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ABSTRACT: Helically chiral poly(quinoxaline-2,3-diyl)s
bearing 4-aminopyrid-3-yl pendants were synthesized as
new helical-polymer-based chiral nucleophilic organo-
catalysts. The obtained chiral nucleophilic polymer
catalysts exhibited high catalytic activity, enantioselectivity,
and reusability in asymmetric Steglich rearrangement of
oxazolyl carbonate to C-carboxyazlactone. The polyqui-
noxaline-based, helically chiral DMAP catalyst mediated
intramolecular acyl transfer selectively, by contrast with
known small-molecule-based chiral organocatalysts, which
also mediate intermolecular acyl transfers.

P olymer-based immobilized chiral catalysts, in which conven-
tional small-molecule-based chiral catalysts are embedded in
common polymers, attract much interest from the viewpoint of
practical asymmetric synthesis because they are easily separable
from the reaction mixtures and reusable by virtue of the insoluble
nature of the polymer backbones." By contrast, increasing
attention is being focused on utilization of the helical macro-
molecular scaffold” as a source of chirality in catalytic asymmetric
reactions.” In addition to the separability/reusability issues, the
macromolecular chiral scaffold is highly expected to serve as huge
chiral steric shielding, which could be superior to small-molecule-
based chiral structures. However, there has been only limited
success in the use of helical macromolecules as the scaffolds of
chiral catalysts. There are some successes in the use of helically
chiral poly(arylacetylene)s bearing chiral organocatalytic pend-
ants such as cinchona alkaloids,” proline-based groups,” and
oligopeptides.’ In these cases, the enantioselectivities mainly arise
from the chiral pendants with relatively minor contribution of
macromolecular chirality. There is another class of polymer-based
chiral catalysts whose enantio-discrimination relies solely on the
main-chain chirality of helical macromolecules with attachment of
achiral ligand/organocatalytic pendants.” This approach is
extremely attractive because it only requires the introduction of
simple, achiral ligand/organocatalytic pendants, although there
has been no highly enantioselective macromolecular catalyst
within this class.

In 2009, we established poly(quinoixaline-2,3-diyl)s (hereafter
PQX) as the first chiral macromolecular scaffolds that achieve high
enantioselectivities (up to 98% ee) without the assistance of
additional chiralities in the pendants.” In this system, attachment
of achiral o-(diarylphosphino)phenyl pendants allows high
enantioselectivity in palladium-catalyzed hydrosilylation of
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styrenes. Subsequently, we could successfully apply the catalysts
to several palladium-catalyzed reactions with high enantioselec-
tivity.” Moreover, we have shown that the induction of helical
chirality largely depends upon the nature of solvents:'° the helicity
can be inverted between two solvents such as chloroform/1,1,2-
trichloroethane,'**" cyclopentyl methyl ether/t-butyl methyl
ether,'° and even n-octane/cyclooctane.'” Our current interest
is to verify the extensibility of PQX as a general chiral platform
onto which various achiral pendants are attached to gain high
enantioselectivities in various asymmetric reactions.

Incorporation of pyridyl pendants is highly attractive, because
they serve not only as a ligand in transition-metal catalysts' ' but
also as chiral bases or nucleophilic organocatalysts.'>'* In this
paper, we report the synthesis of a series of PQXs bearing 4-
aminopyrid-3-yl pendants and their use in asymmetric Steglich
rearrangement.'”~ "> We found high catalytic activity of one of the
derivatives, which allows us to attain high enantioselectivity with
remarkably low catalystloading and to reuse the catalyst atleast 11
times without any drop of selectivity or catalytic activity.

Our molecular design is shown in Scheme 1. 4-Amino-
substituted pyrid-3-yl groups are introduced at the 5-position of

Scheme 1. (P)-PQX-Based Nucleophilic Organocatalyst

the quinoxaline rings in the helical backbone of PQX, of which
right-handed (P-) helicity is induced by the (R)-chiral side chains.
The axial chirality between the pyridyl and the quinoxaline rings is
not fixed and induced thermodynamically by the P-helical
structure of PQX. Their synthesis was performed by postpolyme-
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rization functionalization of PQXboh bearing a boronyl pendant
at the S-position of the quinoxaline ring (Scheme 2). Synthesis of

Scheme 2. Synthesis of Polyquinoxaline-Based Helically Chiral
Nucleophilic Catalysts
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the corresponding ortho-diisocyanobenzene monomer 1bearinga
B(pin) pendant is shown in the Supporting Information (SI). In
the presence of an organonickel initiator, living random
copolymerization of 1 and chiral monomer 2, which has (R)-2-
butoxymethyl side chains, gave (P)-(R)-PQXbpin bearing 10
boronyl units along with 190 chiral units on average. Hydrolysis of
the B(pin) group on the quinoxaline ring proceeded smoothlyina
mixture of THF/H,0O, giving (P)-(R)-PQXboh. (P)-(R)-
PQXdmap (C1) bearing the DMAP pendant was obtained in
high yield through Suzuki—Miyaura cross-coupling of (P)-(R)-
PQXboh with 3-bromo-4-dimethylaminopyridine, which is
readily available by bromination of the corresponding 4-
(dimethylamino)pyridine. Conversion of the boronyl group on
PQXboh was confirmed by 'H NMR spectroscopy. PQX
derivatives bearing a 4-dialkyl amino group (C2 and C3), cyclic
amino group (C4, PQXppy (CS),and C6), and fused cyclicamino
group (PQXmdpp (C7) and C8)) were also prepared under
similar reactiotn conditions.

The obtained (P)-(R)-PQX derivatives were used in asym-
metric Steglich rearrangement,'"* in which oxazolyl carbonates
isomerize to C-carboxyazlactones forming a quaternary stereo-
center (Table 1). In the presence of (P)-(R)-PQXdmap (C1) (0.5
mol % pyridyl pendants), rearrangement of oxazolyl carbonate
4Aa proceeded at 0 °C. In the screening of reaction solvent,
toluene showed the higher enantioselectivity than chloroform and
THEF, giving 5Aa in 92% yield with 62% ee (entry 1, see SI).
Replacement of the methyl group(s) on the amino group of
catalyst C1 with ethyl group(s) (C2 and C3) decreased both
catalytic activity and enantioselectivity (entries 2 and 3). PQXs
bearing azetidino (C4) or pyrrolidino group PQXppy (CS5)
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Table 1. Asymmetric Steglich Rearrangement Using (P)-(R)-
PQXdmap Derivatives”

o
o

(0]
Bnou

BnOJ\O cat. (0.5 mol % Py)

Me— > toluene, 0 °C, time Me\\JN%O
N= Ar
s N 5
entry  cat. Ar time (h) % yield” % ee”
1 C1 4-MeOC¢H, (4Aa) 35 92 (5Aa) 62
2 C2  4Aa 9 84 (5Aa) 60
3 C3 4Aa 120 90 (5Aa) 52
4 C4 4Aa 12 89 (5Aa) 62
S Cs 4Aa 12 96 (5Aa) 60
6 C6  4Aa 300 779 (5Aa) 42
7 C7  4Aa 3 99 (5Aa) 69
8 cs8 4Aa 11 83 (5Aa) 50
9 C7  4-CIC¢H, (4Ba) 1 91 (5Ba) 72
10 Cc7 4-CF,C¢H, (4Ca) 1 88 (5Ca) 75
11° C7  4-CF,CH, (4Ca) 1 78 (5Ca) —45

“4Aa (0.3 mmol), and (P)-(R)-PQXdmap derivatives (0.5 mol %
pyridyl pendants) were stirred in solvent (6.0 mL) at 0 °C. “Isolated
yield. “Determined by chiral SFC analysis. 88% conversion. NMR
yield. “The reaction was carried out using (M)-(R)-C7 in a 1:1 mixture
of toluene and 1,1,2-trichloroethane.

showed high catalytic activities with moderate enantioselectivities
(entries 4 and 5), whereas C6 bearing piperidino group exhibited
low catalytic activity and enantioselectivity (entry 6). PQXs
bearing a fused cyclic amino group also served as efficient catalysts
(entries 7 and 8). In these series, PQXmdpp (C7) bearing N-
methyldihydropyrrolopyridine (MDPP) pendants afforded the
highest catalytic activity and enantioselectivity. These results
clearly suggest that higher coplanarity of the dialkylamino moiety
and the pyridine ring enhances both the catalytic activity and
enantioselectivity. The effect of the substituents in 2-methylox-
azolyl carbonates 4 on the reactivity and enantioselectivity was
also evaluated using (P)-(R)-C7. The presence of an electron-
withdrawing group on the benzene ring significantly enhanced the
reactivity of the substrate (entries 9 and 10). The ee of the product
at 0 °C was improved to 75% ee by using 4Ca bearing a 4-
trifluoromethyl group.

According to our previous works,”'® we also conducted
solvent-dependent helix inversion of C7 to reverse the
enantioselectivity.'” We found that the helical chirality of (P)-
(R)-C7 could be completely changed to (M)-helixin a 1:1 mixture
of toluene and 1,1,2-trichloroethane (see SI). Thus obtained (M)-
(R)-C7 afforded enantiomeric product SCa in 78% yield but with
lower enantiomeric excess (45% ee), probably because of negative
solvent effect of 1,1,2-trichloroethane used as a cosolvent in the
reaction (entry 11).

The catalytic activities of PQXdmap (C1) and PQXmdpp
(C7) were compared by NMR experiments at 24 °C in benzene-d
(see SI). In terms of the half-life of 4Aa (t,/,), C7 showed 9-fold
higher catalyst activity (#, , = 27 min) than C1 (¢, , = 247 min). It
should be noted that t,, of C7 was identical to that of MDPP in
spite of the presence of the highly sterically demanding helical
polymer backbone.

Based on these results, further optimization of catalyst structure
was performed at —60 °C, keeping the polymerization degree of
the catalysts (m +n =200, Scheme 3). With (P)-(R)-C7, ee of the
product was improved to 88% by lowering the reaction
temperature to —60 °C. Under the same reaction conditions,
(P)-(R)-C9 (n = 10) bearing (R)-2-octyloxymethyl side chains,
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Scheme 3. Optimization of the Polymer Structure
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which induces the right-handed structure more efficiently,'""
showed higher enantioselectivity, giving 5Ca with 90% ee.
Increase of the ratio of the pyridyl units ((P)-(R)-C10, n = 20)
resulted in a little decrease in enantioselectivity (88% ee). We
finally obtained 91% ee by using (P)-(R)-C11, in which less
pyridyl units (n = S) are contained.

Under the optimized conditions using (P)-(R)-C11, substrate
structure was varied at —60 °C by using oxazolyl carbonates
bearing a 4-trifluoromethylphenyl group (Table 2). As for the

Table 2. Scope of the Substrate”

o
Rl o)ko (P)-(R)-PQXmdpp C11 o 0
) (0.5 mol % Py) R1IO7 o)
R0 toluene, 60 °C, 24-96 h R? N={
N= (Ar = 4-CF3CqHy) Ar
4612 5,13-19

entry substrate R! R? % yield” % ee
1 4Ca Bn Me 91 (5Ca) 92
2 4Cb  4-MeCH,CH, Me 88 (SCb)? 90
3 4Cc  4CFRCH,CH, Me 72(5Cc) 92
4 4Cd 1-naphthylmethyl ~ Me 98 (5Cd) 94
s 4Ce  Me Me s7(sCe)? 71
6 4Cf  MeOCH,CH, Me 71 (5Cf) 90
7 6Ca  Bn Et 96 (13Ca) 94
8 7Ca Bn Pr 86 (14Ca) 92
9 8Ca Bn PrCH, 79 (15Ca) 86
10 9Ca  Bn Bn 93(16Ca) 91
11 10Ca  Bn MeSCH,CH, 85 (17Ca) 87
12 11Ca  Bn allyl 82 (18Ca) 93
13  11Ca  Bn allyl 88 (18Ca) 92
14 12Ca Bn Ph 79 (19Ca) 18

“Oxazolyl carbonate (0.1 mmol), and PQXmdpp (0.5 mol % pyridyl
pendants) were stirred in solvent (2.0 mL) at —60 °C. bIsolated yield.
“Determined by chiral SFC analysis. “NMR vyield. “11Ca (3.0 mmol),
and PQXmdpp (0.1 mol % pyridyl pendants) were stirred in solvent
(3.0 mL) at —60 °C. Reaction at 0 °C for 48 h.

effect of the acyl groups, benzyl, p-substituted benzyl, and 1-
naphthyl groups afforded high enantioselectivities (entries 1—4).
Although methylcarbonate 4Ce showed lower ee (entry S), 2-
methoxyethyl carbonate 4Cf gave high ee (entry 6). Substituents
on the oxazole core were varied using benzyl carbonates. Oxazolyl
carbonates bearing alkyl groups such as ethyl, propyl, and isobutyl
groups afforded the corresponding products with 94%, 92%, and
86% ee, respectively (entries 7—9). Benzyl, methylthioethyl, and
allyl substituted carbonates also afforded the corresponding
products in high yields with high enantioselectivities (entries 10—
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12). It is noteworthy that gram-scale synthesis of allyl substituted
18Ca needed catalyst loading of 0.1 mol % of (P)-(R)-C11, giving
1.07 g of 18Ca in 88% yield with 92% ee (entry 13). To our
knowledge, there has been no single example of the use of less than
0.5 mol % of chiral nucleophilic catalyst in the asymmetric Steglich
rearrangement.'*” Phenyl substituted 12Ca, which resulted in low
conversion at —60 °C, was converted to 19Cain 79% yield at 0 °C
with low enantioselectivity (entry 14).

Taking advantage of using a polymer scaffold, we demonstrated
reuse of PQXmdpp C11 (Scheme 4). After the initial reaction of

Scheme 4. Reuse of the Polymer Catalyst

recovery of the catalyst
Avg. 95%

(P)-(R)-C11 precipitation
o L
11Ca (1.0 mol % Py) by acetorTnnIe 18Ca
0.3 mmol toluene separation
(0.1 M) -60°C,24 h by centrifugation
run %yield %ee run %yield %ee run % yield % ee

initial 99 91 4 98 92 8 99 92
1 99 92 5 97 93 9 97 93
2 99 92 6 99 92 10 96 93
3 99 92 7 99 93 11 99 93

11Ca with 1.0 mol % (P)-(R)-C11, acetonitrile was added to the
reaction mixture to precipitate (P)-(R)-C11. Centrifugation of
the resulting suspension under air allowed recovery of (P)-(R)-
C11 along with separation of the product in the solution. After
drying under vacuum, the recovered (P)-(R)-C11 could be reused
11 times without any fall in the catalytic activity and
enantioselectivity. On average, 95% (P)-(R)-C11 was recovered
in each cycle.

To elucidate the reaction mechanism of the Steglich rearrange-
ment in the presence of PQXmdpp, crossover experiments were
conducted using an equimolar amount of 4Aa and 10Ae in the
presence of several nucleophilic catalysts at 0 °C (Table 3)."** The
use of DMAP or MDPP resulted in the formation of crossover
products (CO) along with noncrossover products (NCO) in
ratios of 2.4:1 and 1:1, respectively (entries 1 and 2). Similar
formation of crossover products was generally observed in
asymmetric Steglich reactions in which crossover experiments
were conducted.'**™'**"¢ This scrambling has been well
explained by the involvement of intermolecular acyl transfer
from acylpyridinium intermediate to the enolate generated from
the substrate. A DMAP-type catalyst 20 bearing a quinoxalinyl
group at 3-position also afforded a significant amount of the
crossover products (entry 3). Moreover, PS-DMAP, i.e., DMAP
immobilized on polystyrene, afforded crossover products with the
same ratio as DMAP (entry 4). By contrast, no crossover products
were observed when PQXdmap C1 and PQXmdpp C7 and C9
were employed as catalysts (entries S—7). These results strongly
suggest that the highly sterically demanding polymer scaffold of
PQX protects the acylpyridinium intermediate from attack by the
enolates generated on the other PQXmdpp molecules or
promotes the intramolecular acyl transfer significantly.

In conclusion, we established the synthesis of helically chiral
polyquinoxaline-based DMAP-type nucleophilic catalysts via
postpolymerization functionalization of polyquinoxalines bearing
boronyl pendants. The obtained (P)-(R)-PQXmdpp showed
high catalyst activity and enantioselectivity in an asymmetric
Steglich rearrangement, giving C-carboxyazlactones in high yields
up to 94% ee. The observed macromolecular effect on the selective
intramolecular reaction pathway opens up a new synthetic
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Table 3. Crossover Experiment®

O
MeO)kO o 9 | o 9
MeS(CH,)y~ /' | Mo”0 i BnO Y O
e N_O  MeS(CH,); N=( i {MeS(CH,); N={ |
108e A" (1.0mol % Py) | 17he AT 17Aa AT
+ Rl AULRAE I . ‘
tol i+
0 (o?ouzesnr(e/l) 3 o 9 D o 9
B o)ko -C : O
" (Ar=4-MeOCeH,);: BO" X 0 MeO” X 0
Me \/ko | Me N= Me N=
N:< 5Aa Ar 5Ae Ar
4Aa Ar NCO co
entry catalyst NCO:CO”
1 DMAP 2.4:1
2 MDPP 1:1
3 20 1.7:1
4 PS-DMAP 2.4:1
3 (P)-(R)-C1 >50:1
6 (P)-(R)-C7 >50:1
7 (P)-(R)-C9 >50:1

“10Ae (0.15 mmol), 4Aa (0.15 mmol), and catalyst (1.0 mol %
yridyl pendants) were stirred in toluene (6.0 mL) at 0 °C.
Determined by "H NMR analysis. 8.8 mol % pyridyl pendants.

PS-DMAP

A N
i
MeoN”

N._Ph
X
(L
N” “Ph
20

strategy using the polymer catalyst. Application of the helical-
polymer-based chiral nucleophilic catalysts in other catalytic
asymmetric reactions is now being undertaken in our laboratory.
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