides were described. It provides a
concise and distinct protocol to access a variety of
functionalized alkynyl selenides. Meanwhile, cheap
and readily available elemental selenium was used as a
selenating reagent. Moreover, copper catalyst playing a
multi-role in this reaction, effectively broadened the
scope of difunctionlization of Se atom with the
formation of two C—Se bonds. Furthermore, this
transformation’s apparent feature was the use of water
as solvent, sustainable catalytic system, excellent func-
tional group compatibility and late-stage alkynylsele-
nation of small bioactive compounds, which would
advance the synthetic applications and new drug
development.

Experimental Section

General experimental procedures of copper-catalyzed decarbox-
ylative alkylselenation of propiolic acids with Se powder and
epoxides: in a 25 mL Schlenk tube equipped with a stir bar
were placed propiolic acids (0.2 mmol), Se (0.6 mmol), epox-
ides (0.6 mmol), CuCl, (0.02 mmol), 1,10-phen (0.02 mmol),
TBAI (0.4 mmol), Cs,CO; (0.6 mmol) in H,O (2 mL), then the
Schlenk tube was plugged with a Teflon screwcap. The reaction
mixture was stirred at 50°C for 24 h. After it was cooled, the
reaction mixture was diluted with 10 mL of ethyl acetate, and
filtered through diatomaceous earth, followed by washing the
pad of silica gel with the same solvent (20 mL). The organic

3Se + @OH- -disproportionation 2862+

2=+ 3H,0
reactions Se0q 2

Ar—==—CO,H Se”

cu'X, Ar—=—Cu'X, ——— = Ar—=—Cu'XSe"
decarboxylation ligand exchange
OH A B
< R! "
Ar—=—Se R? » disproportionation |~ Cu
o) nucleophilic / oxidation cu
RN ring-opening u
R2
cu'lX. C“;i(
= u X2 — g — s e
{0
Ar *D SeCu’ coordination T Teductive elimination ' U XSe&
Cc

Scheme 6. Proposed mechanism.
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phase was dried over Na,SO,, filtered, and concentrated under
reduced pressure. The residue was then purified by flash
chromatography on silica gel to provide the corresponding
product.
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