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ABSTRACT: The asymmetric organocatalytic cascade reaction
of cyclic p-oxo aldehydes to 2-hydroxycinnamaldehydes is
developed. The bifunctional tertiary amine—thiourea catalyst
was used in a rationally designed multiple catalysis where the
asymmetric iminium catalysis and thiourea anion-binding catalysis
were combined by carboxylate anion as a ternary catalytic system
to form a quinary catalyst—substrate complex, providing an
efficient protocol for the construction of enantioenriched spiro-
bridged or cagelike polyheterocyclic compounds. The reuse of
catalysts was also successfully realized.

he coplanar carboxylate anion, which topology allows for
a bidentate binding with thiourea catalyst, has been
applied with particular success in chiral thiourea-induced
anion-binding catalysis (Scheme 1)." Meanwhile, the carbox-

Scheme 1. Motivation and Design
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ylate anion is also crucial for iminium ion activation. Generally,
the active iminium ion species existed as a tight ion pair with
the carboxylate anion in the reaction solution (Scheme 1),
which should be responsible for the observed reactivity and
high levels of stereoselectivity in iminium catalysis.”

Multiple catalysis is evolving as an attractive direction in
asymmetric organocatalysis in the past decade,’ where two
distinct chiral organocatalysts are generally brought together as
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a binary catalytic system, mostly via chiral ion pairs, to provide
facile and efficient protocols for the quick construction of
biologically interesting chiral complex molecules.

However, although both asymmetric iminium catalysis and
thiourea anion-binding catalysis involved the carboxylate anion
species, the integration of these two catalytic activations into a
multiple catalysis fashion connected by the carboxylate anion
has been much less developed, despite the combined ternary
catalytic system could potentially improve the activity of the
whole catalytic system.

Indeed, the development of such multiple catalysis has been
considered to be a challenging task, and there are only a few
relatively simple examples reported on this concept by Xu and
co-workers, which is also called supramolecular iminium
catalysis (Scheme 1)." However, only monofunctional hydro-
gen-bond donor catalysts could be used in this underdeveloped
concept, while the bifunctional tertiary amine—thiourea
catalysts, which could activate electrophile and nucleophile
simultaneously,” are not applicable to this supramolecular
iminium catalysis. This could be mainly attributed to the
competitive acid—base interactions between the acid cocatalyst
and the tertiary amine moiety of the bifunctional catalyst
(Scheme 1),° which could potentially decrease the catalytic
reactivity of the basic tertiary amine on the nucleophile (Nu-
H). Accordingly, we proposed that, by judicious choice of the
substrates bearing different acidic or basic sites to finely
balance the interactions between the substrates and the
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catalysts, the challenging issue mentioned above might be
addressed toward the application of bifunctional tertiary
amine—thiourea catalysts in multiple catalysis (Scheme 1),
which could potentially provide new opportunities for
asymmetric organocatalysis.

When 2-hydroxycinnamaldehydes were involved in asym-
metric iminium catalysis (Scheme 2, top),” the formed

Scheme 2. Reactivity Analysis and Our Design Plan
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iminium ion intermediate A would quickly transform into
the relatively stable aminal B and potentially in equilibrium
with the zwitterionic intermediate C, which could be used as
oxygen nucleophlles in oxa-Michael reactions under basic
conditions.® It was surmised that, in the presence of carboxylic
acid (RCOOH), the phenoxide anion in zwitterion C would be
protonated to afford the iminium/carboxylate ion pair D. On
the basis of this point, 2-hydroxycinnamaldehydes seemed
particularly suitable for supramolecular iminium catalysis.

The asymmetric construction of heterocyclic compounds
containing a spiro-bridged or cagelike ring system represents
an important challenge in organic synthesis, and these
skeletons may function as useful intermediates in the synthesis
of medically important and biologically active agents.”
Therefore, the development of efficient asymmetric catalytic
methods for the preparation of enantioenriched spiro-bridged
or cagelike polyheterocychc compounds has attracted consid-
erable attention.'” We recently found that, due to their
structural characteristics, 2-hydroxycinnamaldehydes have the
specific advantage of constructing bridged polyheterocyclic
scaffolds through the asymmetric iminium catalysis triggered
reaction sequence.'' Inspired by these successes, we wondered
whether such a synthetic strategy could be expanded to the
preparation of chiral spiro-bridged or cagelike ring systems by
racting with active carbonyl-containing nucleophiles (R'CO-
Nu-COR?; Scheme 2, bottom).'> However, this is undoubt-
edly a challenging task, since there are several active carbonyl
groups with similar reactivity in the formed intermedicates,
which made the control of regioselectivity to be a stringent
issue. To address this issue, a new activation model for both
regio- and stereocontrol is required.

As a continuation of our efforts on developing asymmetric
organocatalytic cascade reactions to construct acetal-contain-
ing polyheterocyclic compounds,'” herein we report the
development of a novel multiple catalysis, where the
bifunctional tertiary amine—thiourea catalyst was successfully
used for the first time in a ternary supramolecular iminium
catalysis to activate nucleophiles and electrophiles simulta-
neously, and the final quinary catalyst-substrate complex
provided a highly regio- and stereoselective asymmetric

protocol, which could directly convert cyclic $-oxo aldehydes
and 2-hydroxycinnamaldehydes into chiral spiro-bridged and
cagelike polyheterocyclic compounds bearing polyacetal
moieties.

To probe the feasibility of our hypothesis, the model
reaction of benzofused cyclic f-oxo aldehyde 2a and 2-
hydroxycinnamaldehyde la was first investigated under the
classical conditions of asymmetric iminium catalysis. As shown
in Table 1 (see the Supporting Information for full

Table 1. Optimization of the Reaction Conditions”

OH 2
+ B
©/\/\¢O @/\O

1a 2a

Ar 1
—<-0TMS 3 QOTMS [ l Jk _R 43 R=3,5(CFg),CeHs
N A :

3 (20 mol %)
4 (20 mol %)
acid (20 mol %)

solvent, 25 °C

4b, R = cyclohexyl
H

3a, Ar=Ph ‘ %

3b, Ar = 3,5-(CF3),CeHs

entry 3/4 acid solvent  time (h) yieldb (%) ee (%)
1 3a/— BA toluene 46 52 48
2 3a/4a BA toluene 12 57 70
3 3a/4a toluene 14 45 17
4 3c/4a BA toluene 14 58 43
6 3b/— BA toluene >120 54 65
7 3b/4a BA toluene 17 64 90
8 3b/Et;N BA toluene >72 43 90
9 3b/4a BA toluene 24 65 94
10 3b/4b BA toluene 15 70 94
11 3b/4b BA DCE 12 74 94
12 3b/4b NBL DCE 49 68 89
13Y 3b/4b BA DCE 28 84 99
14¢ 3b/4b BA DCE >72

“Unless otherwise noted, reactions were performed with la (0.10
mmol) and 2a (0.12 mmol) in toluene (0.2 mL) in the presence of 3
(20 mol %), 4 (20 mol %), and acid (20 mol %) at 25 °C. Solvent
(1.0 mL) was used for entries 9—14. Isolated yield. “Determined by
using a chiral HPLC stationary phase. 9At 0 °C. “The simple
cinnamaldehyde was used instead of 1a. TMS = trimethylsilyl, DCE =
1,2-dichloroethane, NBL = N-Boc-L-tert-leucine.

optimization studies), when the diphenylprolinol silyl ether
3a was used as the catalyst and PhCOOH (BA) as the
cocatalyst in toluene at 25 °C, the asymmetric Michael
addition-triggered cascade reaction, which involved double
hemiacetal formations, showed complete regiocontrol, and the
desired spiro-bridged polycyclic hemiacetal product Sa was
isolated as the sole product bearing four chiral centers
including an all-carbon quaternary stereocenter in 52% yield
with moderate enantioselectivity (48% ee) as a single
diastereoisomer, and no other isomers were observed (entry
1). As expected, the introduction of a bifunctional tertiary
amine—thiourea catalyst 4a to activate the nucleophile cyclic S-
oxo aldehyde la could considerably increase the enantiose-
lectivity, and the reaction was also completed in a shorter
reaction time (entry 2). Not surprisingly, much lower
enantioselectivity was obtained in the absence of acid
cocatalyst (entry 3). By comparison, there appeared a
mismatch between the chirality of the bifunctional catalyst
and the aminocatalyst, leading to worse result (entry 4 vs entry
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2). Noteworthy, together these results suggest that a ternary
supramolecular iminium catalysis was involved in the reaction
process to form a quinary catalyst—substrate complex, and the
carboxylate anion, which was used to connect both asymmetric
iminium catalysis and chiral thiourea anion-binding catalysis,
played a crucial role in the reactivity and selectivity of the
reaction. Encouraged by these promising results, we tested the
use of more bulky prolinol ether 3b for the reaction. The
process proceeded much slower (>120 h) with slightly higher
enantioselectivity (entry 6 vs entry 1). As might be expected, a
much shorter reaction time was observed together with a much
better enantioselectivity under the multiple catalysis conditions
(entry 7 vs entry 6). While using Et;N instead of bifunctional
catalyst 4a, much longer reaction time (>72 h) was required,
leading to an incomplete reaction in 43% isolated yield of Sa
(entry 8 vs entry 7). Although slightly longer reaction time was
observed, reaction under dilute conditions gave better
enantioselectivity in similar good yield (entry 9 vs entry 7).
Subsequently, it was found that the cyclohexyl-substituted
bifunctional catalyst 4b furnished the product in higher yield
even after shorter reaction time (entry 10). Furthermore,
dichloroethane (DCE) proved to be a better solvent, giving
shorter reaction time while maintaining good enantioselectivity
(entry 11). No better results were obtained with the N-Boc
amino acid derived from r-tert-leucine (entry 12).'* To our
delight, decreasing the temperature to 0 °C led to complete
stereocontrol, giving Sa in good isolated yield (83%) with
excellent enantioselectivity and diastereoselectivity (entry 13,
99% ee, dr >20:1). Noteworthy, no reaction occurred when we
replaced the 2-hydroxycinnamaldehyde 1a by simple cinna-
maldehyde (entry 14, see the SI for details).

With the optimized conditions in hand (Table 1, entry 13),
we next investigated the substrate scope of the highly regio-
and stereocontrolled cascade reactions between 2-hydroxycin-
namaldehydes 1 and benzofused cyclic f-oxo aldehydes 2. As
summarized in Scheme 3, substituents with different electronic
properties at various positions on the aryl ring of both 1 and 2
have little effect on the reactivity and stereoselectivity, and the
reactions proceeded smoothly, providing structurally complex
spiro-bridged hemiacetal products Sa—I in moderate to good
yields (54—88%) with excellent enantioselectivities (98—99%
ee) all as a single diastereoisomer. Furthermore, the substrate 2

Scheme 3. Scope of the Preparation of Spiro-Bridged
Products 5
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5f, R = 5-Br, 96 h, 72%, 99% ee

H
5m, 96 h
57%, 92% ee

5h, R =3-OMe, 144 h, 64%, 98% ee
5i, R =4-Cl, 32 h, 78%, 98% ee

5j, R =4-OMe, 96 h, 77%, >99% ee
5k, R = 5-Br, 48 h, 72%, 98% ee

5l, R = 5-OMe, 32 h, 88%, 99% ee

bearing a seven-membered ring was also applicable to this
reaction (Sm). Furthermore, similar good results of product 5a
were obtained when running the reaction on a 1 mmol scale.

However, to our surprise, the reaction of 2-hydroxycinna-
maldehydes 1 and aliphatic cyclic f-oxo aldehydes 6 under the
optimized conditions did not provide spiro-bridged hemiacetal
products § but instead gave the structurally more complex
cagelike polycyclic hemiacetal products 7 via a completely
different cascade process from the preparation of spiro-bridged
products S, where the phenolic hydroxyl first attacked the
ketone carbonyl group instead of the aldehyde carbonyl group.
It should be noted that the obtained cagelike polyacetal
products contained five stereogenic centers including a
quaternary all-carbon chiral center and a quaternary ketal
chiral center. Next, we further explored the scope of this
reaction with respect to the aliphatic substrates 6. As shown in
Scheme 4, regardless of the electronic nature and positions of

Scheme 4. Scope of the Preparation of Spiro-Bridged
Products 7
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substituents on the aromatic ring of 2-hydroxycinnamalde-
hydes 1, the reaction proceeded smoothly to deliver chiral
cagelike products 7a—i in moderate yields with good to
excellent enantioselectivities (up to 99% ee). Notably,
substrates 1 bearing different functional groups, such as
alkyne, alkene and furanyl groups can also be applied in this
cascade reaction (7j—1). Moreover, a ketal-bearing substrate 6
was proved to be reactive, affording the desired product 7m
with reasonable yield and good enantioselectivity.

Due to the poor reactivity of aliphatic cyclic f-oxo aldehydes
6 (compared to benzofused 2) under our established reaction
conditions, longer reaction times (8—26 days) were required to
achieve full conversion for the formation of the cagelike
products 7 involving one C—C bond and three C—O bonds
formations in a highly enantioselective cascade process. To
overcome these limitations, we have studied the possibility of
recycling and reuse of the catalyst. However, we have tried but
failed to recover the catalysts directly from the original
homogeneous reaction system. It is found that the reaction was
performed under diluted conditions, and we thus anticipated
that it might be possible to reuse the catalysts in situ. To this
end, the reaction between 1a (0.1 mmol) and 6a (0.12 mmol)
was carried out with 100 mol % catalysts loading (3c, 4f, and
BA). When substrate 6a was completely consumed, fresh 1la
and 6a was added to the reaction mixture and no workup was
needed. This procedure was repeated five times, where the
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catalyst loading would be equivalent to 20 mol %, and the
desired product 7a was finally obtained in 47% yield (an
average of five runs) with good stereoselectivity (91% ee, dr
>20:1). But, most remarkably, the average reaction time for
each run was only 4 d (compared to 10 d, when the catalyst
loading was 20 mol %).

In order to demonstrate the utility of these obtained spiro-
bridged and cagelike polycyclic hemiacetal products, several
useful transformations were applied for further functionaliza-
tion of spiro-bridged Sa and cagelike 7a (Scheme 5). We

Scheme 5. Useful Transformations
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submitted Sa and 7a to Dess—Martin periodinane (DMP)
oxidation and Swern oxidation, respectively, and the
corresponding lactone products 8 and 12 were furnished in
high yields. Upon reduction with BF;-OEt,/Et;SiH, the spiro-
bridged polycyclic acetal 11 was obtained in 92% yield, while
the cagelike acetal 13 in 67% yield. The deoxyfluorination of
Sa using diethylaminosulfur trifluoride (DAST) delivered
fluorinated spiro-bridged acetal 9 with excellent diastereocon-
trol, while the dehydroxylation of Sa in the presence of BF;:
OEt, followed by the nucleophilic addition of benzyl
mercaptan to the formed oxocarbenium ion led to the O,S-
acetal 10 in 85% yield with high level of diastereoselectivity.
Finally, treatment of 7a with triethylamine (TEA) and acetic
anhydride (Ac,0) in the presence of 4-dimethylaminopyridine
(DMAP, 10 mol %) in CH,Cl, at 25 °C gave the acetylated
product 14 in good yield.

The absolute configuration of spiro-bridged product Sk
(CCDC 1911882) and the relative configuration of cagelike
product 7a (CCDC 1911881) was determined by X-ray
crystallography (see Scheme 3 for Sk and Scheme 4 for 7a; the
H atoms are omitted for clarity), while the absolute
configuration of cagelike polycyclic product 7a was assigned
by means of TD-DFT calculations of the electronic circular
dichroism (ECD) spectra. The stereochemistry of the
remaining products $ and 7 was assigned analogously.
Additionally, the relative stereochemistry of diastereoisomers

9 and 10 was confirmed by NOE experiments (see the
Supporting Information for details).

In summary, we have achieved the application of a
bifunctional tertiary amine—thiourea catalyst for the first
time to activate active carbonyl-containing nucleophiles in
multiple catalysis, where the asymmetric iminium catalysis and
chiral thiourea anion-binding catalysis were combined by
carboxylate anion as ternary supramolecular iminium catalysis
to form a quinary catalyst—substrate complex, providing a
highly regio- and stereoselective asymmetric protocol that
directly converted cyclic f-oxo aldehydes and 2-hydroxycinna-
maldehydes into chiral spiro-bridged and cagelike polyheter-
ocyclic compounds. It should be noted that the asymmetric
organocatalytic cascade processes proceeded by two different,
substrate-controlled reaction pathways, leading to structurally
diverse acetal-containing products bearing spiro-bridged and
cagelike ring system, respectively. Further investigations on the
applications of this novel quinary catalyst—substrate complex
for the development of synthetic useful scaffolds are currently
underway.
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