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ABSTRACT: An efficient organocatalytic reaction using 1,3-nitro RE

enynes with 4-hydroxycoumarin and 4-hydroxy-6-methyl-2-pyrone to
afford pyrano-annulated scaffolds in high yield (up to 88% yield) and
excellent stereoselectivities (up to >20:1 dr and >99% ee) is
described. The reaction proceeded through sequential conjugate
addition, allene formation, intramolecular oxa-Michael 6-endo-dig
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cyclization and DABCO-catalyzed olefin isomerization. A kinetic
profile for isomerization was established. The mechanism for the organocascade reaction was proposed according to requisite

computational and mechanistic experimental studies.

Enynes are useful building blocks for a variety of synthetic
transformations to generate complex structural skeletons.'
Stereoselective reactions on linear nitro enynes were developed
by combining organo- and metal catalysis in the presence of
various nucleophiles.” Alexakis and co-workers successfully
employed sequential chiral enamine and gold catalysis for
asymmetric conjugate addition of aldehydes to monosubsti-
tuted nitroolefin followed by electrophilic activation of the
triple bond (Scheme 1a).**" The same strategy was used for
conjugate addition of malonates/oxindoles to nitro enynes by

Scheme 1. Strategies for Reaction on Activated 1,3-Enynes

Combination of metal and organocatalysis on activated 1,3-enynes:

(a) Alexakis and Krause:

NO, R2
o — 3, O —
1 OrgCat [Aul,R%OKH RO
\ Ny OrgCat_ [Aul, RPOH
R' R? R! NO,
: R?
o o
— R1
/i - // OrgCat _ [Ag]
X"S0 g

Organocatalysis of activated 1,3-enynes

{c} Zhang:
[o] Ph O Ph O
/
JJ\/U\ —P e R
RZ DMF, 100°C
Ph RO Ph
{(d) This work:

-4 ACS Publications  © 2016 American Chemical Society

Shao™ and Zhou et al.” Recently, Enders et al. developed
various asymmetric protocols by merging organocataly51s with
silver catalysis to afford pyranoannulated pyrazoles, ** naph-
thoquinones,”” coumarins,” and spiropyrazolones®® by using
linear 1,3-nitro enynes, enynones, and 1,5-nitro enynes
(Scheme 1b).* Lewis acidic metal was used to activate the
alkyne group for further transformation.

Numerous strategies for chiral allene synthesis from alkynes
and conjugated enynes were reported aside from sporadlc
examples of asymmetric organocatalytic methods.” The
resulting 1,3-allene is a useful moiety for further site-,
chemo-, and/or stereoselective functlonahzatlon through axial-
to-central chirality transformation.® Melchiorre et al. merged
the in situ allene formation and cyclization reaction under
organo- and silver metal catalysis from branched enynone
precursors to form functionalized furans.” On the other hand,
Zhang’s group developed an organocatalytic protocol to afford
annulated products by using branched activated enynes
(Scheme 1c).* However, the catalytic asymmetric variant
remains a daunting challenge.” In continuation of our
organocascade reactions on a,f-disubstituted nltrooleﬁns,
we envisioned that a-alkynyl-branched nitroolefins'" would be
appropriate Michael acceptors and the resultant electron-rich
nitro propargylic carbon anion would render susceptible
isomerization to nitroallene.'”” We anticipated that further
functionalization might occur in the in situ generated
nitroallenes with an enol as a nucleophilic site (Scheme 1d).

To implement this hypothesis, we attempted the conjugate
addition of 4-hydroxycoumarin 1la across the nitroolefin
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component of the branched 1,3-enyne 2a under bifunctional
squaramide I catalysis. We observed cascade anti-Z-3a, anti-E-
3a, and isomerized (4a) products in 77% overall yield (Z)-3a/
4a/(E)-3a = 2:1:4), and the enantioselectivity of the (E)-3a
was determined to be 95% ee (Table 1, entry 1). Neither the
conjugate addition product nor the resulting nitroallene was
observed under these reaction conditions.

Table 1. Optimization for the Cascade Reaction”
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entry cat. time (h) (2)-3a/4a/(E)-32"  yield® (%) % ee™®
v I 5 2:1:4 77 958
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3 I 4 >20:1:— 56 85
4 I 1.5 >20:1:— 62 89
S v 2.5 >20:1:— SS 61
6 \% 2.5 17:1:— 5SS -91
7" I 5 14:1:— 74 95

“The reactions were carried out with 1a (0.22 mmol) and 2a (0.2
mmol) using organocatalyst (S mol %) at 0 °C in DCM. “Determined
by 'H NMR crude analysis. “Isolated yield. Determmed from chiral
HPLC analysis. “ee for (Z) 3a unless mentioned. Without DABCO
additive. See for (E)-3a. "DABCO addition at 0 °C.

Encouraged by this preliminary observation, we moved our
focus to transforming all three isomers to a plausible single
isomerized product 4a under additional base catalysis. To our
satisfaction, (E)-3a was completely converted into (Z)-3a as a
major product after DABCO (0.4 equiv) treatment."* The (2)-
3a was isolated in 65% yield, and the enantioselectivity was
retained in the diastereoconvergent process (Z)-3a:4a = 19:1,
95% ee) (Table 1, entry 2). Out of the other examined
bifunctional catalysts (II—V), Takemoto’s catalyst V afforded
the antipodal isomer (ent-Z-3a) in moderate yield (55% yield,
(Z2)-3a:4a = 17:1) with good enantioselectivity (91% ee)
(Table 1, entry 6). Furthermore, we attempted to optimize the
reaction with different solvents, catalyst loadings, and temper-
atures by using chiral squaramide catalyst I. The reaction was
not completed even after 6 days at low temperature (—10 °C)
in DCM, and comparable enantioselectivity was observed at
low catalyst loading (1—2 mol %), but only after prolonged
reaction times (36—48 h)."* Further, improvement in chemical
yield of (Z)-3a was observed when isomerization process was
carried out at 0 °C (Table 1, entry 7).

The reaction was generalized by selecting substituted 4-
hydroxycoumarins (1b,c) and 4-hydroxy-6-methyl-2-pyrone le
as nucleophiles with various 1,3-enynes (2b—f) containing
different aryl groups at nitroolefin and alkyne components by
using the optimized conditions (Table 2). The enantioselec-
tivity of the organocascade products with 4-hydroxycoumarin
la was maintained, irrespective of the substituent change either
at nitroolefin or at the alkyne component of the 1,3-enyne.
However, comparable yields and isomeric selectivity were
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Table 2. Substrate Scope”
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entry 1 2 (2)-3:4° yield® (%) % ee®®
1 1la 2b 8:1 79 95 (3b)
2 la 2c 15:1 65 95 (3¢c)
3 la 2d 12:1 88 95 (3d)
4 la 2f >20:1 81 95 (3e)
S la 2g 12:1 77 95 (3f)
6 1b 2a 10:1 74 >99 (3g)
7 1c 2a 14:1 71 92 (3h)
8 1d 2a 5:1 52 95 (3i)
9 le 2a 11:1 80 98 (3j)
10 le 2b 8:1 81 98 (3k)
11 le 2c 9:1 61 98 (31)
12 le 2d 16:1 87 98 3m)
13 le 2e 6:1 58 97 (3n)
14 le 2h 15:1 59 99 (30)
15¢ le 2a 11:1 52 98 (3j)

“The reactions were carried out with 1 (0.22 mmol) and 2 (0.2 mmol)
usmg organocatalyst I (S mol %) at 0 °C in DCM (0.5 M).

YDetermined by 'H NMR crude analysis. LIsolated yield. “Determined
from chiral HPLC analysis. “ee for (Z)-3. 72 days. $Reaction was
carried out with 1.0 mmol scale.

observed for all of the products (3b—f) containing electron-
releasing and -withdrawing groups (Table 2, entries 1—5). The
4-hydroxy-6-methylcoumarin 1b with 1,3-enyne (2a) afforded
the product in good yield with higher enantioselectivity (3g,
74% yield, >99% ee) than that of 6-chloro-4-hydroxycoumarin
1c (3h, 71% yield, 92% ee) (Table 2, entries 6 and 7). The
pyrano-annulated coumarin skeletons are crucial scaffolds
because these are ubiquitous in numerous natural products
and biologically active motifs."* We also used 4-hydroxy-1-
methyl-1,2-dihydroquinolin-2-one 1d as a nucleophile in the
cascade reaction. The reaction was found to be slow, and after a
prolonged reaction time (2 days), the corresponding
pyranoannulated quinolinone 3i was obtained in moderate
yield (52%) with high enantioselectivity (95% ee) (Table 2,
entry 8).

Next, we explore the organocascade process by using the
analogous nucleophile 4-hydroxy-6-methyl-2-pyrone (le) to
obtain pyranopyrones (3j—o). The pyranoannulated pyranones
are 1mp0rtant skeletons because they possess diverse biological
activities."” The 4-hydroxy-6-methyl-2-pyrone (1e) nucleophile
afforded the corresponding products (3j—o) in good yields (up
to 87% yield) with excellent stereoselectivity (97 to >99% ee)
regardless of the electronic characteristics of the 1,3-enynes
(2a—h) (Table 2, entries 9—14). To show the practical utility
of our organocascade process, we attempted large-scale
synthesis of the pyranoannulated pyrone 3j. We obtained the
product in good yield and sustainable enantioselectivity (98%
ee) (Table 2, entry 15). The relative configuration of (E)-3a
was unambiguously establlshed from its single-crystal X-ray
structural analysis (Table 1).'° The stereogenic center of an
aryl group in the pyranoannulated product (E)-3a was
tentatively assigned from Michael addition of 4-hydroxycou-
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marin to nitroolefins under quinine derived squaramide
bifunctional catalysis.'” The configuration of the (Z)-3a was
tentatively assigned from that of its educt (E)-3a.

We performed a few controlled experiments to gain more
mechanistic insights into this organocascade reaction. We
subjected (E)-3a (93% ee) to DABCO-catalyzed conditions to
identify any discrepancy in enantioselectivity before and after
the isomerization process. We isolated the desired product (Z)-
3a in 89% yield without any erosion in enantioselectivity
(Scheme 2a). We also subjected the (Z)-3a isomer to possible

Scheme 2. Controlled Experiments
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exo—endo isomerization under basic conditions and found that
it led to a mixture of (Z)-3a and 4a (8:1) under our optimized
conditions (Scheme 2b). Next, we conducted an isomerization
process in the presence of deuterium oxide to investigate the
deuterium incorporation. The diastereoconvergent process
yielded a (Z)-3aD product containing deuterium at —NO,
and olefinic carbons. This may have been caused by a transient
trans-nitroalkynyl species 12 which would might have arisen
through a highly stereospecific 1,3-proton shift from (R,)-
allenenols 10."*”'® Notably, an untransformed (E)-3aD was
recovered with no deuterium incorporation at olefinic carbon
(Scheme 2c). This indicates the absence of disfavored syn-
nitroalkynyl species 11 which would have arisen upon 1,3-
proton shift from (S,)-allenenols 9. Furthermore, we carried
out a similar study with (Z)-3a and observed deuterium
incorporation at olefinic carbon (Z)-3aD which indicated
dynamic equilibrium between (Z)-3a and (R,)-allenenols 10
under basic conditions (Scheme 2d).

We conducted two individual in situ NMR studies to
understand the organocascade process more deeply. The first
experiment reviewed the entire process and indicated (E)-3a to
be a major isomer vs (Z)-3a with the consumption of nitro
enyne 2a; rapid growth of (Z)-3a was observed after DABCO
addition at the expense of (E)-3a. In the second investigation,
we performed the isomerization process separately with
DABCO addition. Steady growth of (Z)-3a was observed
progressively with the depletion of (E)-3a species."

The formation of intermediates (E)-3a and (Z)-3a with or
without the presence of DABCO was characterized computa-
tionally using density functional theory.'” Experimentally, the
addition of DABCO to the mixture of (E)-3a and (Z)-3a
resulted in the depletion of (E)-3a as shown by NMR
measurement. The barriers of deprotonation by DABCO was
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calculated in respect to the hydrogen bond complexes denoted
as cE-3a-DABCO and cZ-3a--DABCO. The proton-transfer
barrier to DABCO was predicted to be 18.21 and 14.41 kcal/
mol for cE-3a--DABCO and cZ-3a--DABCO, respectively. The
theoretical stability of the proton-transferred structures labeled
as cE-3a”--H'DABCO and cZ-3a™--H"DABCO differed by 1.63
kcal/mol and favored the latter one. Subsequent detachment of
H'DABCO could further stabilize cZ-3a~ by 2.06 kcal/mol
over that of cE-3a™. Substantial steric hindrance was anticipated
and destabilized cE-3a” due to the repulsion between the
phenyl group of allene moiety and the nitro group.

A tentative mechanism can be proposed according to our
mechanistic controlled experiments and computational studies
(Scheme 3). The bifunctional quinine-derived squaramide

Scheme 3. Plausible Mechanism for the Organocascade
Process
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catalyst I delivers the 4-hydroxylcoumarin la nucleophile to
the Si-face of the 1,3-enyne through hydrogen-bonding
interactions with both substrates (la and 2a) as shown in
transition state TS-I. The alkynyl nitronate § undergoes a facile
isomerization to elicit more labile nitroallene 6.'> Subsequently,
a susceptible intramolecular oxa-Michael initiated 6-endo-dig
cyclization evokes a complex E/Z mixture of anti- and syn-
products 3 and 8, respectively. The additional DBACO plays a
vital role in transforming (E)-3a to (Z)-3a. The nucleophilic
base additive performs a dual role, as it deprotonates the more
acidic proton in (E)-3a through a retro-6-endo-dig cyclization to
provide (S,)-allenenol 9, and it also it maintains a dynamic
equilibrium between diastereomeric (S,)- and (R,)-allenenols
(9 and 10).2%%¢ During the process, the intermediate (R,)-
allenenols 10 again undergo oxa-Michael initiated 6-endo-dig
cyclization to afford predominantly (Z)-3a.

In conclusion, we developed an efficient process by using
branched enynes and enols for the formation of annulated
pyrans via central—axial—central chirality transformation.”" The
reaction proceeded smoothly through sequential conjugate
addition, allene formation, intramolecular oxa-Michael 6-endo-
dig cyclization, and DABCO-catalyzed olefin isomerization to
give the desired products in high yields and excellent

DOI: 10.1021/acs.orglett.6b01265
Org. Lett. 2016, 18, 3098—3101



Organic Letters

stereoselectivities. The study of a-alkynyl-substituted nitro-
olefins in organocatalytic reactions is currently underway.
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