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ABSTRACT: This work describes three different strategies to structurally /—\\ :(:> = COH o :(j\
. * — » N-O —_— N

rearrange one 3-alkylidene-2H-1,2-oxazine molecule into three distinct heterocycles

/

using HOTT, propiolic acid, and silica gel, respectively. The mechanisms of these Ph,N:O L abie) PH
rearrangement reactions involve three independent routes, including (i) Bronsted /Sioz \Hoﬂ
acid catalysis, (ii) a synergetic action of Brensted acids and anions, (iii) a surface- N

directed chemoselectivity.

B ronsted acids (H"X™) are versatile at mediating numerous
rearrangement reactions via carbocation intermediates,1
including the well-known pinacol, Wagner—Meervein, Nazorav,
Mannich—aza-Cope, and epoxide/carbonyl rearrangement. A
recent advance in Brensted acid catalysis is to employ chiral
anions X~ to induce high enantioselectivity by ion pairing.” In the
context of acid-catalyzed rearrangements, the reaction efficiency,
chemoselectivity, and stereoselectivity rely largely on the cation
centers (eq 1). Anions typically alter the chemoselectivity
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through an interception or deprotonation of carbocations (eq 2).
This work assesses anion- and surface-directed chemoselectivity,
in addition to a traditional route. Herein, anions catalyze the
transformation of initial cations ([H-S’]*X”) into new
carbocations [H-S'']*X” (eq 3), whereas catalyst surface
controls the conformation of the ion pair ([H-S']'X") to
activate a new chemoselectivity.

Metal-catalyzed [4 + 2]-cycloadditions of dienes with
nitrosoarenes deliver 3,6-dihydro-4H-1,2-oxazines’ that are
powerful building units to access many naturally occurring
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products.” To expand the utility of this renowned system, we
report three new rearrangements of a closely related family, 3-
alkylidene-2H-1,2-oxazines, using HOTY, propiolic acid, and
SiO,, respectively, furnishing new useful heterocycles, including
Z-configured N-phenyl pyran-3(6H)-imine 4 (P,), pyrrolidin-2-
one 6 (P,), and Z-configured 3-(1H-indol-2-yl)prop-2-en-1-0l §
(P;). Mechanistically, the HOTf reaction (3 — 4, eq 4) follows a
typical Bronsted acid catalysis, and the SiO, reaction (3 — §, eq
S) is implemented by silica surface. Particularly notable is the
internal redox rearrangement (3 — 6, eq 3), activated by a
synergetic action of HY/X" S

Regioselective [4 + 2]-cycloadditions of alkenylallenes with
nitrosoarenes in 1:1 molar ratio proceeded smoothly in THF (25
°C, 5—60 min). In a typical operation, the solution were
evaporated to dryness, followed by washing with hexane to afford
pure 3-alkylidene-2H-1,2-oxazines 3a—r in 74—99% yields (see
Table S1). The reactions proceeded also well in other solvents;
compound 3a (R' = Ph, R* = R® = Me) was obtained in
satisfactory yields in CH;CN (99%), dichloromethane (DCM,
99%), toluene (87%) and CHCl; (99%). The structure of
compound 3a was confirmed by X-ray diffraction to reveal a Z-
olefin configuration. This regioselectivity is consistent with a 1,4-
diradical path, according to our recent investigation.’

R2
e _ 3
R’ QLRS . AN THE e R )
O "
R2 rt, 5-60 min N
17 examples Ar” O
1 (1 equiv) 2 (1 equiv) 3a-3r (74-99%)

We explored new rearrangements of nitroxy species 3a using
varied Bronsted acids (see Table S2); selected examples are
provided in Table 1. A strong acid such as HOTf (1.0 equiv, 25
°C, S min) afforded of Z-configured N-phenylpyran-3(6H)-
imine (4a) in 83% yield (entry 1), but moderate acids such as 4-
nitrobenzoic acid, trifluoroacetic acid, N-triflateproline, and
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Table 1. Acidity versus Chemoselectivity

Ph
aC|d N O.
PR Y PR 4 b N %/
N Toce N N~
Ph t/tme ~ Ph7 O PR % pp
4a 5a OH 6a

entry acids equiv.  t°C/time 32 42  Sa 6a
1 HOTf 1 25°C/ 5 min - 83
2 CF;COH 0.2 25°C/10h - - 20 41
3 =—CO,H 0.2 60°C/1h - - 14 61
4 4-NO,PhCOH 1 60°C/10h - - 17 43
S Q‘COZH 1 60°C/28h - -- - 60

*

6 silica gel 10 25°C/1h . - (67/65)"
7 silica gel“ 10 60°C/24h 95

“3a = 0.025 M. "Acetic acid, benzoic acid and proline were inactive
catalysts to give 3a in 95—98% recovery. “Silica gel was obtained from
Slhcycle (silicaflash G60) and Merck (Geduran Si 60) respectively.

USilica gel (Silicycle) was treated with Et;N (2 mol %) in THF (8 h)
before filtration and washing with hexane.

propiolic acid preferably gave the distinct pyrrolidin-2-one 6a in
41—-61% yields, with propiolic acid being the most effective
(entries 2—5, Table 1). Weak acids, including acetic acid, benzoic
acid, and proline (1 equiv) in hot DCE (60 °C, 36 h), led to only
a 95—98% recovery of initial 3a (Table S2). Astonishingly, silica
gel (10 equiv, Silicycle) in DCE enabled another new
rearrangement of species 3a to furnish Z-configured 3-(1H-
indol-2-yl)prop-2-en-1-ol (Sa) in 67% yield. Silica gel from a
different source (Merck) showed a similar result (entry 6).
Notably, Et;N-pretreated silica gel became inactive (entry 7). In
the case of compound 4a, its treatment with silica gel (10 equiv)
and propiolic acid (20 mol %) in DCE (25 °C, 10 h) did not yield
the other two heterocycles, but afford the its hydration product.
Accordingly, Brensted acid (H*) alone was responsible for the
formation of N-phenyl pyran-3(6H)-imine (4a) whereas
pyrrolidin-2-one 6a requires a cooperative action of Brensted
acid and carboxylate anion. For indole derivative Sa, its formation
is presumably relevant to the surface structure of silica gel with its
very weak acidity being indispensable.

Shown in Scheme 1 is the rearrangement of nitroxy
compounds 3b—r using HOTf; all of these instances gave
satisfactory results. In a standard operation, compounds 3 were
first produced from alkenylallenes and nitrosoarenes in
equilmolar proportion in DCM (25 °C, 5—60 min); the solution
was subsequently treated with HOTf (1 equiv) to afford Z-
configured N-phenyl pyran-3(6H)-imine (4b—r) in 82—92%
yields. A small loading of HOTf (20 mol %) led to the imine
hydration of products 4. We examined the rearrangement of
trisubstituted nitroxy heterocycles 3b—e bearing various 4-
phenyl groups (X = OMe, Me, Cl, CF;) that were satisfactorily
rearranged to compounds 4b—e in 82—88% yields (entries 1—4);
"H NOE confirmed a Z-configured imine of compound 3a. This
rearrangement worked well with nitroxy species 3f,g bearing 3-
phenyl groups (X = OMe, Cl) and a 2-naphthyl group to afford
desired compounds 4f—h in 80—92% yields (entries S—7). The
reactions were applicable to species 3i and 3j bearing alterable R*
and R? substituents, producing pyran-3(6H)-imines 4i and 4j in

Scheme 1. HOTf-Mediated Rearrangement of Nitroxy Species
3

R?
R2
RINNR | TIOH N R3
17N, (1 equiv) N
R R3 + N o _q.
R2 t, 560 min DCM, 1t R* RO

5-60 min
1 (1 equiv) 2(1 equw) “ 3b-3r 4b-4r

2-Np” SO
(7) 4h (10 min, 80%)

x= OMS (@b, 5 min, 85%)2 (5) X = OMe (4f, 15 min, 92%)
(2) X = Me (4o, 5 min, 85%) (6) X = Cl (4g, 15 min, 85%)

(3)X = Cl (4d, 5 min, 88%) ,
R (8) R2 = Ph, R® = Me (4i, 15 min, 82%)
ph’Nj\)ﬁ/R (9) R2 = Me, R® = H (4, 5 min, 90%)

(4) X = CF5 (4e, 1 h, 82%)
(10) R% = H, R® = H (4k, 5 min, 0%)

Ph Ph

P NS

X" O (14) X = Me (40, 5 min, 85%)
(11) X = Me (41, 5 min, 80%) IS/ (15) X = OMe (4p, 5 min, 90%)
(12) X = i-Pr (4m, 5 min, 85%) /©/ (16) X = Cl (4q, 15 min, 92%)
(13) X = Cy (4n, 5 min, 82%) (17) X = COEt (4r, 30 min, 81%)

“3 = 0.025 M. “Product yields are reported after purification from a
silica column.

82—90% yields (entries 8 and 9). We observed no reaction for
species 3k bearing R? = R® = H (entry 10). We varied the R’
group with methyl, isopropyl and cyclohexyl as in compounds 31-
3n, rendering compounds 41—n in 80—85% yields (entries 11—
13). Various nitrosoarenes (X = Me, OMe, Cl, and CO,Et) were
applicable to these reactions to afford desired products 40—r in
high yields (81—92%, entries 14—17).

A silica-mediated rearrangement proceeded well with all
nitroxy species 3b—r to yield Z-configured indole products Sb—r
smoothly (Scheme 2). This new rearrangement was applicable to
additional 4-phenyl 3b—e (X = OMe, Me, Cl, CF;) and 3-phenyl
3f,g (X = OMe, Cl) and 2-naphthyl 3h analogues, affording the
desired indole analogues Sb—e, Sfig, and Sh with yields
exceeding 52% (entries 1—7). The molecular structure of the
acyl derivative of species Sc was characterized with X-ray
diffraction to reveal a Z-configured allylic alcohol. This indole

Scheme 2. Silica-Mediated Rearrangement of Cyclic Nitroxy
Species 3
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o (5) X = OMe (5f, 2 h, 88%)°
(1) X = OMe (5b, 0.5 h, 68%)? (6)X=Cl(5g, 3h, 84%)°
(2) X = Me (5¢, 1 h, 52%, X-ray?)
(3)X=CI(5d.1 h, 95%)°
(4) X = CF (5e, 8 h, 62%)°
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{ R? OH OH
N Ngs (1) X = Me (81, 1 h, 84%)° (14)X = Me (S0, 0.5, 61%)
A (15) X = OMe (5p, 0.5 h, 45%)

(12) X = i-Pr (5m, 1 h, 82%)¢
OH (13) X = Cy (5n, 1 h, 86%)

(8) R? = Ph, R®= Me (5i, 1 h, 85%)°

(9) R? = Me, R®=H (5j, 1 h, 96%)

(10) R2=H, R3=H (5k, 1 h, 80%)

(16) X = Cl (59, 0.5 h, 82%)
(17) X = COEt (5r, 0.5 h, 72%)

“3=0.02M. bX-ray diffraction was performed on the acyl derivative of
compound Sc “The reaction was performed at 60 °C under standard
conditions.
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synthesis was applicable also to nitroxy species 3i—k bearing
variable R? and R substituents, delivering compounds Si—k in
high yields (entries 8—10). For species 31—n bearing variable
alkyl substituents at the R' position (R' = methyl, isopropyl and
cyclohexyl), the reactions delivered indole products Sl—n in 82—
86% yields (entries 11—13). Various 4-substituted nitro-
sobenzenes allowed a substituent onto the C(5)-carbon of
indole derivatives So—r over a broad scope (X = Me, OMe, Cl,
CO,Et, entries 14—17).

The rearrangement of nitroxy species 3b—r into pyrrolidin-2-
ones 6 with propiolic acid (20 mol %) is very striking; herein,
three instances were unsuccessful (entries 9, 10, and 14, Scheme
3). The propiolate anion catalyzed a redox rearrangement via a

Scheme 3. Propiolic Acid-Catalyzed Rearrangement

3
O AR
2 2 1
R . ¥ | 20mo% R RO
% R DCE R,WR =—CO,H O%/Ra 4 R!
+ — —_— X R2
t, 5-60 mi . N~/
11 equiv) 60 min A No 60°Cth AT N\
N Ry N N gs
o 3 6 H
"2 (1 equiv) 5
Ar=axpn O

(1) 8b (X = OMe, 21%),
4b' (56%), 5b (6%)*°

K "'—@—x (2) ¢ (X = Me, 38%),
4c' (50%), 5¢ (5%)

O%/ (3) 6d (X = Cl, 72%),
N 5d (12%)
N~/ (4) 6e (X = CF3, 86%)

O\ X (5) 6f (X = OMe, 65%), O\ (7) 6h (52%, X-ray),
\ 5f (9%) 5h (19%)
o (6) 6g (X = CI, 78%), MN—,
59 (12%) Ph =
(14) 60 (X = Me, 45%),

O%/Rs Oﬁ/ O%/ (X = g
N—/ N N 40' (42%), 50 (5%)

PR o “,___ (15)4p' (X = OMe, 85%),

" Ph3 PH R oh o

(8) 6i (R =Ph, R® = Me, (11) 61 (R = Me, 88%) (16) 6q (X = CI, 72%)
i G am R =Py (17) 6r (X = CO,E, 74%)

(9) 6j (R2=Me, R®=H,0%) (13)6n (R =_Cy, 82%)

(10) 8k (R? = H, R® = H, 0%)

“Three = 0.025 M. “Product yields are reported after purification from
a silica column.

transfer of two OCH, protons to the R"HC=N olefin. This
rearrangement was applicable to species 3b—e bearing various R*
= 4-XC4H, substituents, with X = Cl, CF; being more effective
than X = OMe and Me (entries 1—4). For their 3-phenyl and 2-
naphthyl analogues 3f,g and 3h, their expected products 6f,g and
6h were obtained in 52—78% yields (entries S—7). The
molecular structure of compound 6h was elucidated with X-ray
diffraction. We varied R* and R? substituents as in species 3i—k
(entries 8—10); only species 3i was an applicable substrate to
form compound 6i in 70% yield. For nitroxy species 3l—n
bearing R' = methyl, isopropyl and cyclohexyl, their internal
redox products 6l—n were obtained in high yields (82—90%,
entries 11—13). For various nitrosobenzenes, we found that
electron-rich phenyl species 30 and 3p were less efficient than
their electron-deficient analogues; their respective yields were 0—
45% and 72—74%, respectively (entries 14—17). Based on these
data, this redox rearrangement is more favorable for those nitroxy
species bearing an electron-deficient R'HC = N bond to avoid an
N—O cleavage as for the HOT{ reaction.

Fluvastatin (Lescol) is an important member of the class of
statin drugs which is used for the treatment of hyper-
cholesterolemia.” We employed our silica gel reaction on
allenylalkene lo to synthesize an indole derivative Ss in 60%
yield (Scheme 4). This species was treated with i-Pr], followed by

Scheme 4. A Formal Synthesis of Fluvastatin

F 1) DHP, cat. PPTS
1) 1 equiv CHCN, 1t 4 h 10 mol %
PhNO 2) i-Prl, NaH (60%) Fe(NO3)3.9H,0
THF, N, 1t DMF, 0 °C~rt 10% TEMPO
30 min 12h 10% NaCl
_—
2) silica N 3) cat. PPTS O, (1 atm)
F rt, 4 h MeOH, rt, 12h DCE, it, 5h

10 (50%)

CHCIS ref [1 0]
2 days

Z8 (72%) E-8 (100% EIZ>19:1)

Fluvastatin

a suitable oxidation to afford Z-7 selectively.” The Z — E
isomerization was nearly complete when species Z-8 was
dissolved in CDCI; for 2 days. A formal synthesis of fluvastatin
with species E-8 is well documented.”

We added D, 0 in the two rearrangement reactions as depicted
in eq 7. In the cases of HOTT, the resulting products 4a and 4a’
contained no deuterium at all, but in the case of propiolic acid,
resulting compound d-6a contained three deuterium contents (X
=0.50D,Y=0.33D,and Z = 0.77 D). This information indicates
that product 4a arises from the protonation of the N—O oxygen
of species Z-3a, whereas propiolic acid preferably protonates at
the PhAHC= carbon, reflecting two distinct mechanisms.

CX,

o
=COH b 5
Ph” ANFEN (1 equw Ph R 20 mol % N—.,
—_— Ph/ "“LZ 7)
D,0 (2 equiv) N\o D,0 (2 equiv) dea’ Ph
OCE Z.3a DCE  x=050D,Y=033D
25°C,1h 60°C,4h z=077D

The mechanism of the HOTf-mediated rearrangement likely
involves a typical N—O bond cleavage because of the high acidity
(Scheme 5)."” The resulting aza-allylic cation A undergoes a

Scheme 5. HOTY and Silica-Mediated Reactions

facile C—C rotation to form its conformer A’, which is
subsequently attacked by the hydroxyl group to form N-
phenylpyran-3(6H)-imine 4a with an observed Z-geometry. In
the case of the silica reaction, the N—O group of species 3a
interacts easily with the hydroxyl group of silica surface without a
N-O cleavage. The increasing electrophilicity of the nitroxy
oxygen induces an intramolecular cyclization as shown in state B
to generate species C and ultimately the observed indole product
Z-5a.

The relevant mechanism in the 3a — 6a rearrangement
became resolved with a D,O experiment (eq 7). The three
distinct contents of d-6a indicate the varied stages of the D,0O
deuteration. Propiolic acid is a weak acid that cannot cleave the
N-—O bond, but its carboxylic anion is a weak base to show a
synergetic effect, as depicted in state D (Scheme 6). We believe
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Scheme 6. Cooperative Action for Propiolic Acid

D
Q N Ph ‘ X
_» Ph @) N “
No + 7 retro 6-1  Ph” E o)
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D \
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W H fast
+DX fast
-HX Ph =
* Taza *N
NX Nazarov Ph” /‘H oD'

deuterium
content :D>D'>D">D"™

that the weakly O-bound propiolic acid D abstracts one O—CH,
proton, whereas another propiolic acid delivers a proton to the
PhC== carbon, affording a hypothetical 2H-1,2-oxazine species E
that remains unknown.'' A 67 retro-electrocyclization'” of
highly unstable species E generates 4-imino-2-en-1-al species F
that undergoes protonation to yield azapentadienyl cations G or
G'. The C(3)-methyl of species G’ can undergo a deuterium
exchange via intermediate H. A final aza-Nazarov cyclization'” of
cation G or G’ affords pyrrole product J and, ultimately, the
observed product 6a. According to this reaction sequence, the
deuterium content of compound 6a follows the decreasing order
D > D" > D', compatible with our observed data of species d-
6a.

In summary, we have successfully developed three molecular
rearrangements of 3-alkylidene-2H-1,2-oxazines using HOTH,
silica gel and propiolic acid, affording N-phenyl pyran-3(6H)-
imine 4, pyrrolidin-2-one 6, and Z-configured 3-(1H-indol-2-
yl)prop-2-en-1-ol §, respectively. Our experimental data suggest
that the reactions with HOTT represent a typical acid catalysis,
enabling a N—O cleavage of cyclic nitroxy species. Silica enables a
distinct rearrangement with its surface acidic sites to increase the
electrophilicity of the nitroxy oxygen. The reaction with propiolic
acid involves a synergetic action of H" and X".
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