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1. Background

NHC-catalyzed reactions in living systems and organic synthesis:

(a) enzyme catalysis in living systems
involving NHCs
(pyruvate decarboxylation)

0
/U\COH OH OH
ly | " Q)\(x
R™Y oy . oy
/§\< /+\<

(b) NHC organic catalysis in designed
chemical reactions

Breslow intermediates radical intermediates
(Vitamin B4 derivative) o" electron-pair-transfer single-electron-transfer
+pyruvate ferredoxin oxidoreductase reactions reactions
-CO, widely explored limited progress

CoASAc

® in enzymatic catalysis, both electron-pair-iransfer and single-electron-transfer processes are involved
® in organic synthesis, most NHC-catalyzed reactions are designed based on electron-pair-transfer processes

Angew. Chem. Int. Ed. 2019, 58, 2-5
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1. Background

Fukuzumi, 1998, ACIE

Direct observation of radical intermediates While Investigating the
Redox Behavior of Thiamin Coenzyme Models:
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» With low-temperature (233 K) cyclic voltammetry and EPR spectroscopy.

» The enolate form of Breslow intermediate has a strong reducing ability
(E%x = -0.95 ~ -0.97 V) and fast electron transfer property.

Angew. Chem. Int. Ed. 1998, 37, 992-994 4



1. Background

NHCs catalyze the oxidative decarboxylation of pyruvate:
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1. Background

The use of a,B-unsaturated aldehydes as substrates for NHC catalysis:
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2. Reactions of aldehyde carbonyl carbon centers

Studer, 2008, ACIE
Biomimetic carbene-catalyzed oxidations of aldehydes using TEMPO:
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R H N/ TEMPO Ny

Table 1: NHC-catalyzed oxidation of various aldehydes with TEMPO
(2 equiv) and DBU in THF at room temperature for 6-12 h.

| Ph
Entry  Catalyst  Product R Yield [%6] ¢ 1Nr ! +r\{
N R (mol %) :E ) [Lr S
18 3(10) 2a CH.CH=CH 87 S N

cl 26 4 (10) 2a C.H.CH=CH 86
3 3 50100  2a CH.CH=CH 85 4 5

The carbene structure does not influence oxidation to a large extent.

Angew. Chem. Int. Ed. 2008, 47, 8727-8730 7



2. Reactions of aldehyde carbonyl carbon centers

Studer, 2008, ACIE
Biomimetic carbene-catalyzed oxidations of aldehydes using TEMPO:

Suggested mechanism (X=N, CH)

TEMPO /
OH RN,
/ X TEMPOH
R N‘ N
X o

Angew. Chem. Int. Ed. 2008, 47, 8727-8730 8



2. Reactions of aldehyde carbonyl carbon centers

Studer, 2010, JACS

NHC catalyzed oxidations of aldehydes to esters: chemoselective
acylation of alcohols in presence of amines:

O HOR?
H-NR?

© |/

| fN'N (2 mol%)
N.Z
/,@ O
DBU, THF, rt -
- 1/L\OR2
t-Bu t-Bu
0 _¥o -
t-Bu t-Bu

» The carbene has a dual role: (a) it catalyzes the oxidation and (b) it activates the

alcohol.

» Preferable activation of the alcohol by H-bonding to the carbene thereby increasing

the alcohol nucleophilicity.

J. Am. Chem. Soc. 2010, 132, 1190-1191



2. Reactions of aldehyde carbonyl carbon centers

Ohmiya, 2019, JACS
N-heterocyclic carbene-catalyzed decarboxylative alkylation of

aldehydes:
(e
—— Pr
0
0 0 SVN@ 9
JLH + N‘o’%( it - JS(
0
aidehyde carboxylic acid derivative ketone

» Redox-active esters that can accept one electron and then liberate an alkyl radical.

J. Am. Chem. Soc. 2019, 141, 3854-3858 10



2. Reactions of aldehyde carbonyl carbon centers

Ohmiya, 2019, JACS
N-Heterocyclic Carbene-Catalyzed Decarboxylative Alkylation of
Aldehydes:

E. Working hypothesis

O
HE ___.-S JL\_
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J. Am. Chem. Soc. 2019, 141, 3854-3858
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3. Reactions of B-carbon centers

Rovis, 2014, JACS; Chi, 2015, JACS
Enantioselective NHC-catalyzed B-hydroxylation of enals:

Q chiral NHC OH O
R/\)J\H +  Oxidant MeOH 2 . /’\)LOMe
1 2 up to 98% ee 3
@ s
=N BF4 /@l’o A (10 mol%)
Bu NN G o v ' NaOAc (100 mol%)
Bu>| Z CCls:MeOH (20:1)
OTBS 4 2a (Rovis' condition)
b0
’R:N‘NC? EtoZCN_O B (15 mol%)
ol Mes e Oz\S‘Q K,CO3 (150 mol%)
=T PhMe:MeQOH (45:1)
\ B 2b O,-N (Chi's condition)

J. Am. Chem. Soc. 2014, 136, 14674-14677
J. Am. Chem. Soc. 2015, 137, 2416-2419
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3. Reactions of B-carbon centers

Rovis, 2014, JACS; Chi, 2015, JACS
Enantioselective NHC-catalyzed B-hydroxylation of enals:

OH O \ R\ CHO
R/\)LOMe ; <N‘N 1

3 N
J /
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J. Am. Chem. Soc. 2014, 136, 14674-14677
J. Am. Chem. Soc. 2015, 137, 2416-2419
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3. Reactions of B-carbon centers

Rovis, 2015, JACS

NHC-catalyzed enantioselective synthesis of 3,4-disubstituted

cyclopentanones from enals:

OH O
O MeOH :
R H N N__
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R R

non-nucleophilic solvent

J. Am. Chem. Soc. 2015, 137, 10112-10115

14



3. Reactions of B-carbon centers

Rovis, 2015, JACS
NHC-catalyzed enantioselective synthesis of 3,4-disubstituted
cyclopentanones from enals:
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J. Am. Chem. Soc. 2015, 137, 10112-10115
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3. Reactions of B-carbon centers

Ye, 2017, Chem. Sci.

NHC-catalyzed oxidative [3 + 2] annulation of dioxindoles and enals:

73-98% yield, 80-99% ee 15 R'

a: R = alkyl, D {20 mol%), DABCO (1.2 equiv.),
NB (2.0 equiv.), 4 A MS, toluene

b: R = aryl, E (20 mol%), DBU (0.2 equiv.),

R —”N BF.
HH',.1 o N m Mes
oH D

R' = 3,3-(CF3)o-CgHs-

P

N “Mes
BFP
E

DABCO (1.0 equiv.), NB (2.0 equiv.), 4 A MS, toluene. NB = nitrobenzene

Chem. Sci., 2017, 8, 1936-1941
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3. Reactions of B-carbon centers

Ye, 2017, Chem. Sci.
NHC-catalyzed oxidative [3 + 2] annulation of dioxindoles and enals:
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Chem. Sci., 2017, 8, 1936—194.1 17



3. Reactions of B-carbon centers
Chi, 2017, ACIE
Polyhalides as efficient and mild oxidants for oxidative carbene

organocatalysis by radical processes:

c) This work: Simple polyhalides as oxidants by a two-steps SET process.

N‘/ CCly *CCly+ CI N‘/ *CCl; "CCls I W

(Breslow mtermednate) (Acyl azolium)
oo CORCOL GO0 e Simple and inexpensive oxidant
typical organic ~ Sigma-Aldrich ~$90/500g  ® Easily removable reductant i
: solvent Alibaba ~$1.5/kg e Amenable for large-scale synthesis !

» SET oxidative pathway

Angew. Chem. Int. Ed. 2017, 56, 2942—-2946
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3. Reactions of B-carbon centers

Chi, 2017, ACIE
Polyhalides as efficient and mild oxidants for oxidative carbene
organocatalysis by radical processes:

a) CCl3-CCly
O */H/ B
M [CCI5-CCly]
e \cc cel
lp- cl-
H 2 3t
N NHe /‘\/K(
”N\/N )

M CC|2-CC|3

further reactions «=---:

. /4
examples in Tables 2-4 — 2

Angew. Chem. Int. Ed. 2017, 56, 2942—-2946 19




3. Reactions of y-carbon centers

Sun, 2016, ACIE

NHC-catalyzed y-dihalomethylenation of enals by single-electron

transfer:

OCO.Me

R = CHO

1 (0,30 mmaol)

+  CBry

0CO.Me

E’J‘V”‘cHr::
1 (0.3 mmaol)

+  CBICl,

A (20 mol¥s)
KOAG (3.0 equiv)

-

4A M.S. Et,O
RT, 12 h

A (20 malh)
KOAC (3.0 equiv)

4A M5 Et,O
RT.12h

Angew. Chem. Int. Ed. 2016, 55, 15783-15786

. 0
3,0
= N [;”JCI
=N
Mes
Gl _Cl A
|
R™ ™ Co,Me
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3. Reactions of y-carbon centers

Sun, 2016, ACIE

NHC-catalyzed y -dihalomethylenation of enals by single-electron

transfer:
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Angew. Chem. Int. Ed. 2016, 55, 15783 —15786
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4. Reactions of aldehydes as the terminal reductants

Chi, 2014, OL
N-Heterocyclic carbene organocatalytic reductive B,8-coupling
reactions of nitroalkenes:

~ NHC . o
l s oA N0, B NO; I
GH3DH NO, R'™ "OCH;

R

NHC-catalyzed #,f-coupling
of mtrualkenes via radical intermediates

Org. Lett. 2014, 16, 5678-5681 22



4. Reactions of aldehydes as the terminal reductants

Chi, 2014, OL
N-Heterocyclic Carbene Organocatalytic Reductive B8,8-Coupling
Reactions of Nitroalkenes:

o R R
NO, NO,
nitroalkene 2 i R NO, R NO-

radical anion
intermediate Vv product 3

Org. Lett. 2014, 16, 5678-5681 23



4. Reactions of aldehydes as the terminal reductants

Chi, 2016, NC
NHC-catalysed reductive coupling of nitrobenzyl bromides and
activated ketones or imines:

E+
b =N OH
= Br O N N
1E| 5+ 2 = S T H H1
D N .’_,.r" 4 H , . . 4
i NHCcat. ~ ON_ - ~T.______..

+ ArCHO(3), CH,OH i

1

I I
1 1
e e e L

SET radical process; reductive 1,2 addition

O R
O
R 0 . RS
oy R\~ M
P'I‘I"’-Q“\'-’J’IR{:D&{:HE. (,\a- ﬁ (:?}i/ké{]
- \H — z

Nat. Commun. 2016, 7, 12933 24



4. Reactions of aldehydes as the terminal reductants

Chi, 2016, NC
NHC-catalysed reductive coupling of nitrobenzyl bromides and
activated ketones or imines:

0
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e R e

_ - o’ X
D IO Ll ®
= - R R
=
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B4 2 [ _B:a' ___________________________
o : :
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e e -
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/@'/X \ A3 : : /@/ :
R R |4 =—B4 = !
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4 ] 9 EE 1

5 (regenerated) «_

Nat. Commun. 2016, 7, 12933 25



4. Reactions of aldehydes as the terminal reductants

Chi, 2017, OL

NHC-catalysed reductive coupling of nitrobenzyl bromide and nitroalkene:

i~ NO; & NHC cat. ,-,_-:‘f"uil/ NO;
R [ ' , —CSELD— T I
O R Hr:f\“:w
X ° [¥.=Br,Cl, OTg R i ND),
Chi, 2017, CC
Synthesis of indanes via NHC-catalyzed single-electron-transfer processes:
N |:;'«’FEI *\*ND’
o NO; . _NO, f,\;;\NH N
:;-H1 __,.--lL _;‘.’.’-‘ + @f\/\\/ —_— i NGE
A Z“gwe  ArCHO (3)
i 1 2 4 —ewe
e _~_-NO
SET N> gy ny g ,
P N0, & T N[] H
¥ i | Michael
RZ gﬂdlgr&?.:: SET Z T EWG  adion

I [
Org. Lett. 2017, 19, 632-635 -
Chem. Commun., 2017, 53, 11952--11955



5. Conclusions and outlook

» Summary of NHC-catalyzed SET reactions:

(Rovis 2014, 2015; Chi 2015, Chi 2018, 201? {Martin & Bertrand 2018)
Studer 2008) Ye 2017.2018) ( } mechanistc study for SET pathway
0 _ §
NHGC P ! 0
— SET —»
RJ\H —eT _"RJJ\Q"'N B—mrbon N—-N;) d ] d) RJ.I\‘r"\N)
TEMPO _ functionalization ~** X
(Chi 2014) Rehbein 2015 (Ohmiya 2019)
NHC NO;, l: ’ (Sun 2016; Chi 2017)
NO, 0, _H R' R2
0 0 'Y L/
",il —LESEL— "R Polyhalides as SET oxidants 3
R ArCHO ' \) e.g., CBry, CCly-CCly J
NO'
radical anion intermediate detected by EPR benzoin reaction mechanism re-evaluated decarboxylative coupling of aldehydes
» Outlook

v Identification of new SET oxidants (and reductants)
v' Design of new carbene catalysts

v Assembly of challenging products

v" Mechanistic studies (3. Am. Chem. Soc. 2019, 141, 1109-1117)
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a) OH / O
JH
Ph/‘\r"‘ Ph™* [N
NS p&
G G'

b)

\

G ) G

Figure 1. Lewis formulas and calculated structures (PBEh/TZVP)
including a plot of the spin-density distribution (isosurface value of
0.01 a.u., positive values in black, negative values in gray) of the two
tautomeric forms of the radical cation (G and G').
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Figure 1. DFT structures (B97-DVTZVPP) of NHC—MeOH (left) and
NHC—MeNH, complexes (right), and the binding energies (kcal/mol).
Intermolecular CH, CO, CN distances in A. Change of OH, NH lengths
relative to free MeOH and MeNH; in italics (positive means elongation).
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. . . b
Table 2. Scope of the Racemic Reaction™

=N - ¢l ‘E‘Ba
N N> OH O

O w2
H&“J\'H + ﬂ:-r:?,[]' ; Sa ¢ (10 mul‘ﬁ} FI/L\')LC'ME
| NaOAc (100 mol %)

1 e CClyMeQH (20:1) 3
O:N 23°C, 12 h
3a OH O 3b OH O 3¢ OMe OH O
©/K)\GME /@/U\ﬁms @/J\/&GIME
50 % Cl 56 % 43 %
3d OH O 38 OH O af OH O
/@’J\)L::-ME J@/ULDME /G/U‘orm
0N 30 % MeD 38 % r 45 %
3g OH O 3h OH O 3 OH O
WGME Me’w\DMe OMe
! 43 % 37 % 65 %
3j OH O 3 OH ©
EHD\/\\JJ‘L‘DME "L\_/JJ" MEMDMB
71 % 71 % 55 %
3m OH O OH O
MEYL\)J\DME OMe
Me gg o 67 % 73%
3pMe OHO 3 Me Me OH O 3r Me OHO

) ,\J}/\)L
MDM& Ma"l\“/\-‘)\v’u“ﬂlﬂe Ph OMe

7% 51 %



Table 3. Optimization of the Asymmetric Variant®

0 OH O
. Owidant  M0mol% NHC X :
I e 1007l ™ o
i ee
entry NHC oxidant solvent %P (%)<
1 b 2a MeOH o =15
2 AC 2a MeOH 36 -7
3 ad 2a MeOH 15 664
4 5e 2a MeOH ] 0
A A 2a MeOH 42 -4
6 5 2a  MeOH 51 31
7 g 2a DCM/MeOH (20:1) 3 79
H 5 2a toluene,/MeOH (20:1) 30 87
] 5z 2a trithworotohiene MeOH 44 HH
(20:1)
10 5 2a CCl,/MeOH (20:1) 45 92
11 g 2d  CClL/MeOH (20:1) M 54
12 5 2e CCL/MeOH (20:1) 2 76
13 5 2f CCLﬂ;;{eDH (20:1) 12 16
_H E’Ea _N EBF., O:” E:'EIF_.
H,'HEJF F M,.h@F F N,'@F F
B 7 ;ﬁ_:j—F e T FPimf 7 F‘ﬁ-F
5b F 5¢ F OTBS 5d F
o E:'EF. gr 'E}Eﬁ
N A =Moo T HeR_ ¢
~ ,;ilj;:“F Py “{'GI ClBu— ¥ F\E-L:g;F
F Bu' gres F
Sa 5f g



Table 4. Scope of the Asymmetric Reaction®

D 10 mol % NHC 5
0 .0 g OH O
M MaOde (100 mol %) i
TP COLMOH 20T A OMe
1 UzN 2a 23°C,12h 3
3a OH © b OH O 3c OMe OH O
Ohe OMe Oble
45 % 57 % 4%
82 % ee cl 90 % ee 80 % ee
3 OH O
% OMe
|| 46%
QN F 81 % ee
3g OH O ah OH O 3= OH O
U‘j’\‘)L OMa Ms”%/\fﬂ‘ﬂm OMe
{‘L 56 % 46 % 58 %
84 % oo 85 % oe 80 % ew
3j OH O 3 OH O 3m OH O
Bnﬂﬁru«ﬂ“a MEMDW I'-'IE\I/\)I\GME
1% 44 % Me 73
81% e 80 % ce B8 % pe
3n  OH i 3 OH O 3g Me . PHEI
v/“‘v OMa OMe mwﬂm
61 % Boch 74 % 40 %
80 % ee 84 T o B % pe

“Cee footnotes a—c in Table 3. PThe reaction was conducted in
PhCF,/MeOH (20:1).



3. Reactions of B-carbon centers

Rovis, 2014, JACS
Enantioselective NHC-catalyzed B-hydroxylation of enals using
nitroarenes:

—N @m E-Fa

0 ﬂm OH O 0

, m mol % Cl
Ph/{a\/J‘I\H"' Oxidant NaDAc (100 mol %) Ph/i;‘!”\DME+phﬁ?/J\DME
a

1a MeOH, 23 °C, 12 h
JQ L; - “’*”“Q IoN
OzN MeO;C OzN
21:!
40 % 35 %
E®eq =-0.330 V ,Ed-EIIEE?V
7@’ C‘Im? @
trace
E g = El 345 VW B g = D 28TV Effeg =-0.486V

» The nitro group in the oxygen transfer step.

J. Am. Chem. Soc. 2014, 136, 14674-14677 35



3. Reactions of B-carbon centers

Rovis, 2014, JACS

Enantioselective NHC-catalyzed B-hydroxylation of enals using

nitroarenes: o o J
'D.;\- h"\.
N
H«’Lﬂ-\,{J’I‘\DME N_HH A H
Vi -\ '\-\r:-" Ar \(‘ IE:ID
v Ewa Hf”ﬁ:/kgrﬂg
4 MeOH EWG B,
EWG boar
ﬁ
OH
= i ~
=y oM = N
(INDY o, ogo H”..‘\"J““jj_ o

[
o OH
/%/N i-:l - 'l-r
R = M
No A
Arr’d” Wil lila A .-N_N
MEGHl r®
O
H"'%"/I'Lmﬂ& Wi

J. Am. Chem. Soc. 2014, 136, 14674-14677
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3. Reactions of B-carbon centers

Chi, 2015, JACS
N-heterocyclic carbene-catalyzed radical reactions for highly
enantioselective B-hydroxylation of enals:

R HOL, N }{iwl OH ©
. -CHO / \ .
ON NHC cat 5
1 2 (oxidant) ~2' 91-98% ee
Me CO,Et
.-‘.ja 0 L /
H_' “l | S, N _,.-Cl:IEEt 4 )V\r Nﬁ:{
™ OMe . Dr;‘*. ECIJ_ IN-J
nitially proposed prod
3’ (not observed) proposed key radical intermediates in this reaction

J. Am. Chem. Soc. 2015, 137, 2416-2419 37



Scheme 2. Control Experiments

O
0 o 15mol%3c 6a
o NaOAc (100 mol %)
+ CF4Ph, 70 °C, 12 h R
W " Ph%l\ " \ P
MeO 1a 5 D
MeOQ Not Observed
O
0 N 15 mol % 3¢ 4c
= NaOAc (100 mol %)
PhMH + @ ,]j CF4Ph, 70 °C, 12 h )
1e M - Ph Ph
Not Observed




Table 3. Cross-Reaction®”

0
0
N
Ar/})\ H @rD@ 20 mol % 3¢ 4
o =N NaOAc (4 equiv)
+ 0O ON = LiCl (4 equiv)
Ar&)\H 2 ,  CFPh,70°C,12h  Ar  ‘Ar

oh oR gh

65 % 59 % oM 671 %
85 % ee 80 % ee 86 % ee
>20:1dr 4dh >20:1 dr 4dag >20:1dr

F

@5 -

Br 56 % 60 % OMe
75 % ee 82 % ee
=20:1 dr =20:1 dr

“Reactions were carried out with 1.0 equiv of 1, 4.0 equiv of 1’,

and
4.0 equiv of 2. bSee footnotes b—c in Table 1.




