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Abstract: The dynamic kinetic resolution of 6-hydroxypyr-
anones with enals or alkynals through an asymmetric redox
esterification is catalyzed by a chiral N-heterocyclic carbene.
The resulting esters are obtained in good to high yields and
with high levels of enantio- and diastereocontrol. The reaction
products are further derivatized to obtain functionalized sugar
derivatives and natural products.

N -Heterocyclic carbene (NHC) catalysis has emerged as
a powerful method for the catalytic construction of various
intermediates that can be utilized in the assembly of
biologically or medicinally important chiral scaffolds.
Although significant progress has been made, examples of
NHC-catalyzed dynamic kinetic resolution (DKR) reac-
tions® are still rare. In 2012, Scheidt and co-workers
reported the intramolecular NHC-catalyzed DKR of f-keto
esters.'! In 2014, Johnson et al. reported an NHC-catalyzed
asymmetric cross-benzoin reaction of (-halo-a-keto esters
and aldehydes.”! Shortly after, NHC-catalyzed [3+2] and
[442] annulations by DKR were independently reported by
Johnson™® and co-workers and our group.”” To the best of our
knowledge, NHC-catalyzed DKR reactions of hemiacetals
have not been reported to date. As part of our studies in this
area,”’! we wish to disclose a novel NHC-catalyzed DKR of
hemiacetals, which generates enantioenriched pyranone pre-
cursors for the synthesis of carbohydrates or application in
glycochemistry (Scheme 1c¢).

Inspired by the role of 6-hydroxy-3-pyranones as key
intermediates for carbohydrate synthesis,'”’ O’Doherty!'!! and
co-workers have disclosed an elegant palladium-catalyzed
stereospecific glycosidation!"'"* of 3-pyranones with an ester
substituent in the 5-position (Scheme 1a) for assembling
diversified libraries!'"! and complex natural products.’!
Because of the significance of pyranones with a substituent
(e.g., esters) in the 6-position, many efforts have been
devoted to the manipulation of the hemiacetal group of
pyranones, for example, by the protection or oxidation of the
hemiacetal group.'’! However, most transformations involv-
ing the anomeric center have not been highly stereoselective.
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Scheme 1. a) Pyranones as important building blocks in carbohydrate
synthesis. b) Enzymatic kinetic resolution. ¢) NHC-catalyzed dynamic
kinetic resolution.

In 2000, Sugawara and co-workers reported a method to
generate enantiomerically pure (R)- or (S)-6-tert-butyldime-
thylsiloxy-3-pyranones ((R)-3-TBS or (5)-3-TBS) by lipase-
catalyzed resolution.!"”! Although the two enantiomers were
obtained eventually, tedious synthetic steps were required,
and only low chemical yields were achieved (Scheme 1b, R =
H; (S)-3-TBS: 5 steps, 20 %; (R)-3-TBS: 4 steps, 19 % ). Most
importantly, an enzymatic resolution of the widely used
racemic 2-substituted 3-pyranone synthons has not been
reported to date (Scheme 1b, R # H). Herein, we describe the
first NHC-catalyzed dynamic kinetic resolution of 6-hydroxy-
3-pyranones. A broad range of 2-substituted 6-hydroxy-3-
pyranones were suitable substrates of this process and
converted with good diastereoselectivity (Scheme 1c¢, R # H).

Experimentally, we set out to achieve a DKR process with
2a and 1a as the model substrates. Key optimization results
are summarized in Table 1. Chiral triazolium NHC catalysts
with an N-mesityl (Mes) substituent (A and B)! and
a backbone derived from a-amino acids were initially tested
in combination with CHCl; and NaOAc as the solvent and
base, respectively. The use of L-phenylalanine-derived cata-
lyst A yielded the desired product 3aa in 33% yield and
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Table 1: Optimization of the reaction conditions.?!

O
iog
HO™ ~O
1a

cat. (10 mol%
( ) Ph 070

CHCl3, NaOAc, RT

H
PhMO

O 3aa

R'Q*N BF4 lBFa [ lsa 1 O
R=Bn:A \=N* [ laf-’
R=BuB  Mes =N/ SN[ Lo NNy

N
Ar =Mes: D N,
)\,N N‘ Mes  Ar=246-ClyCgHy: E i_ ;h IH NO, Ar
PHhi Ar =2,4,6-ProCotly: F cerl Ar=2,46-PryCeHy: K
BFy Ar = 3,5-BU,CqHy’ G R=NO;J

Ph
[

Entry Catalyst t [h] Yield® [%] e.r
1 A 36 33 —61:39
2 B 24 60 —70:30
3 C 48 85 50:50
4 D 48 90 82:18
5 E 24 90 —71:29
6 F 36 75 83:17
7 G 72 36 80:20
8 H 12 85 80:20
9 | 12 74 82:18
10 ] 12 80 83:17
11 K 12 89 92:8
124 K 3 98 91:9
13k K 48 90 95:5

[a] Reaction conditions: A mixture of Ta (0.20 mmol), 2a (0.24 mmol),
NaOAc (0.4 mmol), and the indicate catalyst (10 mol %) in CHCl,

(2.0 mL) was stirred at room temperature. [b] Yield of isolated product.
[c] Determined by HPLC analysis on a chiral stationary phase. [d] Toluene
(2.0 mL), PhCO,Na (0.4 mmol). [e] Toluene (2.0 mL), PhCO,Na

(0.4 mmoly, 0°C

a moderate enantiomeric ratio (entry 1, —61:39 e.r.). Use of
the more bulky catalyst B,') which was prepared from L-tert-
leucine, gave a better e.r. (entry 2, —70:30 e.r., 60 % yield).
Disappointingly, no enantioselectivity was observed when the
morpholinone-derived triazolium catalyst C*! was employed
(entry 3).

Given the importance of structural diversification for the
success of a given catalytic transformation, access to a wide
variety of catalyst structures is crucial.”!! We herein inves-
tigated indanol-derived triazolium scaffolds.’”’ A series of
indanol-derived N-substituted triazolium catalysts (D-G)
were synthesized and then used in the model reaction
(Table 1). Pleasingly, enhanced enantioselectivity was ach-
ieved with the N-mesityl- or N-2,4,6-iPr;C¢H,-substituted
triazolium catalysts D and F (entries 4 and 6). Building upon
these findings, we next tested the impact of the R substituent
on the triazolium scaffold (H-J). Catalyst J, which bears
a strongly electron-withdrawing R group, not only led to good
e.r. values (83:17), but also showed high catalytic activity
(entry 10, 80%, 12 h). Gratifyingly, a new indanol-derived
triazolium catalyst K, which bears a nitro group at a remote
aryl position and a bulky 2,4,6-iPr;C,H, substituent on the
nitrogen atom, performed even better (entry 11, 89 %, 92:8
e.r., 12 h). Then, a variety of solvents and bases were tested,
and a combination of toluene and PhCO,Na was found to be
the best choice, leading to the desired product with good
enantioselectivity and conversion (entry 12, 89 %, 91:9 e.r.,
3 h). Lowering the temperature to 0°C further improved the
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enantioselectivity (entry 13, 95:5 e.r.). Therefore, the reaction
conditions shown in entry 13 were identified as the optimized
conditions.

With the optimized reaction conditions in hand, we turned
our attention to the generality of this DKR process. Both
electron-donating and electron-withdrawing aryl substituents
in the B-position of the enal were well tolerated (3ab and 3ac;
Table 2). Replacement of the B-aryl moiety with a heteroaryl

Table 2: Reaction of pyranones 1 with enals 2.

o O
Z PPN K (10 mol%)
3 2 + X 7 . )
HO™ No™ SR R O PncoNa tolene. 7 07 O7°R
0°C,36-48h °
1a-1g 2a-2e 3

With pyranone 1a: With enal 2a:

(e} (o] (2569)

R'=4-OMeCgH,: 3ab, 88%, 94:6 er. R =Me: 3ba, 88%, 94:6 d.r. R" = allyl: 3fa, 81%, 92:8 d.r.
R'=4-FCgHy: 3ac, 80%, 93:7 e.r. R =Et: 3ca, 86%, 94:6d.r. R"=OTBS: 3ga, 80%, 92:8 d.r.
R' = thiophenyl: 3ad, 66%, 95:5 e.r. R = Pr: 3da, 80%, 92:8 d.r.

R' = cyclohexyl: 3ae, 91%, 91:9err.  R=iPr: 3ea, 89%, 93:7 d.r.

[a] Reaction conditions: 1 (0.20 mmol),
(0.4 mmol),

2 (0.24 mmol), PhCO,Na
K (10 mol %), toluene (2 mL), 0°C, 36-48 h.

(3ad) or alkyl (3ae) substituent had little effect on the
outcome of the reaction. To further demonstrate the general-
ity of this reaction, several 2-substituted 6-hydroxypyranones
were examined. As shown in Table 2, pyranones with various
2-alkyl substituents gave the corresponding 2,6-disubstituted
pyranones 3ba-3ga in good yields and diastereoselectivi-
ties.”)

Encouraged by our success with enals, other classes of
aldehydes were investigated. To our delight, the reaction was
well compatible with alkynals. As shown in Table 3, alkynals
with (hetero)aryl or alkyl substituents all gave the corre-
sponding products in high yields and with good enantiose-
lectivities (5aa-5ae). In particular, alkynal 4a, with a para-
methoxybenzyl (PMB) substituent, afforded the desired
product Saa in 90% yield and with 99:1 e.r. When 2,2-
disubstituted 6-hydroxy-3-pyranones were used, good enan-
tioselectivities and excellent E/Z ratios were generally
achieved (5ha-5ka). With a spirocycle attached to the C2
position, the corresponding products were still obtained in
good yields and high enantioselectivities (5la—5pa). Further-
more, incorporation of substituents at the 4- and/or 5-position
had little impact on the formation of the corresponding
products 5qa—5xa.

Access to the another enantiomer or isomer of these
pyranone analogues will be essential to advance carbohydrate
synthesis.”!! Enzymatic resolution and column chromatogra-
phy can be used to synthesize the other enantiomer, (R)-3-
TBS, but resulted in a low yield (Scheme 1b; 4 steps, 19 %
overall yield). Herein, we could conveniently prepare the
appropriate enantiomer 6 by just utilizing the enantiomeric
NHC catalyst (Scheme2a; 1 step, 93:7 e.r., 93% yield).
Moreover, -L-isomer 7 was synthesized from 1b and 2a with
catalyst ent-K in good diastereoselectivity and excellent yield
(Scheme 2b; 92:8 d.r., 93 %).
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Table 3: Reaction of pyranones 1 with alkynals 4.1

R® 4
8 ~ ° Rf\//[()
~ 5
o Rs/o cat. K (10 mol%) N -
o R
R‘

HO’ PhCO,Na, Toluene
-5°Cor0°C,24-48h
1a, Th-1x 4a-4e 5

Communications

With 1a as the nucleophile:

iog
(O e)

RS\/&O

R® = PMB: 5aa, 89%, 99:1 e.r =
RS = thiophenyl: 5ab, 91%, 95:5 e.r. =

ﬁo
W

5ac, 90%, 946 er.
5ad, 89%, 94:6 er.

Wo
n
n=7:5ae,94%, 946 e.r.

With 4a as the alkynal:

N0

2 N
07 0 R 0”0 )
PMB/\/&O

R', R? = Me: 5ha, 91%, 95:5 e.r. n
R', R? = Et: 5ia, 78%, 90:10 e.r. n
R', R = cyclopropane: 5ja, 81%, 92:8 e.r. n
R', R? = Ph: 5ka, 88%, 86:14 e.r. n

1: 5la, 87%, 92:8 e.r.

3: 5ma, 79%, 86.5:13.5e.r.
4: 5na, 82%, 86:14 e.r.

9: 50a, 83%, 86:14 e.r.

Me Ph
0 o
o 7 o ’E%if o @Ay°
2
PMB/\)LO’(O\//E\O PMB/\)\O o pMB/\)J\O o

5pa, 77%, 96:4 e.r. 5qa, 87%, 96:4 e.r.

PMB/\)k I\//r

5sa, 88%, 946 er.

OBn
o
PMB/\/MO o pMB/\)\o o

5va, 80%, 90:10 e.r.

5ra, 77%, 92:8 e.r.

PMB/\)I\ IT /\)CL\%(T

PVMB [ONe)

5ta, 70%, 95:5 e.r. 5ua, 86%, 88:12 e.r.

(o)
374

0
PMB/\)J\O o

Swa, 72%, 964 e.r. 5xa, 75%, 92:8 e.r.

[a] Reaction conditions: 1 (0.20 mmol), 4 (0.22 mmol), PhCO,Na

(0.4 mmol), K (10 mol %), toluene (2.0 mL), —=5°C or 0°C, 24-48 h. The
E/Z ratios were determined by "H NMR spectroscopy and were > 20:1
for all products. PMB = para-methoxybenzyl.

Q

(10mol% o O o7 Yo
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HO' 0 T standard Bn\/§ (6R) Bn 6S
conditions o \/go ©s)
6 3aa
93:7 er., 93% (see Table 2)
N0

(b) N0
ent-K ! N vs.
_ (10mol%) o o7 07 0"
KL T standad Bn\/&o (2S8R Bn\/go(zs,ssu
conditions
3ba, a-(L)-isomer
(see Table 2)

HOO

7, p—(L)-isomer
92:8d.r., 93%

Scheme 2. Synthesis of (R)-6 and 7.

To synthesize functional sugar derivatives, we turned to
glycosidation. As shown in Scheme 3, pyranone 3ba could be
reacted with chiral prolinol 8 or chiral pregnenolone 10 to
generate the biologically important glycosides 9 or 11 in
a straightforward palladium-catalyzed glycosylation pro-
cess.'21]

Importantly, these enantiopure pyranones are very useful
feedstocks for carbohydrates. For examples, pyranone 3aa

was converted into L-lyxose 13 in two steps through reduction
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N
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80%
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Pd,(dba)e CHCI5
PPhg, CHoCly/THF

RT, 24 h
63%

10

Scheme 3. Product 3 ba was converted into a) prolinol glycoside 9 and
b) pregnenolone glycoside 11. Boc =tert-butyloxycarbonyl, dba=diben-
zylideneacetone.

OH OH OH
HO,
" . HO,,
(@) 3aa ) l (o} L’ 80 vs.
1h Bn 12h HO" Bn Ho SO
0. two steps 0.
88% OH
(o} [¢] L-(+)-lyxose
12 13 (+)-ly.
OH QH OH
HO. R
i) ii) HO.
(b) ent-3aa — | I) Vs,
By 12h Ho” ~8-© g, HO' o
o two steps o
87% OH
14 O 15 O D-(-)-lyxose
OH oH OH
© ma —= [ i) HOn AN Ho, Ao
VS,
Th gy 12h Ho ~8-C g, NG
! two steps LY HO
86% OH
16 0o 17 © L-(-)-rhamnose
oH oH OMe
L . HO A~ Me HOW A~_ Me
(d) ent5ha ) @Me i) DMG vs. Dmre
1h Y HO'
00 “”°25§Zps OH
D-(~)-noviost
Z 18 HO OH 19 {)-noviose
PMB
OH OTBS
OH OH C|>H
(e) 3ga . | “ores 0 6.0 vsHOl"
1h O an “an Bn Ho N O
o two steps [0}
72% OH
20 S} L-(-)-mannose

Scheme 4. Synthesis of selected carbohydrates. Conditions: i) NaBH,
(1.1 equiv), CeCl; (1.0 equiv), MeOH/CH,Cl, (1:1, v/v), —78°C; ii) N-
methylmorpholine N-oxide (NMO, 1.0 mLmmol™'), OsO, (0.05 equiv),
tBuOH/acetone (1:1, v/v), RT.

and dihydroxylation (Scheme 4a; 88 % over 2 steps). Lyxose
13 has an ester substituent at the 6-position, which could be
used to assemble glycans through glycosidation. The same
strategy was applied to generate D-lyxose 15 from ent-3aa
(Scheme 4b; 87% over 2 steps). Pleasingly, desmethyl-p-
noviose 19 could be synthesized from intermediate 18
(Scheme 4d; 52% overall yield). Furthermore, 3ba and 3ga
were successfully converted into the sugar derivatives o-L-
rhamnose 17 and a-L-mannose 21 in two steps with overall
yields of 85% and 72 %, respectively (Scheme 4c and e).

To further showcase the synthetic utility of this trans-
formation, we wished to rapidly synthesize some key inter-
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Scheme 5. Enantioselective synthesis of key intermediate 22.
DBU =1,8-diazabicyclo[5.4.0Jundec-7-ene, Tf=trifluoromethanesul-
fonyl, TMS =trimethylsilyl.

mediates of natural products. As highlighted in Scheme 5, the
key intermediate 22 could be obtained in good chemical yield
through a three-step sequence (for synthetic details, see the
Supporting Information). On the basis of 22, Fukuyama et al.
have successfully completed the total synthesis of gelsemox-
onine (Scheme 5).! The absolute configuration of 3af was
determined by comparing the optical rotation of 22 with
values reported in the literature, and the configurations of the
other products were assigned by analogy.**!

In conclusion, we have developed a novel NHC-catalyzed
dynamic kinetic resolution process. A variety of 6-substituted
3-pyranones were obtained in high diastereo- and enantiose-
lectivity. The synthetic potential of this DKR process was
demonstrated by concise syntheses of sugar derivatives.
Further studies on complexity-generating dynamic processes
are ongoing in our laboratory.
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