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Abstract: The highly enantioselective NHC-catalyzed [3+2]
annulation reaction with a,(3-alkynals and a-ketoesters has
been developed. A new mode of cooperative catalysis involving
the combination of a chiral Brgnsted acid and a C,-symmetric
biaryl saturated-imidazolium precatalyst was required to
generate the desired vy-crotonolactones in high yields and
levels of enantioselectivity.

H omoenolate additions to various electrophiles catalyzed
by N-heterocyclic carbenes (NHCs)™! represent an enabling
class of transformations that have been employed for the
construction of complex hetero- and carbocyclic systems
through unconventional reactivity achieved by Umpolung.”
While significant advancements have been achieved through
this approach, only a limited number of reports on NHC-
catalyzed homoenolate additions involving alkynyl aldehydes
have appeared. In 2006, Zeitler reported the NHC-catalyzed
redox esterification of alkynal aldehydes® and subsequently
Bode, Xiao, Du, and Alexakis independently reported NHC-
catalyzed oxidative transformations of alkynals.! Common to
these studies is the protonation of the allenolate intermediate
to afford activated, electrophilic o,B-unsaturated carbonyl
intermediates. To date, the complimentary reaction of nucle-
ophilic NHC-bound allenolates and electrophiles to forge
new C—C bonds at the f§ position of the alkynal has received
significantly less attention.”! There have been a few pioneer-
ing studies of this type of reaction, however, the development
of efficient and highly enantioselective methods has remained
elusive. For example, the She group recently extended the
NHC/Lewis acid catalysis concept and reported an approach
for the relatively unselective [342] annulation of alkynals and
B,y-unsaturated o-ketoesters to generate y-crotonolactones
with low stereoinduction.”! Independently, the Snyder group
has shown the potentially powerful application of the
allenolate reactivity through NHC/Lewis acid catalysis for
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diastereoselective annulation reactions toward the securinega
family of alkaloids.™"

Cooperative NHC catalysis has been employed as a strat-
egy to expand the capabilities of NHC catalysis and has
resulted in marked improvements in efficiency and selectivity
in several cases. Notably, the use of NHC/Lewis acid or
Brgnsted acid cooperative catalysis for enhancing selectivity
and incorporating previously inactive reaction partners has
seen significant success.® Despite the demonstrated utility
of chiral Brgnsted acids (CBAs) for a variety of asymmetric
transformations,” ' the combination of NHCs and chiral
Brgnsted acids represents new opportunity for small molecule
activation. Herein we report a general cooperative NHC/
chiral Brgnsted acid strategy to achieve a highly enantiose-
lective addition of alkynals to a-ketoesters (Figure 1).

We postulated that the lack of reports detailing NHC-
catalyzed reactions with alkynals in new C—C bond-forming
processes might be explained by the nature of the allenolate
intermediate,'” wherein this transient species is rapidly
protonated rather than productively interacting with a more
complex electrophile. We envisioned that under a more
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Figure 1. NHC-catalyzed annulation ofalkynals.
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efficient mode of activation, a-ketoesters could be a suitable
class of allenolate acceptors. Hence, the combination of
alkynal 1a with a-ketoester 2a in the presence of lithium ferz-
butoxide and IMes-Cl as precatalyst was explored (A, Table 1,

Table 1: Optimization of reaction conditions.”!

o] o] 20 mol% azolium 2
R )H‘/OM o 20 mol% co-catalyst o
N / B 40 mol% LiO'Bu &Lw v
o - €Oz
1a 2a THF, 23 °C Ph 32 Ph

Entry Azolium Co-catalyst Yield [%] e.r
1 A - no reaction -
2 B - trace -
3 B LiCl (1 equiv) 24 -
4 B F 54 52:48
5 C - trace n.d.
6 C F 90 79:21
74 C F 85 90:10
8l D LiCl (1 equiv) 34 89:11
9l D F 85 93:7
101 D G 85 91:9
11 D H trace n.d.
121 E F 52 92:8
134 D ent-F 84 93:7
141 D rac-F 74 91:9
151 D | 77 89:11
169 C F trace n.d.
1744 C F no reaction -
18l4e C F no reaction -
191 C J no reaction -

[a] Conditions: Ta (0.05 mmol, 1 equiv), 2a (1.5 equiv), azolium

(0.2 equiv), phosphoric acid (0.2 equiv), LiOtBu (0.4 equiv) in THF
(0.15m) at 23°C for 48 h. [b] Determined by GC-MS with n-dodecane as
internal standard. [c] Determined by HPLC analysis. [d] 4 A molecular
sieves (M.S.) were used at 0.014 M concentration in THF. [e] 20 mol %
LiOtBu was used. [f] NaOtBu was used as the base instead of LiOtBu.
[g] Mg(OtBu), was used as the base instead of LiOtBu. Entry in bold
marks optimized conditions.
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entry 1). These conditions did not produce any of the desired
product. However, the use of saturated imidazolium
(SImes-Cl) B afforded trace amounts of butenolide 3a
(entry 2). Guided by our previous NHC/Lewis acid studies,
a slightly improved yield was observed with one equivalent of
lithium chloride (entry 3).7 Even though the reaction yield
was poor, this result indicated that lithium cations may be
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activating methyl benzoylformate toward addition. The
introduction of chiral Brgnsted acid F (20 mol % ) with achiral
NHC from B produced a significant increase in yield (54 %),
but the annulation product was effectively racemic (entry 4).
We then turned our attention toward exploring the use of
a chiral NHC in combination with a chiral Brgnsted acid
(CBA). While established chiral triazolium-based NHC
catalysts are ineffective for this transformation (see the
Supporting Information), it became apparent that C;-sym-
metric biaryl saturated-imidazolium-derived NHC catalyst C,
originally developed by the Hoveyda group,'*'¥ provided the
desired product in excellent yield (entry 6). Indeed, the use of
these 2,3-dihydroimidazole-2-ylinene structures in carbene
catalysis is far less developed than their imidazolium- and
triazolium- derived counterparts. Interestingly, conducting
the reaction under more dilute conditions in the presence of
molecular sieves resulted in a further enhancement in
enantioselectivity (from 79:21 to 90:10 e.r., entry 7). With
these intriguing results in hand, we investigated various C;-
symmetric biaryl saturated-imidazolium precatalysts, with the
highest yield and enantioselectivity observed with catalyst D
(entry 9). The introduction of more sterically demanding aryl
or naphthyl groups on the chiral phosphoric acid, such as G
(i.e., (S)-TRIP) and H, or on the imidazolium salt, such as E,
resulted in decreased reactivity and enantioselectivity
(entries 10-12). Therefore, precatalyst D and chiral phospho-
ric acid F were chosen as our optimized catalysts for further
study (entry 9). The use of the (R)-phosphoric acid instead of
its (S)-enantiomer did not diminish catalyst reactivity and
enantiomeric ratio, thereby indicating a lack of an expected
match/mismatch relationship between the phosphoric acid
chirality and the NHC (entry 13). However, racemic phos-
phoric acid F provides the desired product with slightly
decreased yield and enantioselectivity (entry 14). At our
current level of understanding of this complex reaction, we
assume that unexpected inactive species might be formed
between the lithium ion and the (R)- and (S)-phosphate that
generates the product in lower yield and a slightly decreased
enantiomeric ratio. Clearly, this is a multivariable system and
further investigations to delineate more fully the specific roles
of the lithium cation, NHC, and Brgnsted acid/chiral phos-
phate are ongoing. In addition, achiral phosphoric acid I can
also serve as a co-catalyst, albeit with diminished yield and
selectivity (entry 15). However, other Brgnsted acids, such as
4-nitrobenzoic acid, did not provide any desired product
(entry 19).

To gain further information about the role of the CBA, the
reaction was performed using a decreased amount of base
(20 mol %; Table 1, entry 16). This modification provided
only trace amounts of the product. Considering the pK, values
of the azolium and Brgnsted acids, > it is likely that under
these conditions phosphoric acid F would be deprotonated
initially, and the NHC might not be generated in high enough
concentrations from the azolium salt precatalyst. A second
aspect is whether the lithium cation is involved in organizing
the transition state”"'”! or if lithium rert-butoxide was simply
acting as a base. To probe this possibility, sodium fert-butoxide
or magnesium di-tert-butoxide were employed as the base, but
no product was obtained, suggesting the involvement of the
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lithium cation in the reaction mechanism (entries 17 and 18).
Furthermore, ¥ P NMR spectroscopy was employed to probe
the state of the phosphoric acid/phosphate under the reaction
conditions, and we observed a noticeable change in chemical
shift of phosphoric acid F in the presence of LiOrBu (see the
Supporting Information for details). Notably, alkali or
alkaline salts of BINOL-derived phosphates are known as
efficient catalysts !>l and in some cases, the counterion
plays a significant role."® ') Based on this precedent, our
working hypothesis is that the lithium ion coordinates the
phosphate and a-ketoester, and could be part of an activation
system under the reaction conditions (see Figure 1).
Subsequent to these initial mechanistic probe experi-
ments, the scope of this formal [34+2] annulation was explored
(Table 2). The reaction is tolerant of both electron-deficient
and electron-rich aromatic alkynals and a-ketoesters. The
desired products are obtained in good to excellent yield (62—
92%) with high enantioselectivities (up to 96:4 e.r.). In
particular, alkynals that possess meta or para substituents on
the aromatic structure perform well (3b-3e), however, ortho-
substituted aromatic alkynals are not suitable substrates
under the current optimized conditions.’”? The variation of
the a-ketoester was also explored. The a-ketoester that bears
a para-methyl group provides the butenolide product (3f)
with excellent enantioselectivity (96:4 e.r.). a-Ketoesters that
possess an electron-withdrawing group afford the products in
excellent yield (3g-3j), but with a slight decrease in
enantioselectivity (up to 90:10 e.r.). The combination of
substituted alkynals with a-ketoesters enabled the prepara-
tion of various highly functionalized butenolides (3k-30). In
addition, the indole-derived alkynal produces indole-substi-
tuted lactone 3p in good yield and high enantioselectivity.
The proposed pathway for this annulation reaction is
shown in Scheme 1. The initial addition of catalyst D to
alkynyl aldehyde 1a and subsequent formal 1,2-H migration
generates Breslow intermediate (Z)-I.”"! The NHC-bound
allenolate may undergo addition to the a-ketoester activated
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Scheme 1. Proposed reaction pathway.® '
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Table 2: Substrate scope.?!

20 mol% D 9
20 mol% F

g\ :o

0, iOf]

40 mol% LiO'Bu ™~CO,Me
R?

4AM.S., THF R
23°C,48h 3

MeO

Me F
62%, 96:4 e.r.  89%, 89:11 e.r.

74%, 90:10 e.r.

o o}
¢}
£
ZCOMe = COMe
h ; - ‘:
3 CF3 S

88%, 86:14 e.r.

71%, 90:10 e.r.

o
ﬁz
ZTCO,Me
@ cl
3j

90%, 90:10 e.r.

Ph Ph

X-ray structure of 3j[°!
91%, 88:12 er.

92%,

19er.

91%, 88:12 e.r. 78%, 92:8 e.r.

81%, 91:9e.r.

[a] See the Supporting Information for details. Yields are of isolated
product after column chromatography. Enantiomeric ratio was deter-
mined by HPLC analysis using a chiral stationary phase. [b] Absolute
configuration was determined by X-ray crystallography.

by the chiral Brgnsted acid derived co-catalyst (IT). Carbon—
carbon bond formation and subsequent tautomerization gives
acyl azolium intermediate III, which then undergoes O acy-
lation to afford the lactone product (3a) and retrieve the
NHC catalyst.

The butenolide products can be converted into enan-
tioenriched vy-butyrolactones by selective hydrogenation
reactions (Scheme 2). The use of Pearlman’s catalyst fur-
nished cis-y-butyrolactone 4a as the major product (2.6:1 d.r.)
in 92 % yield. An ester-directed homogeneous hydrogenation
with Crabtree’s catalyst afforded frans-y-butyrolactone 4b as
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Scheme 2. Synthetic transformations. Conditions: a) Pd(OH),/C, H,,
EtOAc. b) Crabtree’s catalyst, H,, CH,Cl,. c) InBr; (10 mol %), Et;SiH,
CHCl,.

the major product (3.1:1 d.r.).”?! In the presence of catalytic
indium(IIT) bromide and triethylsilane, y-butyrolactone 4a
can also be selectively reduced to provide the corresponding
multisubstituted tetrahydrofuran (5), a scaffold found in
numerous biologically active compounds.”

In conclusion, a highly efficient asymmetric [342] annu-
lation reaction of alkynyl aldehydes with a-ketoesters
through NHC/chiral phosphate cooperative catalysis has
been developed. Alkynyl aldehydes can be converted into
the corresponding enantiomerically enriched substituted
butenolides in good yield and enantioselectivity. This chal-
lenging transformation features a new mode of cooperative
catalysis, utilizing the combination of an underexplored
saturated-imidazolium catalyst and a chiral phosphoric acid,
which was required to achieve the observed enhanced yields
and enantioselectivities. Investigations involving the use of
these C,-symmetric catalysts and this new mode of cooper-
ative catalysis are ongoing.
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A Cooperative N-Heterocyclic Carbene/
Chiral Phosphate Catalysis System for
Allenolate Annulations
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Cooperation: A highly enantioselective
NHC-catalyzed [3+2] annulation of a,f3-
alkynals and a-ketoesters generates the
desired y-crotonolactones in high yields.
The reaction is based on the cooperative
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catalysis of a chiral Brgnsted acid and
a precatalyst consisting of a C;-symmetric
biaryl and a saturated-imidazolium
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