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Abstract: The  N-heterocyclic  carbene  (NHC)-catalyzed
enantioselective Mannich-type reactions of the biomass-derived
platform compound 5-(chloromethyl)furfural (CMF) with imines were
developed. A series of high-value-added chiral amines were afforded
in good to high yields with excellent regio- and enantioselectivities.
The bifunctional NHC derived from L-pyroglutamic acid was efficient
to steer the remote addition of trienolate intermediate to imine in a
highly stereocontrolled manner. This represents the first example of
enantioselective reactions via NHC-bound trienolate intermediate.

Biomass, produced by plants through solar photosynthetic
processes, is abundant on the Earth. Chemical conversion of
biomass to access useful materials is considered a promising
approach to replacing non-renewable fossil resources.
Lignocellulose occupies the largest proportion of biomass, and is
mainly composed of cellulose, hemicellulose and lignin.”
Degradation of cellulose and hemicellulose can yield carbonyl
compounds, such as glucose, xylose, furfural, 5-hydroxymethyl
furfural (HMF), 5-(chloromethyl)furfural (CMF), levulinic acid and
lactic acid.®! Further transformation of biomass-derived platform
compounds via asymmetric catalysis to obtain high-value-added
chiral chemicals is of great significance.

In the past decades, N-heterocyclic carbenes (NHCs) have
emerged as efficient organocatalysts to enable highly
enantioselective transformations via versatile intermediates.
The umpolung of aldehydes,’® and a-I"! or B-functionalizations™®
of aldehydes or carboxylic acid derivatives have been well
established. In recent years, the NHC-catalyzed enantioselective
y-functionalization via dienolate | has been well established
(Scheme 1, upper left).! In 2011, our group reported the first
NHC-catalyzed asymmetric [4+2] annulation reaction via
dienolate from B-methyl-a,B-unsaturated acyl chlorides.!® Chi et
al developed an elegant oxidative strategy for the formation of
dienolate from B-methyl enals.*¥ Since then, studies involving
NHC-bound dienolates®? and (hetero-) o-quinodimethane
intermediates™*® have been extensively investigated. In addition,

the NHC-catalyzed O-functionalizations via  a,p-y,0-
bisunsaturated acyl azolium intermediates were also reported by
Lupton,*¥ chi,*® and zhu®*® groups. Compared with the well-
developed NHC-catalyzed a-, B-, y-, and d-functionalizations, the
NHC-catalyzed e-functionalizations via trienolate have been far
less developed (Scheme 1, upper right). During our research on
NHC/photo-cocatalyzed alkylation of enals, the e-alkylated
products were afforded via NHC-bound trienolates.™ Recently,
the NHC-catalyzed reactions of 4-(chloromethyl)-
benzaldehydes™ and CMF®® via trienolates were also
developed. However, asymmetric version of these NHC-
catalyzed reactions meets little success,”® compared to the
achievements on enantioselective remote functionalization via
aminocatalysis.?"
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Scheme 1. NHC-bound dienolate and trienolate intermediate, and asymmetric
remote Mannich reaction via trienolate.

Asymmetric Mannich reaction is one of the most important
methodologies to access chiral amine building blocks. The
metal- and organo-catalyzed enantioselective classical and
vinylogous Mannich reactions have witnessed great success.??
Given our ongoing interests in asymmetric NHC catalysis,’”® we
herein report a bifunctional NHC-catalyzed enantioselective
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remote Mannich-type reaction of CMF via trienolate with imines
for the construction of chiral amines (Scheme 1, down). H-
bonding effect between azolium trienolate and the imine was
believed to promote the reaction in an efficient and highly
enantiocontrolled manner.

Table 1. Optimization of reaction conditions'®

preNHC A-F (x mol%)

NTs O Cs,COs (2.2 equiv.) NHTS T __ome
o ﬁ—( MeOH (3.0 equiv.) o
_MeOH (3.0 equiv.)
Cl o H toluene, T o

1a 2 3a
o CF,
N, BF4 OﬂﬁN BF, F3C s =N, BF4
N\7N\Mes T & N\7N\,,_\r
NoNMes  FoC —
Bn OH
FsC
X AX=H c *  DAr=Mes
B X = a-Naphthyl E Ar = GeFs

F Ar = 2,4,6-BryCgH,

entry preNHC X T(°C) yield (%)™ ee (%)
1 A 20 RT 64 6
2 B 20 RT 73 9
3 c 20 RT 49 11
4 D 20 RT 68 57
5 E 20 RT 33 73
6 F 20 RT 45 80
71 F 20 RT 75 92
g F 10 RT 73 92
ol F 10 -20 93 93
109 F 5 -20 95 92
11 F 2 20 70 93

[a] General conditions: 1a (0.1 mmol), 2a (2.0 equiv.), preNHC (20 mol%),
Cs,CO;3 (2.2 equiv.), toluene 1 mL (c = 0.1 mol/L), 15 h, RT. [b] Isolated yields.
[c] Determined by HPLC analysis using a chiral stationary phase. [d] toluene 2
mL (c = 0.05 mol/L). Mes = mesityl; RT = room temperature.

The model reaction of imine 1a and CMF 2 was investigated
under NHC catalysis (Table 1). After initial assessment of base
and solvent, the desired amine 3a could be afforded in 64%
yield albeit with 6% ee when 20 mol% of preNHC Al"® was used,
with Cs,COj3 as the base and toluene as the solvent (entry 1, for
details see the Supporting Information, Table S1). The preNHC
B4 with a bulky a-naphthyl was then used, which resulted in a
slight increase of the yield but without expected enhancement of
the enantioselectivity (entry 2). The reaction using
morpholinone-derived triazolium preNHC C* gave amine 3a in
49% vyield with. 11% ee (entry 3). A series of bifunctional L-
pyroglutamic acid-derived preNHCs with free hydroxyl group
were then employed (entries 4-6).%°) We were happy to find that
the usage of N-Mes bifunctional preNHC D dramatically
improved the enantioselectivity to 57% ee (entry 4). The N-CgFs
substituted preNHC E showed better enantioselectivity but with
decreased yield (entry 5). The reaction using preNHC F bearing
N-2,4,6-tribromophenyl afforded amine 3a in 45% yield with 80%
ee (entry 6). Interestingly, the reaction performed much better to
give 3a in 73% yield with 92% ee when concentration of the
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reaction was reduced from 0.1 to 0.05 mol/L (entry 7).
Decreasing the loading of preNHC F to 10 mol% showed no
change for the reaction (entry 8 vs 7). The yield of amine 3a was
further increased to 93% when the reaction temperature was
lowered to -20 °C (entry 9). Notably, the reaction performed as
well with respect to both yield and enantioselectivity when the
loading of preNHC F was further decreased to 5 mol% (entry 10),
while some decreased yield was observed albeit with high ee
unchanged when 2 mol% of preNHC F was used (entry 11).

preNHC F (5 mol%)
Cs,CO; (2.2 equiv.)
ety

MeOH (3.0 equiv.)
toluene, -20 °C

NHTS 7\ oMe NHTS 7™\ oMe NHTS 7™\ oMe
X oy ‘/ X SRS | X CEES
L > A~
~F MeO™

3a 95%, 92% ee

%om NHTS, \ OMe
”\\T o N o
o

[
B a4

3d 94%, 93% ee

%om
Ar” o
3

3¢ 91%, 92% ee

NHTS ™\ owme

RN (o}
rh
Me0,C~

3f 87%, 92% ee

NHTs
NHTS 7\ OMe NHTS 7\ OMe R JVEHOMe
N o
X o] X (¢] [e]
® o ® o v
NG~ F ON" NF
C 2 Me

39 90%, 92% ee 3h 84%, 92% ee

%om %OMG’ NHTS 3\ ome
N o N o
7 Me

OMe Br

3i 93%, 92% ee

3195%, 93% ee

BB
X 0
! °

30 79%, 93% ee

3j 93%, 92% ee 3k 80%, 92% ee

Ny o N o
\ o \ 0
ké LOMe [\V/J Br

3m 98%, 92% ee

NHTS X\ ome
g e}
~ o g | P 7 ‘\ o |
\_s ‘ N

3n 96%, 93% ee

3p 77%, 91% ee 3q 96%, 94% ee 3r 87%; 93% ee

Scheme 2. Scope of N-Ts imines.

With the optimized reaction conditions in hand (Table 1,
entry 10), we next examined the scope of N-Ts imines 1
(Scheme 2). It was found that imines bearing both electron-
donating groups (Ar = 4-MeCsH4 and 4-OMeCsH.) and electron-
withdrawing groups (Ar = 4-BrC¢H4, 4-CICg¢H4) at the para-
position of the phenyl ring worked well to give products 3b-3e in
excellent yields and enantioselectivities. Functional groups, such
as ester, cyano and nitro groups, could be well tolerated (3f-3h).
The reactions of meta-substituted imines also proceeded well to
give products 3i-3k in excellent yields and enantioselectivities.
ortho-Substituted aryl imines (Ar = 2-MeCgH4, 2-MeOCgH,4, and
2-BrCsHa) performed well under the standard reaction conditions
(31-3n). 2-Furanyl-substituted and 2-thioenyl-substituted imines
resulted in some decreased but still good yields under standard
conditions (30-3p). High yield and enantioselectivity were
achieved for the reaction of a-naphthaldehyde (3q) and B-
naphthaldehyde (3r). Unfortunately, aliphatic imine did not work
for the reaction under current conditions.

The reaction of imines with different sulfonyl groups were
next explored (Scheme 3). Imines with N-benzenesulfonyl, N-(2-
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thienyl)sulfonyl, N-(2-thienyl)sulfonyl, and 2-(4-
nitrophenyl)sulfonyl all furnished the desired products in high
yields and excellent enantioselectivities (3s-3u). Imine with N-
mesitylenesulphonyl was also tested to afford 3v in 77% yield
with 95% ee. However, the enantioselectivity decreased when
N-methylsulfonyl protected imine was used (3w), possibly due to
the less sterically demanded property. The attempt of using 4-
(chloromethyl)benzaldehyde instead of CMF failed under current
conditions.

R preNHC F (5 mol%) HN"
N B O Cs,C0, (2.2 equiv.) [\ OMe
. it bbb o
Ar)\H cl o W MeOH@Oequv) A o}
1 2 toluene, -20 °C 3
NO,
Oy Ph o s\> e
- h: = O
HN \b/ A\ OMe HN 2 / /
NS
o of \
o]
cl
3s 93%, 94% ee 3t 95%, 96% ee 3u 90%, 96% ee

O Mes Q

o
S )
N\\’\ HN "S5\ ome
0 o o o]
3v 77%, 95% ee

3w 37%, 85% ee

Scheme 3. Variation of N-sulfonyl groups of imines.

A variety of nucleophiles were then briefly investigated
(Scheme 4). Both primary and secondary alcohols worked well
for the reaction (3x-3z). Benzyl alcohol and 2-
thiophenemethanol were tolerated to give the desired products
(3aa-3ab) in high vyields. Furthermore, high yield was also
achieved for the reaction with cinnamic alcohol (3ac). Notably,
all of the alcohols furnished the corresponding products in
excellent enantioselectivities.

preNHC F (5 mol%)

N/Ts ‘ A ol Cs,CO03 (2.2 equiv.) NHTs | \ OR
/Q + e ——— (o]
cl ROH (3.0 equiv.) Ph o)
Ph H ° H toluene, -20 °C
1a 2 3

NHTs
| N °
i L~

3z 57%, 94% ee

[ s
Ph o\ Ph o

3x 66%, 94% ee

S
Ph ] —
NHTs ™ o NHTs 7\ o\/'3 NHTs o/
o
Ph o Ph o W Ph o 1

3ac 88%, 93% ee

3y 73%, 92% ee

Ph

3aa 88%, 94% ee 3ab 92%, 91% ee

Scheme 4. Scope of the nucleophiles.

The reaction could be easily scaled up to 3.0 mmol to give
1.1 g of the desired amine 3a in 90% yield with 94% ee under
standard conditions (Scheme 5).

T preNHC F (5 mol%)

N s, B O Cs,CO, (2.2 equiv.) NHTS 7\ ome
g e PO

A Cl O H MeOH (3.0equiv) Ph o 9
toluene, -20 °C

1a 2 3a
(3.0 mmol) (1.1 9,90%, 94% ee )
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Scheme 5. Gram-scale synthesis.

The reaction products were amenable to further
transformations through simple procedures (Scheme 6).
Removal of the 4-nitrophenylsulfonyl with p-toluenethiol afforded
chiral amine 4 in 80% yield. Reaction of chiral amine 4 with
isothiocyanatoarene gave the corresponding thiourea 5 in
excellent yield without apparent erosion of the enantioselectivity
(94% ee), which was readily available for potential application in
asymmetric  transformations as a  hydrogen-bonding
organocatalyst.

NO,
M
\ /C:

4-MeCgH,SH (2.0 equiv.)

K,COj3 (2.0 equiv.) NH, D OMe

°s
HN M DMF/CHACN (1:1) Ph I
Ph o
o 4 80% yield
3u (96% ee)
CF,4
=
3,5-(CF3),CsH3NCS (1.0 equiv.) HNTX
Y CF,4
THF, RT 7 ONH \__oMme
Ph oy

593%, 94% ee

Scheme 6. Synthetic applicability.

The absolute (S)-configuration of product 3a was assigned
via single-crystal X-ray analysis (see the Supporting
Information).?”

A plausible mechanism for this Mannich-type reaction of
CMF is proposed as shown in Scheme 7. Addition of the in situ
generated NHC to 2 forms the Breslow intermediate Ill, which
undergoes 1,6-elimination of HCI to afford the key trienolate
azolium 1V. The following nucleophilic e-addition of trienolate IV
to aldimine 1a gives adduct V, which is trapped by methanol to
afford the chiral amine product 3a and regenerates the NHC
catalyst. The possible pathway involving the Sy, attack of NHC
at CI-C bond of CMF was ruled out by a control experiment
using methyl 5-(chloromethyl)furan-2-carboxylate instead of
CMF, which resulting no reaction and full recovery of methyl 5-
(chloromethyl)furan-2-carboxylate (see Supporting Information).

NI
BF,

—N N2 N\
F
lbase

NHTs
)\/O\COOMe

\ ~,-N
NHTs N N
/Y &) PR ) '
P o N I /N
o I* o

Scheme 7. Plausible catalytic cycle.
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A weak interaction between the free OH of bifunctional NHC
catalyst and aldimine was observed by *H NMR titration in
CDsCN (see Supporting Information, Figure S1). Based on the
control experiments and the stereochemical outcome, a H-
bonding directed stereochemical mode is proposed (Figure 1).
The imine is pre-positioned with the NHC-CMF adduct via H-
bonding, followed by addition of trienolate to the Si face of
aldimine.

Figure 1. H-Bonding directed stereochemical mode.

In summary, the bifunctional NHC-catalyzed enantioselective
Mannich-type reactions of the biomass-derived platform
compound CMF with imines were developed, giving a series of
high-value-added chiral amines in good to high yields with
excellent regio- and enantioselectivities. The L-pyroglutamic acid
derived NHC catalyst bearing a free hydroxy group was the key
to steer the remote e¢-addition of trienolate in a highly
stereocontrolled manner. This protocol exemplifies the powerful
catalytic  activies of NHCs in remote asymmetric
transformations. NHC-catalyzed other asymmetric
transformations of biomass-derived platform compounds are
underway in our laboratory.
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37-98% yield, up to 96% ee Bifunctional preNHC*
+ Biomass-derived platform chemicals + Bifunctional NHC catalysis
+ Remote stereocontrol + Excellent regio- and enantioselectivity

The NHC-catalyzed enantioselective Mannich-type reactions of 5-(chloromethyl)furfural (CMF), an important biomass-derived
platform compound, with aldimines were developed. High-value-added chiral amines were afforded in good yields with excellent
regio- and enantioselectivities. The bifunctional NHC bearing a free hydroxy group was efficient to steer the remote addition of
trienolate intermediate to imine in a highly stereocontrolled manner.
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