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C3-Symmetric Chiral Cage-Shaped Phosphates: Synthesis and
Application as Organocatalysts in Asymmetric

lodolactonizations

Xiao Liu,?! Akihito Konishi,*!> P! and Makoto Yasuda*! !

Dedicated to the memory of Professor Masahiko lyoda

Gs-symmetric chiral cage-shaped phosphates that contain either
a C—H or Si—Me tethered group were successfully synthesized.
These phosphates were found to be air-stable Lewis-basic
catalysts in enantioselective iodolactonization reactions where,
I, is activated with 1,3-dichloro-5,5-dimethylhydantoin (DCDMH).

1. Introduction

In organic chemistry, molecular symmetry is one of the most cru-
cial factors for determining not only the chemical and physical
properties of a molecule,"? but also for controlling its reactivity
and the selectivity of its reactions through a specific steric and/or
electronic reaction field.!>* The design of the molecular skele-
tons of asymmetric catalysts that can achieve high enantioselec-
tivity has been the subject of intense research efforts. As such,
chiral ligands and catalysts possessing C, rotational symmetry
have emerged as the most fundamental yet promising scaffolds
and have been developed and applied to various asymmetric
syntheses.>! However, compared to the abundant number of
chiral catalysts with G, symmetry, research on catalysts with
higher rotational symmetry has lagged behind, even though G;-
symmetric molecules represent intriguing potential alternatives
to C,-symmetric chiral catalysts. Accordingly, the exploration of
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The C—H-tethered phosphate demonstrated efficient catalytic
activity with good enantioselectivity for the iodolactonization of
pent-4-enoic acids. In contrast, the Si—Me-tethered phosphate
was effective in the enantioselective iodolactonization of hex-5-
enoic acids, yielding six-membered iodolactones.

new chiral scaffolds with rotational symmetry higher than G is in
high demand.! Some G-symmetric molecules!™ ™! have been
developed as asymmetric catalysts, > for use in molecular
recognition,”?°! and in materials science.”! The application
of Cs-symmetric chiral molecules to organocatalysis'®*-3! has
been an important area of research for these molecules. For
example, G-symmetric chiral trisimidazoline 1 has been used
as an enantioselective catalyst in bromolactonization reactions
(Figure 1a).3132!

Phosphate esters and amides are common structures found
in organophosphorus(V) compounds. The P=0 group acts as
an n-type Lewis-basic moiety that can catalytically activate
reactions by interacting with an electron-accepting atom in
one of the reagents or substrates.>3%! Moreover, introducing a
chiral moiety into the phosphate group allows for the develop-
ment of effective chiral Lewis-basic catalysts. Various phosphate
derivatives have been used as catalysts, enabling enantios-
elective versions of reactions such as selenolactonization,"
halocyclization,***! and sulfenocyclization.!-%°1

In our group, we have discovered various C;-symmetric cage-
shaped Lewis acids that incorporate aluminum aryloxides,>*"
borates,*"® and heavier group-14 elements.””! Recently, we
have expanded this G-symmetric ligand design to include a
Lewis base, resulting in Gi-symmetric cage-shaped phosphites
2aP and 2bP (Figure 1b).°8! The two cage-shaped phosphites 2aP
and 2bP serve as chiral ligands in a Rh-catalyzed asymmetric
conjugate addition, giving products in acceptable yield with
excellent enantioselectivity. The Lewis basicity of 2aP and 2bP
can be controlled by the differences in their steric bulk caused
by the tethered C—H and Si—Me groups. These findings inspired
us to replace the phosphite moiety of 2P with a phosphate, and
to explore the catalytic activity of the obtained 2P=0 molecules
as chiral Lewis bases. Kawashima and co-workers have reported
a related phosphate and, whilst they demonstrated its Cgo-
inclusion behavior, its catalytic activity remains unexplored.’>*’
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(a) C3-symmetric chiral trisimidazoline organocatalyst
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Figure 1. (a) Gs-symmetric chiral trisimidazoline 1 applied in an asymmetric
bromolactonization. (b) Cage-shaped phosphites 2P. (c) This work:
cage-shaped phosphates 2P=0.

Herein, we describe the synthesis and catalytic activity of Cs-
symmetric chiral cage-shaped phosphates 2aP=0 and 2bP=0.
Our chiral cage-shaped phosphates 2aP=0 and 2bP=0 catalyze
asymmetric iodolactonizations™ of pent-4-enoic acids and hex-
5-enoic acids. The distinct steric environments of the two
2P=0 catalysts result in varying degrees of enantioselectivity
depending on the substrates employed.

2. Results and Discussion

The synthetic route to obtain the cage-shaped phosphates
2P=0 is depicted in Scheme 1. According to the protocol
from our previous study, carbon-tethered 2aH;** and silicon-
tethered 2bH;[*®! were synthesized starting from (R)-BINOL. To
construct the cage-shaped framework, the conditions reported
by Kawashima!®! were employed. For that purpose, one equiv
of phosphoryl chloride was added to a dilute solution of 2aHs in
toluene (2 mM) in the presence of EtsN (10 equiv). The reaction
mixture was refluxed for 20 h to give carbon-tethered 2aP=0
in 30% vyield. However, silicon-tethered 2bP=0 could not be
obtained under the same reaction conditions. Thus, we modified
the concentration of the reaction mixture and performed the
reaction under harsher conditions. Specifically, a more concen-
trated reaction mixture containing 2bHs; (20 mM) and phosphoryl
chloride in toluene was sealed in a Schlenk flask with a J-Young
tap and was heated at 125 °C for two days, yielding silicon-
tethered 2bP=0O in moderate yield (50%). Applying the new
conditions to the synthesis of 2aP=0 improved the yield to 80%.
The obtained cage-shaped phosphates 2aP=0 and 2bP=0 are
bench-stable colorless solids and can be purified using silica-gel-
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Scheme 1. Synthetic route to Gs-symmetric cage-shaped phosphates 2aP=0
and 2bP=0.

side view

top view

Figure 2. Molecular structure of cage-shaped phosphate 2aP=0 with
thermal ellipsoids at 50% probability;””) some hydrogen atoms are omitted
for clarity.

column chromatography. The stability of the 2P=0 molecules
stands in contrast to that of the 2P phosphites, which quickly
decompose under ambient conditions.

A single-crystal X-ray diffraction analysis of carbon-tethered
2aP=0 confirmed the presence of the C;-symmetric cage-shaped
structure. Gradual evaporation of a solution of 2aP=0 in CH;CN
afforded single crystals suitable for a crystallographic analysis
and the thermal-ellipsoid plots are shown in Figure 2. A robust
Gs-symmetric structure is created by the three naphthyl groups.
All binaphthyl axes have (S) configurations and the helical
structure formed around the phosphate is of the (P)-type.
Selected geometric parameters obtained from the crystal struc-
ture are summarized in Table S1. The P=0 bond (1.448(3) A) is
comparable to that of triphenyl phosphate (1.432 A).l5%! Although
determining the molecular structure of silicon-tethered 2bP=0
via a crystallographic analysis failed due to its poor crystallinity,
spectroscopic analytical techniques, including 'H, ®C, °Si, and
3P NMR spectroscopy and high-resolution mass spectrometry
(HRMS) measurements, confirmed the successful formation of
2bP=0. The 3P NMR chemical shifts of 2aP=0 (—19.4 ppm)
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Table 1. Enantioselective iodolactonization of 3a with I, in the presence
of NCP catalyzed by 2aP=0.?
o

2aP=0 (5 mol%) 0

+ | + N-CI
WOH 2 ©f§ solvent (5 mL) @5
1.1 0 temp., 12h | \©
(1.1 eq) NG emp
4a

3a (15 eq)
Entry Temp. (°C) Solvent Yield (%) ee (%)°
1 rt. Toluene 97 9
2 0 Toluene 84 17
3 —20 Toluene 96 28
4 —40 Toluene 62 43
5 —60 Toluene 21 58
6 —78 Toluene 3 65
7 -78 CH,Cl, 64 15
8 —78 Et,O0 52 0
9 —78 THF 100

@ 1,, NCP, and 2aP=0 were stirred in toluene at —78 °C for 1 h prior
to addition of 3a. ® Yield and ee values were determined via '"H NMR
measurements and chiral HPLC analyses, respectively.

and 2bP=0 (—25.8 ppm) are up-field shifted compared to those
of the corresponding phosphites 2aP (108.4 ppm) and 2bP
(111.2 ppm). Moreover, the phosphorous center of 2P=0 should
be magnetically shielded by the three surrounding naphthyl
groups, resulting in an up-field shift compared to open-caged
triphenyl phosphate (—17.0 ppm).

Then, we examined the ability of the chiral Lewis-basic
phosphates 2P=0 to catalyze an asymmetric synthetic reaction.
As a model transformation, we selected the iodolactonization of
4-benzylpent-4-enoic acid (3a) with |, in the presence of an N-
chlorophthalimide (NCP) activator.3%6"62! Using 2aP=0 as a chiral
basic catalyst in the presence of NCP, the asymmetric addition of
I, to 3a to produce 4a was performed (Table 1). The reaction in
toluene at 25 °C smoothly afforded 4a in 97% yield, albeit that
the enantioselectivity was very poor (9% enantiomeric excess
(ee) of the (R)-stereoisomer;>°! entry 1, Table 1). Lowering the
reaction temperature from 25 °C to —78 °C effectively improved
the enantioselectivity up to 65% ee (entries 2-6, Table 1).
However, the yield of 4a at —78 °C was significantly suppressed
(3%). More polar solvents, such as CH,Cl,, Et,O, and THF, yielded
a lower ee or a racemic mixture in moderate to high yield (entries
7-9, Table 1). The reactivity and enantioselectivity of the reaction
were found to be dramatically depended on the solvent polarity.
These features are consistent with Ishihara’s finding that polar
solvent systems impede the generation of active ionic species.!®*!

Next, we screened the |, activator to achieve both a
good yield and enantioselectivity for the iodolactonization
of 3a at low temperature (Table 2). First, N-iodosuccinimide
(NIS) was utilized instead of NCP (entry 1, Table 2). Although
the enantioselectivity was comparable to that of NCP (63%
ee), the yield of 4a remained poor (8%). Interestingly, N-
bromosuccinimide (NBS), which is known to be a more reac-
tive activator for halocyclization,!*”! furnished 4a quantitatively
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Table 2. Optimization of the I, activator®.

Wou + I, + activator

o]

2aP=0 (5 mol%)

o
toluene (5 mL) (R)':_

[o}

(1.1 eq) (15 eq) _78°C,12h | \©
3a 4a
Entry Activator Yield (%) ee (%)
o)
QN_.
1 o 8 63
NIS
o]
<§N—Br
2 o 100 53
NBS
%j
N—Br
N
o
3 ' Wé 60 19
DBDMH
o)
©i/‘<<NBr
4 o 72 37
NBP
X
.Br
5 N 80 0
NBA
o]
N—CI
6 o 8 75
NCS
o]
Ph
PhMN—CI
C|/NT<
7 o 52 62
DCDPH
M
N—CI
N
or
8 ' \\S) 56 76
DCDMH
?
9 [y 100 8
o]
g
10 0, 60 10
(o]
C|\NJKN,C|
Oé\f“l/go
1 [¢] 71 8
an
o
12 o 12 70

3 |,, activator, and 2aP=0 were stirred in toluene at —78 °C for 1 h prior
B Yield and ee values were determined via '"H NMR
measurements and chiral HPLC analyses, respectively.

to addition of 3a.
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Figure 3. Proposed mechanism of the chiral iodolactonization catalyzed by 2P=0.

with a moderate enantioselectivity (entry 2, Table 2). Accord-
ing to a report by Ishihara, N-bromoimides can generate a
more electrophilic ion pair with I, with the assistance of
a Lewis-basic phosphonium catalyst*? Although this insight
raised the expectation that N-bromoimides may serve as good
activators, other related reagents, including 1,3-dibromo-5,5-
dimethylhydantoin (DBDMH), N-bromophthalimide (NBP), and
N-bromoacetamide (NBA), afforded 4a in moderate yield with
low enantioselectivity compared to NBS (entries 3-5, Table 2).
Next, we shifted our focus on N-choloroimides. Despite the
low yield of the reaction, N-chlorosuccinimide (NCS) improved
the enantioselectivity to 75% ee (entry 6, Table 2). In this
case, we presume that a slow release of a chiral iodoxyphos-
phonium ion active species is responsible for the enhanced
enantioselectivity.>!

Importantly, 1,3-dichloro-5,5-diphenylhydantoin  (DCDPH;
entry 7, Table 2) and 1,3-dichloro-5,5-dimethylhydantoin (DCDMH;
entry 8, Table 2) improved both the yield and enantioselectivity
of 4a at —78 °C. N-chloro-2-pyrrolidone (entry 9, Table 2), N-
chlorosaccharin (entry 10, Table 2), and trichloroisocyanuric acid
(entry 11, Table 2) afforded 4a in satisfactory yield but poor
enantioselectivity. In contrast, N-chloro-1,8-naphthalimide (entry
12, Table 2) exhibited poor reactivity but high enantioselectivity.
Of the tested activators, DCDMH (entry 8, Table 2) showed the
best balance between reactivity and enantioselectivity.

Based on a report by Ishihara,’*! a plausible catalytic cycle
is shown in Figure 3. Initially, the Lewis-acidic DCDMH might
activate I, through halogen-bonding interactions to form the
active iodinating species A. The cooperative activation of A with
phosphate 2P=0 would then afford the chiral iodoxyphospho-
nium ion B as an active species. Finally, electrophilic iodination
of the double bond of the substrate followed by cyclization
would provide the desired iodolactones 4/7/8 and imide C. Our
catalysts are stable under the reaction conditions and can be
recovered from the reaction mixture using silica-gel column
chromatography.

Asian J. Org. Chem. 2025, 14, e202500299 (4 of 7)

With the optimized conditions in hand, pent-4-enoic acids
(3 and 5) and hex-5-enoic acids (6) were examined (Scheme 2).
The reactions of the pent-4-enoic acids with 4-methylbenzyl (3b)
and 4-methoxybenzyl (3c) groups, catalyzed by 2aP=0, furnished
4b and 4c, respectively, in moderate yield with decreased
enantioselectivity relative to 3a (Scheme 2a). Using 2bP=0 as
the Lewis-basic catalyst resulted in poor enantioselectivity, even
though the yield of the products was improved. The same trends
regarding reactivity and enantioselectivity were observed for
the iodolactonization of 3d and 3e with 2- or 4-fluorobenzyl
groups, respectively. A comparison of the two catalysts showed
that the carbon-tethered cage-shaped phosphate 2aP=0 affords
the products with better enantioselectivity (4e: 70% ee) than its
silicon-tethered counterpart 2bP=0 (4e: 22% ee).

The iodolactonizations of 4-arylpent-4-enoic acid derivatives
(5) catalyzed by 2aP=0 gave the corresponding products
(7) in moderate enantioselectivity (46%-68% ee of the (R)-
stereoisomers;3°%4 Scheme 2b). Substrates with phenyl (5a),
4-chlorophenyl (5b), and 4-methylphenyl (5¢) groups were toler-
ated under the applied conditions, yielding the corresponding
products with moderate enantioselectivity. However, the pent-
4-enoic acid with a 4-methoxyphenyl group (5d) afforded a
racemic product probably because the electron-donating 4-
methoxy group assists the generation of a cationic intermediate,
leading to a competing background process. In comparison,
the enantioselectivity of the corresponding reactions driven
by 2bP=0 were inferior. According to a previous report, con-
trolling the enantioselectivity of the iodolactonization of 4-
aryllpent-4-enoic acid derivatives 5 using a phosphate-based
Lewis-basic catalyst is challenging.!*®! Highly reactive benzyl
cations of these substrates are generated as intermediates of
the iodolactonization, resulting in a direct iodolactonization.
Chiral iodoxyphosphonium ion B (Figure 3) is not involved in
the direct iodolactonization, and hence no enantioselectivity
was observed. However, our carbon-tethered phosphate 2aP=0
attained respectable enantioselectivity.
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2aP=0 (5 mol%)

o 0 or o
=, o,
. I T MN_CI 2bP=0 (5mol%) o
n CI/NK toluene (5 mL) AN
(1.1 eq) 0 -78°C,12h { R
DCDMH

3: Rz,”=1 (1.5 eq) ;2221;
6: R= ,n=2

o

2aP=0: 56%, 76% ee 2aP=0: 45%, 31% ee 2aP=0: 58%, 27% ee
2bP=0: 65%, 22% ee 2bP=0: 80%,15% ee 2bP=0: 80%, 8% ee

4d de
2aP=0: 10%, 35% ee 2aP=0: 40%, 70% ee

2bP=0: 50%, 12% ee 2bP=0: 100%, 22% ee

R

7a 70 © 7c 7d O
2aP=0: 20%, 68% ee 2aP=0: 5%, 46% ee 2aP=0:30%, 67% ee 2aP=0: 30%, 0% ee
2bP=0: 37%, 29% ee 2bP=0:50%, 0% ee 2bP=0: 30%, 32% ee 2bP=0: 23%, 0% ee

8a 8b 8c 8d
2aP=0:40%, 0% ee 2aP=0: trace, 0% ee 2aP=0:trace, 0% ee 2aP=0:64%, 0% ee
2bP=0: 50%, 46% ee 2bP=0: 30%, 49% ee 2bP=0:40%, 28% ee 2bP=0:67%, 0% ee

Scheme 2. Enantioselective iodolactonization of 3, 5, and 6 catalyzed by 2aP=0 and 2bP=0. Yield and ee values of products were determined via H NMR
measurements and chiral HPLC analyses, respectively.
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Interestingly, the iodolactonization of hex-5-enoic acid
derivatives (6) was smoothly catalyzed by silicon-tethered cage-
shaped phosphate 2bP=0 instead of by carbon-tethered 2aP=0
(Scheme 2c). The reactions of the hex-5-enoic acids with phenyl
(6a), 4-fuluorophenyl (6b), and 4-methylphenyl (6¢c) groups
catalyzed by 2bP=0 furnished the corresponding six-membered
lactones (8a-8c) in moderate yield (30%-50%) and enantiomeric
excesses (28%-46% ee of the (R)-stereoisomer)[%>! while the
hex-5-enoic acid substrate containing a 4-methoxyphenyl group
(6d) afforded a racemic product.

Based on our previous study of the cage-shaped phosphites
2P!*8] the enantioselective formation of a product with a larger
ring is more affected by steric demand. Therefore, it is reasonable
to believe that bulkier 2bP=0 has a greater activation energy
than 2aP=0 in reactions with substrate 6.

3. Conclusion

In conclusion, we have synthesized two chiral G-symmetric
cage-shaped phosphates and applied them as catalysts in
the asymmetric iodolactonization of pent-4-enoic acid and
hex-5-enoic acid derivatives. The |, activator 1,3-dichloro-5,5-
dimethylhydantoin (DCDMH) successfully balances the chemical
reactivity and enantioselectivity of this catalytic reaction system.
The Lewis basicity and chemical environment of the 2P=0 cata-
lysts were precisely controlled by changing the tethered group
of each catalyst. Cage-shaped phosphates 2aP=0 and 2bP=0
exhibit complementary catalytic activity, that is, carbon-tethered
2aP=0 shows superior enantioselectivity for the formation of
5-membered ring products 4 and 7, whereas, silicon-tethered
2bP=0 was suitable for the enantioselective formation of 6-
membered ring product 8. The phosphates presented here can
be expected to serve as a basic template for the creation of new
chiral Gs-symmetric Lewis-basic catalysts.

4. Experimental Section

All synthetic procedures and characterization data for unknown
compounds are provided in the Supporting Information. The data
that support the findings of this study are available in the
Supporting Information associated with this article.
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