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ABSTRACT: Unprecedented selenium-catalyzed propargylic oxidation of alkynes is disclosed. Various propargylphosphonates
and 3-alkynoates were efficiently converted to valuable ynones via unusual C-C triple bond migration and deselenenylation at a
vinyl carbon. By the strategies of tautomerization of enamine intermediate and Sn2 displacement, the similar conditions were effec-
tive for the oxidative difunctionalization of ynamides to afford multisubstituted oxazoles with high regioselectivity. Mechanistic

studies revealed these detailed processes.
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Alkynes are useful building blocks in organic synthesis owing
to the versatile reactivities of C—C triple bonds.® They can be
converted to a variety of compounds by the powerful strategy
of catalytic m-activation.?® In the past decades, alkyne 7-
activation has been dominated by metal catalysis.? Recently,
the activation by organocatalysts such as Brensted acids, or-
ganoborons,* and organoiodides,® has been paid much atten-
tion since organocatalysis might enable new reactions.® De-
spite these efforts, approaches for organocatalytic challenging
alkyne transformations are still limited. Thus, developing new
methods of organocatalytic alkyne m-activation to meet the
requirement of synthetic diversity is highly desirable.

Organoselenium catalysis has emerged as a powerful tool
for the synthesis of various compounds.”* As an important
part in this field, selenium-w-acid catalysis through electro-
philic interactions between selenenium and = bond is different
with peroxyseleninic acid catalysis probably through oxygen
transfer to m bond.”™7" This catalysis has garnered considera-
ble attention in recent years since selenium-r-acid exhibits a
distinct carbophilicity to alkene m bond.® As a result, catalytic
oxidative functionalization of alkenes has been well estab-
lished.®%° Generally, this transformation goes through nucleo-
philic ring opening of seleniranium intermediate and then oxi-
dation of alkyl selenium species followed by syn-H elimina-
tion or Sn2 displacement (Scheme 1a, top). Alkynes have
similar = bonds to alkenes, which implies the potentiality of
oxidative transformation by selenium-n-acid catalysis. How-
ever, selenium-m-acid catalyzed reactions of alkynes were
considered to be challenging. Until now, only catalytic oxida-
tion of alkynes to form protected and unprotected 1,2-
diketones has been reported.!* Important reactions such as
selenium-n-acid catalyzed propargylic functionalization and
difunctionalization of alkynes have not been developed
(Scheme 1a, bottom).
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c) This work: selenium-Tt-acid catalyzed propargylic oxidation and N,O-
difunctionalization of alkynes

_ R*
0 /\R Rl—=—R3 *
1 R R*—=N, H,0 0" N
RN () K=hho | on
R2 Oxidant Oxidant
R2 = PO(OR),/COOR R3®=NRR" R" R®

Scheme 1. Selenium-zw-Acid Catalyzed Transformations of
Alkenes and Alkynes

Restricting the development of this area might be ascribed
to two issues: (i) vinyl cation, a resonance structure of sele-
nirenium, is much less stable than a secondary carbocation
from seleniranium resulting in a limited range of nucleo-
philes;*? (ii) deselenenylation of vinyl selenium species re-
quires harsh oxidative conditions in which substrates and
products could not tolerate to lead to more side reactions.?1
As our continuous interest in chalcogenide catalysis,* espe-
cially selenium-rn-acid catalysis,'® we would like to solve these
issues by new strategies to pave a route for oxidative function-
alization of alkynes. We hypothesized that the limited range of
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nucleophiles resulted from the less stability of vinyl cation
could be handled by using an intramolecular nucleophile to
reduce the energy barrier or a heteroatom-substituted substrate
to stabilize vinyl cation via p-m conjugation. Since N-F type
oxidants were effective in mild deselenenylation of alkyl sele-
nium species with good compatibility,® it might be suitable
for deselenenylation of vinyl selenium species, which is the
most challenging step for alkyne functionalizations. By using
N-F/diselenide system, we rationalized that challenging pro-
pargylic functionalization and difunctionalization of alkynes
were feasible based on the diverse conversion of vinyl seleni-
um intermediate in Scheme 1b. If R? on vinyl selenium inter-
mediate | is an electron-withdrawing group, tautomerization
becomes easier to give I1. At the same time, the acidity of the
vinyl proton increases, which could benefit the following -H
elimination to give the final product 111 (Scheme 1b, left).
Furthermore, we envisioned that when | is an enamine, tau-
tomerization occurs to generate alkyl selenium species 1V.
The following oxidative deselenenylation at the sp® carbon by
Sn2 displacement is easier. Then, a second tautomerization
forms C-C double bond to give a difunctionalization product
V (Scheme 1b, right). Herein, we report our discovery that
propargylphosphonates and 3-alkynoates could undergo un-
precedented propargylic oxidation to afford ynones by seleni-
um-z-acid catalysis (Scheme 1c, left). The similar conditions
was effective for oxidative N,O-difunctionalization of yna-
mides to give oxazoles (Scheme 1c, right).

Table 1. Condition Evaluation?

H H (RSe), (10 mol%) Q
-~ PO(CEt),  Oxidant, H,0, Solvent Ph™ ™

Ph 1a Temperature, 12 h 2a PO(OEt),
i Me k
N N PhO,S, /NE OCOCF;|
T Y S /AL
3 |I: NE ||: ©OTf PhO,S F 2BF, OCOCF3i
f ngg:’ [[mg}{]][[gg:]] [PYFIOT] NFSI Selectfluor PhI(TFA),
entry R oxidant solvent  temp. (°C)  yield (%)b

1 Ph [TMPY][OTf] MeCN RT

2 Ph [TMPyY][OTf] MeCN 45 21

3 Ph [TMPY][OTf] MeCN 80 65

4 Ph [TMPy][BF;] MeCN 80 61

5 Ph [Py][OTf] MeCN 80 69

6 Ph NFSI MeCN 80 49

7 Ph Selectfluor MeCN 80 51

8 Ph PhI(TFA), MeCN 80 24

9 Ph [Py][OTf] EtOAc 80 69
10 Ph [Py][OTf] DCE 80 72 (70)
11 p-MeOCeH;  [Py][OTf] DCE 80 48
12 p-CF3CeH,4 [Py][OTf] DCE 80 65
13 Bn [Py][OTf] DCE 80 46
14° [Py][OTf] DCE 80 0

aCondltlons la (0.05 mmol), (RSe)2 (10 mol%), oxidant (2.2
equiv), solvent (2 mL), H20 (2.0 equiv), temp., 12 h. PRefers to
NMR yield with BzOBn as the internal standard; isolated yield is
in parentheses in 0.15 mmol scale. °No (RSe)2.

Based on our assumption, placing phosphonate group, a
class of important functional groups,® at the propargylic posi-
tion of substrate could benefit tautomerization and dese-
lenenylation to afford propargylic functionalization product.
So we began our study with easily prepared diethyl (3-phenyl-
2-propynyl)phosphonate (1a) as the model substrate using a
N-F/diselenide system (Table 1). First, 1la was treated with

bulky N-F oxidant [TMPy][OTf] in the presence of PhSeSePh
(10 mol%) at room temperature. H,O was used as nucleophile
to generate propargylic alcohol as expected product. Instead, a
propargylic oxidation product 2a was formed via triple bond
migration and further oxidation of hydroxy group (entry 1).
Although the yield was only 5%, this result reflected that dese-
lenenylation of vinyl selenide could occur and propargylic
functionalization was possible. To accelerate deselenenylation
of intermediate, reaction temperature was elevated. When the
reaction was carried out at 80 °C, 2a was obtained in 65%
yield (entry 3). Other oxidants were tested for the reaction
(entries 4-8). [PyF][OTf] gave slightly better yield (entry 5)
and NFSI led to moderate yield (entry 6). In both reactions,
competitive byproducts that could be possibly formed by the
addition of endogenous nitrogen nucleophiles to substrates
were not observed.®®!% Next, different solvents were tested
(entries 9 and 10). DCE was found to be slightly more effec-
tive than MeCN and EtOAc, and led to 70% isolated yield of
2a (entry 10). When water or ethanol was utilized as the sol-
vent, ynone product was not observed and most of starting
material remained after the reaction. Other catalyst precursors
of diselenides were evaluated. None of them gave better re-
sults than (PhSe), (entries 11-13). The reaction did not work in
the absence of diselenides (entry 14). It is noteworthy that
there are rare methods available for the synthesis of phospho-
nate-substituted ynones.'® Our method is a significant supple-
ment.

Table 2. Substrate Scope for Propargylic Oxidationa

H H (PhSe), (10 mol%)
2
/<R J\

[PYF][OTf] (2.2 equiv)
H,0 (2.0 equiv), DCE

R 1b-w 80°C, 12'h 2b-w
(0] (0]
| |
\
0(OMe), O(OPr), 0(0"Bu),
2b, 66% 2c, 67% 2d, 64%

2e, R =2-Me, 71%
2f, R = 3-Me, 67%
2g, R = 4-Me, 64%
2h, R =4-F, 70%

2i, R = 4-Cl, 65%

2j, R = 4-Br, 74%

2K, R = 4-CF3, 64%
2I, R = 4-CO,Me, 60%

u&

O (0]
Me l
\ Me s
O(OEt), PO(OEt), Me PO(OE),
2m, 48% 2n, 42% 20, 55%

2r, R'= 2-MeCgH,4, 69%

2s, R' =3-MeCgHy, 85%
)\ 2t, R' = 4-MeCgH,, 72%

COR J\ 2u, R'="Bu, 57%

2p, R = Et, 86% COEt 2y, R! = CH,CH,CH,CI, 41%
2q, R = cyclohexyl, 71% 2w, R' = Bu, 54%
aConditions: 1 (0.15 mmol), (PhSe)2 (10 mol%), [PyF][OTf] (2.2
equiv), DCE (6 mL), H20 (2.0 equiv), 80 °C, 12 h. For the reac-
tions of 3-alkynoates, 1 (0.10 mmol) and [TMPyF][OTf] (2.2
equiv) were used.

With the optimal conditions in hand, the scope of propar-
gylphosphonates was evaluated (Table 2). Different dialkyl 3-
phenylpropargylphosphonates efficiently underwent oxidative
migration to afford ynones 2b-d in good yields. Substituents
such as Me—, F—, Cl-, Br—, CFs—, and MeO,C- at the para-,
meta- or ortho-position of the phenyl group did not have a big
impact on this transformation. The corresponding aryl-
substituted ynones were obtained in good yields (2e-1, 60-
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74%). 3-Alkylpropargylphosphonates including 1o bearing a
bulky tert-butyl group also underwent the same migration to
form ynones 2m-o in moderate yields. In comparison with aryl
alkyne substrates, alkyl alkynes with less reactivities gave the
products in lower yields. Although the yields are moderate,
these results indicate the generality of this method. To the best
of our knowledge, this work is the first example of catalytic
conversion of sp® C-P to sp C-P bond. Besides, 3-alkynoates
could also be transformed to the corresponding ester-
substituted ynones under the similar conditions (2p-w, 41-
85%). Similarly, the reactions worked better with aryl-
substituted substrates (1p-1t) than alkyl-substituted those (1u-
1w).

Table 3. Substrate Scope for N,O-Difunctionalization?

R3
(PhSe), (10 mol%) )§
R'—=—R? + R3-CN + H,0 - O °N
Selectfluor (1.2 equiv) —
3a-w RT,12h R'ga-wR?
Me Me Me
O)%N 4a, PG = Ms, 86% )\ )\
4b, PG = SO,Ph, 80%
)7( 4c, PG =Ts, 83% /‘ '\ ) (
PH N-Bn 4d. PG = Ns, 87% _( N-SO,Ph

) , ,

PG 4e, 94% o Phozs 4f, 55%

Me Me -
Me Ar = r,f\

Ph
4i, 92%®
@ ﬁ
N Ar
ag,79%° [ 4h ezo/b Phozs 4j, 68%"
2

Me R=

- W\ L gy "

Ph ,\I—R Me Et
Ns 4k 91% 41,94% 4m,71% 4n, 69% 40, 93%°
by
I eplearealas
R FsC
/ 4p, 96% 4q, 95% 4r+4r', 91%9 4s, 89%
Ns (1o:1y’
L
/\/'272_ Cl & &, 0N
Ph H/ .
4w, 46%
4t, 82% 4u, 92% 4v+4v', 45%9  Ph ;\J—Bn
(6.5:1) N

aConditions: 3 (0.10 mmol), (PhSe)2 (10 mol%), Selectfluor (1.2
equiv), H20 (1.0 equiv), R3CN (8 mL), RT, 12 h. P[PyF][OTf]
(1.2 equiv) was used as the oxidant; MeCN (4 mL). ‘TBDMS
protected alcohol was utilized as the substrate. “Regioisomers
were formed.

j\ (PhSe), (10 mol%) R_ o H
Selectfluor (2.2 equiv) m/
1
R H\ H,0 (1.0 equiv), MeCN N\/>—<E) )
RT,12h
5a-c 6a-c

6a, R = Ph, 94%; 6b, R = PhCH=CH, 90%; 6¢, R = Bn, 87%

To stabilize vinyl cation from selenirenium and promote
tautomerization of enamine intermediate, ynamides were se-
lected as substrates and acetonitrile was used as nucleophile
and nitrogen source. To our delight, a formal difunctionaliza-
tion product, polysubstituted oxazoles, was formed by this
selenium-n-acid catalysis. The reactions could run with Select-

fluor as the oxidant at room temperature (Table 3). It is well-
known that oxazoles are privileged scaffolds in natural prod-
ucts and bioactive molecules.!” Although cycloaddition of
alkynes is a facile method to form oxazoles,®° the known
multicomponent cycloaddition of ynamides to substituted oxa-
zoles suffered from limited substrate scope.*®" In comparison,
the scope of our reaction is relatively broad. In the reactions, a
series of protecting groups, i.e., Ms—, PhSO,—, Ts—, Ns—, and
carbamate, on the nitrogen atom were well tolerated (4a-e, 80-
94%). Ynimides and ynamines underwent the similar cycload-
dition to give the products nicely (4f-h, 55-79%). When N-aryl
and -alkyl ynamides even bearing a double bond or another
triple bond that could be reactive in selenium catalysis were
used, the reactions worked efficiently without the influence of
the functional groups except that the reaction of TBDMS-
protected ynamide 30 gave the deprotecting product 4o (4i-o,
68-94%). The effect of various substituents on the triple bonds
was studied. It was found that electron-rich and -deficient aryl,
heteroaryl, styryl, and functionalized alkyl groups were well
tolerated (4p-u, 82-96%). It is noted that when terminal yna-
mide substrate was used, the reaction still worked well to give
regioisomer oxazoles (4v+4v', 45%, 6.5:1). When butyroni-
trile was used as solvent, the desired product could be ob-
tained. In addition, the conditions were effective for the syn-
thesis of oxazoles in an intramolecular way. When N-
propargylamides 5 were utilized, cyclization gave oxazole
aldehydes 5a-c in excellent yields (eq. 1).

Me Ph
/,\ijcozlvle N)§N
Ph L PO(OEH), Ph)l\/KPo( oEn,
7a, 74% \a __________ l:f/ 7b, 91%
. o T . Ph\N_N
<= Ph Cy
y 2\\a PO(OEt), .-~ PhMpo(OEt)Z
7, aast!;,O(OEt)2 Ja T N 7c, 80%
N“ N-Bn H\N_N
BZHPO(OEt)Z PhMPo(oEt)z
7e,61% 7d, 83%

Conditions: (a) Methyl 3-aminocrotonate, EtOH, rt, 5 h. (b) Benzamidine-HCI, K,CO3,
MeCN/H,0, RT, 30 min. (c) PANHNH, or HoNNH»-H,0, EtOH, 0 °C, 10 min; then
reflux, 1 h. (d) BnN3, PhMe, 110 °C, overnight. (e) 1-Aminopyridinium iodide, KoCO3,
DMF, RT, 1 h; then RT under air, 14 h.

Scheme 2. Further Transformations of Ynone 2a

The obtained phosphonate ynones are good precursors for
the synthesis of valuable heteroaryl phosphonates. For exam-
ple, ynone 2a could be easily converted into polysubstituted
pyridines, pyrimidines and pyrazoles via condensation reac-
tions (Scheme 2, 7a-d). When it was treated with BnN; or 1-
aminopyridinium iodide, the direct cycloaddition products,
triazole 7e and pyrazolo[1,5-a]pyridine 7f, respectively, were
efficiently formed in excellent regioselectivity.

To elucidate the reaction mechanisms, control experiments
have been conducted. When 1a was treated with 50 mol% of
(PhSe); in the presence of different amount of [PyF][OTf] at
different temperature, a selenenylated intermediate 8 with
single configuration was formed, and its yield relied on the
amount of [PyF][OTf] and was slightly affected by tempera-
ture (eqg. 2). The more the oxidant was added, the more 8 was
formed. Intermediate 8 could be deselenenylated to give ynone
2a by oxidation (eq. 3). Elevating temperature favored the
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deselenenylation process, which is consistent with the results
that higher yields were attained at 80 °C in Table 1. The 0O
labeling experiments were also conducted. The reaction of la
with H,0 gave B0 labeled pyrimidines, which indicates that
the 80 from H,'®0 was transferred to the phosphonate group,
not triple bond motif (eq. 4). This process offers a good route
for the synthesis of aromatic compounds bearing an 2O-
labeled phosphonate group. Similarly, a selenenylated inter-
mediate 9 was formed when ynamide 3d was treated with 50
mol% of (PhSe), and Selectfluor. As expected, oxazole 4d was
formed in high yield through the deselenenylation of 9 with
equimolar Selectfluor. When Hy®O was used, '*O labeled
oxazole was generated, which indicates that the oxygen on
oxazole comes from H,O.

(PhSe), (50 mol%) o
[PyF][OTf] ( x equiv) PO(OEL),
/\PO(OEt)Z — )
Ph H,0 (2.0 equiv), DCE Ph
1a Temp., 12 h 8 SePh

RT, x=0.5, 19%; x = 1.0, 43%. 80 °C, x = 0.5, 19%; x = 1.0, 37%

s [PyF][OTf] (1.0 equiv) 2a 3)
DCE, Temp., 12 h
RT, 36%; 80 °C, 64%
Ph
(PhSe), (10 mol%) o) Condition b PY
a [PyF][OTf] (2.2 equiv) )l\ in Scheme 4 N| SN @
Hy®0 20 equiv) 0 Xy Ph)\%P“’O(OEt)

P180(OEt),

MeCN, 80 °C,12h 180-2a, 71% 180-7b, 93%
80% isotopic purity
O
(PhSe), (50 mol%)
Ns Selectfluor ( 0.5 equiv) Ph HN—{
Ph N\ — Me (5)
Bn HO(10equv) MeON — ppo/ -
3d : B 9,24%
(PhSe), (10 mol%)
Selectfluor (1.2 equiv) Selectfluor (1.0 equiv)
H,'80 (2.0 equiv), MeCN MeCN, RT 12h
Ny, RT, 12 h
187X 180y o \
O_N ,O4d’.89/°. 4d. 92% O_
)—< 81% isotopic purity )—(
PH N-Ns PH N-Ns
Br Br

Based on the mechanistic studies and previous reports,? pos-
sible mechanisms for the formation of ynones and oxazoles
are depicted in Scheme 3. First, PhSeSePh is oxidized by N-F
reagent to give electrophilic species PhSeX. It reacts with al-
kyne 1a to form selenirenium ion A% followed by the attack
of the phosphonate group in an intramolecular way to yield
intermediate B. Equilibrium between B and C exists and can
be broken by the nucleophilic attack of H-O to form alcohol D
with the aid of base.?! Then, the oxidation of the hydroxy
group on D towards carbonyl group gives intermediate 8. Af-
ter the oxidative syn elimination of selenium motif and hydro-
gen via intermediate E, ynone 2a is formed and the catalyst is
regenerated. It is noted that catalytic deselenenylation via sp?
C-Se bond cleavage was realized for the first time.® The
mechanism for the formation of oxazoles is somewhat differ-
ent. A stable keteniminium ion G is first formed via selenire-
nium ion F. After the nucleophilic attack of acetonitrile and
the hydrolysis, intermediate 9 is formed. Due to the tautomeri-
zation, intermediate | is generated. It can be further oxidized
to species J. A Sn2 displacement of the selenium group by the
carbonyl group and the isomerization with the aid of base
leads to oxazoles 4 and the catalyst species. Interestingly, this
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Sn2 displacement is superior to the competitive s-H elimina-
tion in all the reactions of alkyl ynamides.

H,0 P PyH][X
Eto,/ 2 y  [PyHIIX]
¥ OFEt
@~ _P OH PO(OEt),

o=
Ph/‘\% X € Ph)\/ D
/ SePh SePhy\ E

[PYFI[OTf]

eq o/ [PYH][OTf] + HF
®O,P O PO(OEt),
o
=/ X ® © ph N 8
Ph B Seph F—NR3Z = [PyF][OTf]
e X = OTF, if Y = F or vice versa SePh byFoTh
\ /éva
0 /PO(OEt),
ol
[ POEY, 2a P
Ph
— PyHILY ,
. PYHIY] S E o o
Se X F—NR; Z
Ph \< Tio® /
PhSeX '/ (PhSe),
/{’i 3d o N\ NR; + PhSeY
+ 5 Bn
BF4 [ReNHILY SEXTF

Ph- Se - Ph
|: B J \\
NR3/7( Ph Ns
or Me

Selectflu ® © C=N® G
O=< F—NR3Z = Selectfluor PhSé€ XC—) Bn
Ph N X =BF,, if Y =F or vice versa
> /( MeCN
Phs¢  N-Ns HZO\' Me
|
Bn \ o @//
Ph N
Ph HN—4 NS
— Me -
N—N
phsd N-Ns ~ 7\ FhSe A
B 9 NR; " H
[RsNH][X]

Scheme 3. Proposed Mechanism

In summary, we have developed an efficient method for se-
lenium-n-acid catalyzed synthesis of ynones with pro-
parylphosphonates and 3-alkynoates via oxidative triple bond
migration. The similar conditions could be applied to the syn-
thesis of multisubstituted oxazoles by an oxidative difunction-
alization. Mechanistic studies revealed intramolecular oxygen
transfer and oxidative elimination of PhSe group at the sp?
carbon in the formation of ynones as well as the conversion of
sp? C-Se to sp® C-Se bond and a Sy2 displacement in the for-
mation of oxazoles. Our discovery enriched the mechanism of
selenium catalysis and promoted further design of new reac-
tions by selenium-=-acid catalysis.
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