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Scheme 1. NHC catalysis investigations with acylsilanes for carbonyl anion generation
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Z2eResults and Discussion— Achiral B-protonation
Table 1. Initial Screen for f-Protonation

v catalyst N0
F“MH v RTon DBU, toluene Ph/l\/u\ OR
1 100 °C 2
yield
entry ROH pK,(H,0) catalyst (mol %) additive (%)
1 EtOH 16 A (30 mol %) 30
2 CF;CH,OH 12 A (30 mol %) 17
3 PhOH 10 A (30 mol %) 42
4 4-NO,-PhOH 7 A (30 mol %) 0
5 BnOH 15 A (30 mol %) PhOH 58
6 BnOH 15 B (10 mol %)  PhOH 47
7 BnOH 15 C (20 mol %) PhOH 82
8 BnOH 15 C (5 mol %) PhOH 83
—catalyst.
Me Me Me
_ O:hl N 9
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Ma‘"%‘}/sle L e e N
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Scheme 2. Fortuitous Results
PhOH
° 30 mol % A H 0 H 0
P“M\H DBU, CHClz Ph/J\)LOEt ¥ Ph/l\/u\GPh
1 70 °C 3 4
CHCI; is stabilized by EtOH 1:1 mixture

The reason for the decreased yield:

B Decreased nucleophilicity for the
regeneration of the catalyst

B Higher acidity could suppress

the amount of carbine generated
in situ




Table 2. Survey of Alcohols

5 mol% C H @
= R—OH >
Ph/\)L Wt 2 equiv PhOH Ao
1 DBU, toluene 2
entry ROH time (h) product yield (%)
0
1 EtOH 4 3 72
o~ A,
0
2 PhCH 6 4 56
Ph OPh
o)
3 BnOH 2 o A o 8 82
) @
4 O/ 6 6 57
Ph/\)l\ﬂ
OH o Ph
: . 7
5 L~ B ph/\)La"Lm 77 Byproduct
OH 0  COMe
6 Ma""’;“cupua 6 Ph /\)ll\f.:r"L Mo O 61
o)
7 +BuOH 6 Ph/\)l\m-su 9 0

Achiral B-protonation




Table 3. Compatibility of Sterically Hindered Phenols

o]

5mol%% C
/\)L OH 2 equiv ArOH ph/\)'l\m.,, 6
DBUtmuene " * o

Ph/\-)J\DAr 10

entry ArOH yield (%) of 6 yield (%) of 10

OH
1 @’ 57 26

Me

OH
2 58 20
he

-Bu
OH

Me t-Bu




Scheme 3. Kinetic Resolution of Secondary Alcohols
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2 equiv PhOH
1 11 (R/S) toluene, 110 °C 7
40% conv.
S5=48
Scheme 4. Amines as Turnover Reagents
/\j\ c ) 5 mol%: C H 0
equiv 0.2 equiv PhOH
S + HNR'R2 -
Fh 1 H DBU toluene Ph)?z/”\”wnz
110 °C
0 'ICIF 0
NH H C@E—NH
@ ? Pn/U\NHE ’ T /”\NHE
13 14 15 16
0 % 0% o 0% 0%
d 0N 0 MeO,C NH
S NH . G/U\NH —
3 2 MBDE'C
17 18 O 19 20
0 % 0% 0% 519 yield (0 equiv PhOH)

35% yield (2 equiv PhOH)

Achiral B-protonation




Table 4. Optimized NHC-Catalyzed f-Protonation

R1 (8] 5mol?: C
2 equiv F'hDH
H/L‘\H[)J\H +  Bn—OH L )\*‘)Lﬂﬁn
DBU,toluene
RZ
entry R R! R? yield (%)
1 Ph H H 82
2 4-MeQ-Ph H H 76
3 4-Cl-Ph H H 71
4 n-propyl H H 90
5 H,C(CH=CH) H H 70
6 Ph H CH; 82
7 Ph Ph H 82
) 4-Cl-Ph Ph H 86
9 CH, CH, H NR
Table 5. ff-Protonation of Ynals
A8
o 5 mol %MEE"‘*N \N,.aMas
o \=/ E H O
+ -
zz M EOR ol % DBU, 2 equiv BHT HMUEH
R 21 toluene, 45 °C 22
entry R NHC yield (%) E/Z
1 Ph C 65 3:1
2 Ph E 67 >20:1
3 4-Cl-Ph C 56 3:1
4 4-Cl-Ph E 59 >20:1
5 4-MeO-Ph C 10 4:1
6 TBSO(CH,CH,) C 0

Achiral B-protonation 8



Scheme 5. Proposed Mechanism for -Protonation
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esults and Discussion— Enantioselective B-protonation

Scheme 6. Exploration of Chiral NHCs for Asymmetric fi-

Protonation
o o 5 mol % NHC o
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HJ‘\‘:/U\H + SequivBnO DEU, toluene HMOBn
28 80¢°C 29
o e
1-naphthyl 2,6-Me-Ph
______ Me .
NHG: Me IEJ Me ME, |‘EJ
D@ -@
Phﬁﬂf\”’kph 51% F'I-n"fﬁhhl,;\”"M'LI F
50:50 er 68‘.%
50:50 er
@AEF.,/L Me, Cle Me
Me Me
Ph/hHN/ N7 en mﬁz}\wu
o Yen I W "
G H
0% 0 %%

Scheme 7. Control Experiments

BINOL and TADDOL in place of BHT

Y o 0 090ty s Ph O [:”_;-,-—' with NHC precatalyst C led to only
equiv additive
HMH + 5 equiv BnOH A

toluene,60-80°c 7 OB trace amounts of product.

R= 4'C|'Ph, 1-naph‘thyl, Me trace produc[

b:l r'-F'r"
Q”@"@ Simpkin’s base derivatives,
' -Pr

sparteine, and cinchona alkaloid
5maol %

Ph O 2 equiv PhOH Ph O
+ 5 equiv BnOH
H)%/”\H d foluene, 60-80 °C H/!\)J\

R = 4-CI-Ph, 1-naphthyl, Me

derivatives funished racemic
products.

OBn

no reaction

nantioselective p-protonation 0




Table 6. Asymmetric Protonation of Homoenolate
Equivalents

Me O 10 mol % azolium salt Me O Me O
PhMH 25 mol % i-ProNEt - Ph)\/lLDEt * PhMDEt
30 2 equiv EtOH 3 32
THF, 23 *C
entry azolium salt yield (%) of 31 + 32 er of 31

1 I 51 67:33
2 ] trace 55:45
3 K trace 62:38
4 L 58 78:22
5 M 45 80:20
6 N

7 O

Me

Enantioselective B-protonation
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Scheme 8. Proposed Mechanism for Oxidative Pathway
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Table 7. Solvent Effect on fi-Protonation & Oxidatior.
Me O 10 mol % L Me O Me ©
+
FnMH 25 mol % i-PrsNEt F'h)\)J\CIEt PhMDEt
30 2 equiv EtOH, 23 °C 31 32
entry solvent yield (%, 31 + 32) ratio 31:32 er of 31
1 THE 58 31 78:22
2 toluene B1 13:1 T7:23

nantioselective B-protonation
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Table 8. New Solvent for Asymmetric f-Protonation

10 mol % NHC
RZ © 25 mol % base RZ 0O

R M H 2 equivEtOH R‘J\/U\I‘JEI

solvent, 12-24 h

The yield was
still low

23°C
entry R! R* NHC base
1 Ph Me P i-Pr,NEt DCE 48 92:8
2 Ph —CH,CH,0— L i-Pr,NEt DCE 66 85:15
3 Ph i-Pr L K,PO, EtOAc 51 78:22
4 4-MeO-Ph Me L i-Pr,NEt DCE 30 85:15
5 4-CF,-Ph Me M K;PO, EtOAc 39 80:20
6 2-F-Ph Me L i-Pr,NEt DCE 43 68:32

nantioselective p-protonation



Table 9. Catalyst Screen

Ph fa] 10 mol % NHC Ph o
25 mol % i-PrNEt -
Em\\ﬂ"MH - - Em\"/\')I\DEt
26 2 equiv EtOH 37
0 DCE, 23 °C 0
entry NHC er time (h) conversion (%)
1 M 55:45 18 100
2 L 58:42 12 100
3 K 66:34 2 100
4 | 57:43 12 100
5 Q 58:42 18 100
6 R 75:25 18 100
0
Ry r»:ﬂ'-“ D¥H ,»:H
N - \ \
i ~ 9 es N\fﬂ%‘*nr N ‘\?’g“ Mes
RZ BF4
=] =]
M, R = Ph, R2 = 3-indolyl BF, Mo gg,
L, R! =Ph, R2=Ph I Ar = Mes R
K, R' =Me, R2=Ph Q, Ar = 2,6-Et>-Ph




Table 10. Base Screen

10 mol % K
Ph Ph
a 25 mol % base 9
EtD\n)%)L H - E[D\MGET
2 equiv EtOH
o 36 DCE, 23°C o 37
h.l.le =Fr Me
4 : b
N Pr o T
Er"N““J-Pr O/ \O Er’"”“‘El |/ ~ e r?'
i-Pr Me
38 39 40 41 42
66:34 er 64:36 er 64:36 er 61:38 er 60:40 er
2h 2h 2h 36 h 2h
Me Me

Me M. Me. M.
@Vm El - ‘ -
I
M
e 0 OO

43 44 45 46
5545 er 61:39 er ST43 er 5743 er
2h 2h 2h 2h

Table 11. Lewis Acid Additives

Ph O 10 mol % K Ph O
E“:'\”/MH 25 mol % i-Pr;NEt . EO \ﬂ/:\‘)LDEt
20 mol % additive
o 36 2 equiv EtOH, DCE, 23 °C o 7
additive time (h) conv. (%) er

none 2 100 66:34

Mg(Ot-Bu), 24 50 65:35

Ti(Oi-Pr), 16 100 70:30

Sc(OTf); 18 100 64:36

LiCI 12 100 80:20

Enantioselective B-protonation
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Table 12. Effects of HBD Additives

Ph O Ph O
£1O 10 mol % K - :
" — \(\)I\DEt
a6 30 mol % additive 37
0 40 mol % i-Pr,NEt 0

EtOH, DCE no additive: 66:34 er, 2h

Ph _ Ph CFy CFy
i:] *
Me>< OH g
Me” Ng—A_-OH )I\
FsC M ﬁ CF5
Ph' Ph H

R,R)82:18 er, |8 h 33?1“2 er
S) h 12 h




Table 13. Temperature and Additive Effects on f-

Protonation
Ph O 10 mol % K Ph O
WN 30 mol % 50 . EO \N/\)L
H OEt
L 40 mol % i-Pr;NEt 5 37
2 equiv EtOH, DCE
entry  temp (°C) additive yield (%) er
1 45 48 58:42
2 23 +4 88:12
3 0 41 93.7
4 0 20 mol % DMAP 69 85:15
5 0 10 mol % DMAP 68 92:8
Table 14. Varying the Cocatalysts
Ph O 10 mol % K Ph O
EMNH 30mol%HBD \H/:\/u\mEt
36 40 mol % i-ProNEt 37
0 10 equiv EtOH, DCE, 0 °C 0
entty HED e tme (h)  yield (%)  er To prevent the Adol reaction:
1 50 10 mol % DMAP 18 68 92:8 B Use sterically hindered NHCs
2 56 10 mol % DMAP 24 84 91:9 B The addition of acyl transfer
3 57 10 mol % DMAP 24 94 91:9
4 I % a1 064 catalyst : DMAP
CF CF CF CF
a a 3 0 o a3
D1,  AX
FiC NT N CF, FyC N N CFs5

57 Its Solubility in DCE is low




Table 15. Impact of H,0O on f-Protonation Selectivity

Ph O 10 mol % K Ph

P 0]
S G L LA
I 5 40 mol % i-Pr,NEt

10 equiv EtOH, DCE, 0 °C o 37
entry H,O (equiv) time (h) yield (%) er
1 0 36 80 90:10
2 025 30 86 93:7
3 0.5 24 84 95:5
4 1 24 80 90:10




Table 16. Variation of fi-Substituent” Table 17. Variation of the Ester”

10 mol % K 10 mol % K
40 mol % i-Pr.MEt 40 mol % -Pr,NEt
R O 30 mol % 57 R O 30 mol % 57 H RO

10 -
e L (5mol % DMAP) . '\ R N” (5 mol % DMAR) | HNW
H - OR? 10 equiv R3-OH I

10 equiv R*-OH o

0 DCE, 0°C 0 DCE, 0°C
Varlation of R?
Variation of R? O Me Ph O Ph O PR O Ph O
MeO. - BnD\I(:\)I\ I-BUDN Me\l(:\)l\
OEt DEt OE! OEt
@ o O o @ o a|T0 o 7 o 72 o 73
: : : 72%, 80:10 er 69%, 95:5 er 76%, 973 er 62%, 83:17 er
E:o\n/\_)l\oa EtONOEl EIO\I(\)LGB
“Yields are of isolated product after column chromatography.
© a7 O 58 O 59 Enantiomeric ratio (er) was determined by chiral HPLC analysis.
81%, 96:4 er 76%, 946 er 74%, 91:9 er
(85%, 94.6 er) (82%, 90:10 er)
OMe OMe . g a
Table 18. Variation of the Alcohol
Me OMe
\© ©/ 10 mol %% K
40 mol % i-Pr-MNEt
) = g = o 2
0 2 £0 g £10 : R o 30 mol % 57 H R O
\H/\)J\DEt \n/\,)l\oa \"(\)J\OEI: RE . ':5 IT10| % D‘MAP} _ A2 }‘
o o o H , - OR?
60 61 62 10 equiv R®*-OH
77%, 96:4 er 78%, 92:8 er 71%, 93:7 er 0 DCE, 0°C o

(93%, 90:10 er)

Variation of R?
Ph 0 Fh o

63 R=4F-Ph, 75%, 93:7 er
R o] 64 R=3F-Ph, 54%, 93:7 er

Q Et0._ -~ ,lL Eo -
Eo. (69%, 92:8 er) EO.__- O ome \ﬂ/\/lLOB"
OFt 65 R=2F-Ph, 62%, 89:11 er Ot 5 o
0 o
66

| 74 75
(75%, 87:13 er) 99%, 91:9 er 81%, 93:7 er

0N _ 70%, 93:7 er Ph 0 Ph 0
[ j s /B Ph E@N EIO\N\
= 0 0 ~ 0 o] o
0. _~ EtO._ -~ 0.~ 0 /\lms 0 /\©\
OEt OEt OEt 76 77
) 0 62%, 919 er
67 68

O g9 71%, 93:7 er

57%, 89:11 er 61%, 955 er 44%, 92:8 er 64%, 99:1 after recrystalization
(68%, 83:17 er) (B0%, 77:23 er) (57%, B5:15 er)

Br

Enantioselective B-protonation




Scheme 10. Control Experiments

10 mol % K
on o 40mol % i-ProNEt

30 mol % 57 Efﬂ\ﬂ)\)j\
Eto\n)%/u\H - OEt (1)
10 equiv 0 37-D

D Ph ©

o 36 EtOD-d1 66% yield
937 er
23% D incorporation
10 mol % K
30 mol % 57
10 equiv EtOH 37
36 - 64% yield (2)

O Me 87:13 er
N’ Me

40 mol %
10 mol % K
30 mol % 57
10 equiv EtOH 37
36 ~ 68% yield (3)
87:13 er
10 mol % K
30 mol % 57
10 equiv EtOH 37
5 mol % DMAP 11g
36 = 84%yield, 94:6er (4
5 mmol 26 mol % 57

scale recovered
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Figure 2. DFT calculations of extended Breslow intermediate.




Proposed enantioinduction model
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Figure 3. Enantioinduction model.




10 mol% K
40 mol% i-ProNEt

—
-

1.3,5-trimethoxybenzene

0, >~ CHO 1 qug;g::DH EH0,C COMe
X = -CF3, -F, -H, -Me, -OMe
0.1
y =-0.0925x - 0.0139
R2=0.7719
0 H
— =0.1
T
a6
»
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> -0.2
o
-0.3 p-OMe
y =1.1576x - 0.0025
2=
.04 R?=0.9986
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Scheme 11. Proposed Reaction Pathway
5 H-bond donor

Arx assisted protonation;
N. tautomerization
o= l-!. Ph OH  Mes
I

N ]
AT ROy A N,

& ) N
QE N
35 ! EI'I- Vi j
addition; 84 Mﬂg\o
Me

H-migration

i-Pr NEL-H*

i-Pr,NEt

(0] - I
El0 : @
:*=(:)<”° Mm,..
g >

Eﬂ Bn“u

85
B6 e o
Me
transacylation
H B O HI.\‘ H’ Me
E1O - @
o = _Ma P
87 | N

DMAP

Me

EtOH 37




Summary and Outlook

Base
selection

=A
HBD RN\ MR
Solvent Cogiak=- 0 ” W
. tive cocatalyst 1M R30OH 1 3
polarity catalvsis R H R OR
y structure
2005 2016
single catalyst system rative catalysis systern
not asymmetric :‘ high enantioselectivity
high temperature high vield

NHC
catalyst
structure

a high yielding, highly enantioselective NHC-catalyzed B-protonati
e catalysis approach.
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