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Introduction

E ' According to Huckel's Molecular Orbital Theory, a compound is particularly
Huckel's rule stable if all of its bonding molecular orbitals are filled with paired electrons.

4n + 2 m electrons

R
= n="1 n=-1
X X
R R
R R
R R
R R R R
Cyclopropenyl cation Cyclopentadienyl anion Cycloheptatrienyl cation
(Cyclopentadienide ion) (Tropylium ion)

Smallest of the Hiickel ring systems



Ronald Breslow
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S.L. Mitchill Professor of Chemistry and University Professor

= Hz=E— Zen-ichi Yoshida

Otto Diels

Kyoto University

Ronald Breslow was born in Rahway, New Jersey on March 14, 1931. Yoshida was born in 1925

Ph
AX

Cyclopropenyl cation

Ph Ph

Breslow, R. J. Am. Chem. Soc. 1957, 79, 5318 J. Am. Chem. Soc. 1971, 93, 2573.

\ /
One of the most stable N clO ©
: 4
carbocations known
>N N~ TDAC

Aminocyclopropenium ion

Born 23 January 1876
Hamburg, German Empire
1,2,3,4,5-pentacarbomethoxycyclopentadiene
O

0O OMe
@)
MeO
MeO OMe

o & M (pccp)

Diels, O. Ber. Dtsch. Chem. Ges. 1942, 75, 1452.
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http://www.sbchem.kyoto-u.ac.jp/yoshida-lab/en/

Aromatic ions

........

Introduction

R R Aromatic ions have been brought
R R into organic synthesis.
R R

Tristan Lambert was born in Madison, WI, in 1976. In 1998, he began graduate
studies at UC-Berkeley as one of Dave MacMillan’s first students.
In 2000, Tristan moved with the MacMillan group to Caltech where he earned his
Ph.D. for the development and application of novel Claisen rearrangements.
In 2004, he began postdoctoral studies with Sam Danishefsky.
In 2006, Tristan accepted a faculty position in the Department of Chemistry at
Columbia University.
In 2011 he was promoted to Associate Professor and in 2016 to Full Professor.
In January 2018, he moved to the Department of Chemistry and Chemical Biology
at Cornell University. His research group focuses on the study of intriguing
chemical building blocks such as aromatic ions and their application to problems
In the areas of catalysis, reaction design, and polymers.
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2. Aromatic cation




Synthesis of Cyclopropenyl Cation
R ©

x SIS
_ Ph BFe
4
R R Z + o Z _BF3 EtO
Cyclopropenyl cation Ph Ph

diphenylacetylene phenyldiazoacetonitrile

KCN
Breslow, R. J. Am. Chem. Soc. 1957, 79, 5318

Yoshida 1971 other TDACs prepared

@]
ci_ Ci i) excess N cior- O cIo;- Ej cIo;- @\ _cor
/A\ MeNH » /A\ ‘quantitative’ N N N
ii Me _Me
al cl i) HCIO4 SN N . /@
1 b de 2 TOAC YY) Oy Yy
Aminocyclopropenium ion

. . o, LS @ !
R=
J. Am. Chem. Soc. 1971, 93, 2573.

dialkylaminocyclopropenium ions
SN2’ Mechanism

Cl  clo, Cl  cloy c CF
(A"" 7 RaNH HNH /‘é\ ; /A ; Q\ /A‘\ /O
cl_\ Cl----HNR; 2 2 Et\r;l ril,Et f-Pr-\_FIq r;I,f-pr . .
A — = — c‘W = Et Et Pr Pr

Cl
o’ ~ el RLHN 8 o i

Lambert
HNR; (Lambert) -




Synthesis of Cyclopropenyl Cation

Taylor 1994
Cl 0 cl, cCl
DME
/_<— N )l\ > ¢l 390 g
Cl Cl ClsC ONa reflux, 5d Cl
Cl
excess
RsNH
R “N’H
Cl Cl =
18 M KOH /K\ excess RoNH | Ci
= - . R
80-85 °C cl 1 cl al..l.l ",‘"
85% 0 R

Taylor, M. J. etal. J. Chem. Soc. Chem. Commun. 1994, 2517.

Weiss 1975
: R., R
cl. CI HENSMES N CF - instantaneous
T (3 equiv) . é - quantitative
0 R R - simple purification

CH4Cls, 0 °C ~ -

Cl 1 cl ore r;l ';l - anhydrous
— 3 TMSCI R =

Weiss, R. et al. Tetrahedron Lett. 1975, 3491

PKR, values
Ph
NN
Ph)-l-\Ph Ph Ph

—7.4 —6.6 3.1

NEtg NMeg
Ph Ph MegN NMe2

>10 13 (est)

One measure of this stability is given by their pKr+ value,
which is numerically equivalent to the pH of an aqueous
solution in which a given cation is 50% converted into

corresponding carbinol.
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Reaction Promoted by Cyclopropenyl Cation

Aromatic Cation Activation of Alcohols:
Conversion to Alkyl Chlorides Using
Dichlorodiphenylcyclopropene

cyclopropenium ion

* 21-electron aromatic system

* discovered by Breslow (1957)

* highly stabilized carbocations

« electronically, sterically tunable
* potential for new reaction design

T. H. Lambert, et al. J. Am. Chem. Soc. 2009, 131, 13930.

R
stoichiometric
Cl, Cl
OH /A\ 7
- )\R Ph Ph
CH,Cl,
Entry Substrate Product temp. (°C) time (min.) % yield
1 Ph” OH Ph” Cl 23 81
2 Ph” " 0H PR "¢ 23 92
Me Me Me
3 /J\/\/l\/\ 23 %
Me” X NANoH w0
4 a0~ o A~ \qc 2 84
5 n-pent———— n-pent———— 23 92

C>_Cl 23 10 88¢

Ph YCOQMe o3 65 93
Cl
ph~-C! 23 15 89
Me
Ph/\’ 807 20 95
Cl
Gl 809 30 93¢
n—pent\)\ Me

Me c,e
Ph/\|<CI 23 40 45



Reaction Promoted by Cyclopropenyl Cation

Aromatic Cation Activation of Alcohols

., 1.1 equiv. . cr . a gpprg
7
P~ O L P NN [ PN 279373 10

i Ph i 3.04 3.7712

Figure 3. Chemical shifts of the alkoxycyclopropenium intermediate.

1.05 Cl_ Cl
OH equiv. 5 Cl O
Ph Ph -
M - Me /A
@/L © Gnopmeor () M T e e
10g 10 min. 90 % vield 91 % yield
99 % ee 93 % ee

T. H. Lambert, et al. J. Am. Chem. Soc. 2009, 131, 13930.
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Reaction Promoted by Cyclopropenyl Cation

Cyclopropenone-Catalyzed Chlorodehydration of Alcohols Cl
| (cocl), o R,LR
10 mol% Qg | CO
OH Cl ; 22
/J\ catalyst /L /A\ ; + - .
-
R™ 'R (COCl), R™ 'R PMP PMP | CO, 1
catalyst ;
Cl, CI R O_R
OH - N
R_X_OLR| Nu = /ﬁ\ ? I‘\ )
R™ R h ROR R R 1 21 o Cl
3 4 R 5
R R. Breslow, J. Posner, Org. Synth. 1967, 47, 62.
ionization R
X cyclopropenone 0o cl. 0~
2 catalysis 1 P =
x— /A Acl' HCI
R - R R
R R activating catalyst R 17 R cl 20
agent H 4+ R
~_ N Oy e
OH R
A R R

R R
T. H. Lambert, et al. Angew. Chem. Int. Ed. 2011, 50, 12222. 18 19
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Reaction Promoted by Cyclopropenyl Cation

Cyclopropenone Catalyzed Substitution of Alcohols with Mesylate lon

catalyst 0 B .
g Ph 0.,
QH Ph Ph i \ \\ ’/ OMs
- : —_ / ~ —_—
RI"R2  Msy0, i-BugN Ph O Me R'"R2
cyclopropenium )
activated stereochemically
- - inverted sulfonate
entry substrate 15 mol% 8° 100 mol% 8°
yield (%) er yield (%) er
OH
1 : 75 97:3 91 956:5
BnO” ™ "Me
3
OH
2 : 77 95:5 92 96:4
I >""Me
OH
3 : 72 96:4 83 94:6
PhS” >">"Me
a o
4 : 81 95:5 98 97:3
PNBO,C™ """ Me
OH
- 77 95:5

5 PhthN” " ""Me 74 96:4

Q000 0 OMs
Me” > 0">"Me A R‘kR2
desired
(Ms20) Ry R prosc"luct 6
catalyst
R3N +
?Ms MeSO;H
R1’\R2
epi-6 2
undesired OMs R O( R
-OSSMe MeSO5~ R1
R R 5
RgN OH
.
Ms,0O R1/\R2 MSO R
3
MESO3H

T. H. Lambert, et al. Org. Lett. 2013, 15, 38.
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Reaction Promoted by Cyclopropenyl Cation

Cyclopropenium-Activated Cyclodehydration of Diols

O —
Ho’\ MsO- RO~ R \/D
o A |, O
ph I 4 OH OBn OBn
o H\/\I) 32 BnO 11 82

. OQNWOH 30
OH

R Ph Ph O‘\’
R Ms,O
OH  CH,Cl, it ?
i Ph H OBn OBn OH
Ph Ph 9 OH a4 O\/ 3 95¢
entry substrate product time (h) % vyield W\/OH F
Bn OH OH
OH Bn™ "O Me
Bn OH
2 \I/\/\/ 20 /(j 21 10 89
OH Bn™ O o
Me Me M 1.1 equiv 13
Me_ Me e, /A Me K
3 HDWOH 22 fj 23 1 91¢ HO Ph Ph / 39
0] Ms,O o _ 7:1dr
HO M 07 Me

€ CH,Cl, rt g

) 38
4 Q\K\/\OH 24 Ph™ O 25 1 94 7:1dr  w/cyclopropenone 8 h, 95% yield
OH + Ms,0 gram scale
EtO.C OH /(j Ms,0 no reaction
5 E\/\/ 26 Et0,c7 0 27 35 87 Ms,0, Et3N 12 h, 18% yield
P N
g BnO i OH g BnD-\_.c[O) 29 7 @ T. H. Lambert, et al. Org. Lett. 2011, 13, 740. 13



Reaction Promoted by Cyclopropenyl Cation

Nucleophilic Acyl Substitution via Aromatic Cation
Activation of Carboxylic Acids: Rapid Generation of
Acid Chlorides under Mild Conditions

X X
2 0
o) A |' R 3 o)
R R -0 NuH +
R)LOH “HX { A L Rx RJ\Nu A\
4

R 0" R R R

1 cyclopropenium 5
activated
prepared
Cl. Cl  insitu
A O
)OL iPr iPr__ )OL BnNH,
R "OH |iPr2NEt| R Cl R™ 'NHBn

CH2CI2, r.t.

T. H. Lambert, et al. J. Am. Chem. Soc. 2010, 132, 5002.

Chart 1. Rate Comparison for Acid Chloride Formation®

o) 1 equivt. o)
HOJJ\Fme reagen C'J\ﬁme
Me € CHLCly, 1t Me e
(@) 0 (b) "0 1 equiv. IPr;NEt
90 4 - 90 -
80 | 80 -
/

70 4 3 70 .
2 50 B 8 s0-
2 a0l 32 a0
30 4 30 -
20 A 20 -
10 4 10

0 10 20 30 40 50 60 0

time (min)
Reagents
CI; Cl Cl: Cl C|: Cl Cl; Cl
Ph A Ph iPr B Ph iPr c iPr G DG
increasing
PKg. —_—

T L] T T L] L}
10 20 30 40 50 60

time (min)
M

I

iPr !

E (COCI),
. E

“ Reactions were run by the addition of a solution of pivalic acid without
(a) or with (b) iPr;NEt to a solution of 3,3-dichlorocyclopropenes A—D in
CH;Cl,. Timed aliquots were quenched with excess (5 equiv) benzylamine,
and % conversions were determined by '"H NMR analysis of N-benzylpiv-
alamide compared to BnyO as an internal standard.
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Reaction Promoted by Cyclopropenyl Cation

Nucleophilic Acyl Substitution via Aromatic Cation
Activation of Carboxylic Acids: Rapid Generation of
Acid Chlorides under Mild Conditions

prepared
Cl. Cl insitu _ »
o /E\ o o Acid sensitive substrates were also well tolerated!
)-I\ iPr iPr - ,U\ BnMNH, ,.JL
R” “OH iPrNEt R” ~Cl = R” "NHBn 5
CH,Cly, rt. O
4 iPr. iPr. 5 79
entry substrate product time (min) % yield OH \)LNHBn
o o NHBoc NHBoc
1 2 97 0O O O O
MBH:LGH MGH:LNHBH s | S C 5 94
o) 0 0™ ™ "OH 07 ™ ~NHBn
Me Me 0] 0]
2 \H’LOH \HLNHBH 5 86 6 /‘\P)JL /\(VHJ\ 5 g2
Me Me TBSO™ ) “OH| TBSO™ t+) “NHBn
0 0
3 10 78
Me OH Me NHBn 7 Ph‘JLDH Fh’JJ\NHBn 20 a4

Me Me

T. H. Lambert, et al. J. Am. Chem. Soc. 2010, 132, 5002.
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Reaction Promoted by Cyclopropenyl Cation

Cyclopropenium-activated Beckmann rearrangement. Catalysis versus

self-propagation in reported organocatalytic Beckmann rearrangements

(A) Promotion of dehydration reactions via cyclopropenium activation

OH

0
M

R™ "OH

.OH

X X

A

R R

in situ
activation

ap

O U
cyclopropenium
ions

» First prepared by Breslow in 1957

cyc/opropemum
activated

O

J

Nu

R™R
Sn2
0

PR

R™ "Nu
SyAc

O

R... A

N° R
H

rearrangement
(this work)

» Generated in situ from cyclopropenones

platform for asymmetry

» High tunability of electronic and steric profile —

T. H. Lambert, et al. Chem. Sci. 2010, 1, 705.

Cl_ Cl
K prepared
OH I SHu 0
)rle\ R R L pn
Ph” “Me MeNO, Me™ N
entry R mol (%) 7°C  time/min % yield
| Ph 2 105 21 90 70
2 iPr 6 105 21 75 77
3 4-OMe-Ph 7 105 21 45 77
4 Xyl 8 105 21 20 98
5 Mes 9 105 21 30 924
6 Mes 9 10 21 30 10
7 Mes 9 10 60 30 100
8 Mes 9 5 60 90 100
9 Mes 9 2 60 8 h 24

16



Cyclopropenyl Cation: Superbase

Higher-Order Cyclopropenimine Superbases: Direct Neutral Brgnsted Base Catalyzed
Michael Reactions with a-Aryl Esters

N7 N OSNT 2.5 mol% Q—§
superbase
~p \ - N
U = R P Q Q e Ay T @
| | H Me
base superbase higher-order 22 23 24
superbase
superbase:
R n-Bu n-Bu t-Bu Ni-Pr;
R R,N N NR, N,R “N °N Ni-Prs °N
RZN N” NR2 >=N_P_N=< RN NR JI\
A A RN §  NR 2 /A\ )\2 NN i-Pry
RN SN NZONR, L RSN SNPNR, PN NP, NT ONTT ONiPr A
G3 PG; CG, 17 _ _ 2 i-PrN iPr, 8
- C, base i-PraN Ni-Pr2 ¢, base GC, base
NR, N'R NR; R,N N,R NR, NR, N RoN pKB:H =27.6 pKB|1+ =31 6 pKB|1+ 2356
RoN_| | _NR, BN S RN, _/ \__NR, 0% conv. 89% yield 95% yield
PN RoN—P=N-F-N=P-NR, P K 24 h 3h ah
RoN N7 “NR, RN N NRp RN N N™ \R,
(also this work) GP, R:N-P-NR; o CP,
NR, 4
- 2.5 mol% tBu. NPT
R,N N NR; 0 catalyst R O tal t
RN NR )kN—'F"—N:Q( N-R Ar \_/lk , Ewe catalys JL
A Rt u N A /A A Ar /&\N
RyN N” N NR; THF, rt, 8-12 h i-ProN i-Pr,
R,N NR
GC, 2 2 pc, Cs

T. H. Lambert, et al. J. Am. Chem. Soc. 2015, 137, 10246. “G” for guanidinyl, “P” for phosphazenyl, and “C” for cyclopropeniminyl. 17



Cyclopropenyl Cation: Superbase

Synthesis method

a 1. CsCly n-Bu. |
@) KOH (4 equiv) N Ni-Pr5
M el CH;Cl>H;0 *HBF,
0°C,1h A ,5&
= N N Ni-Pr
i-PryN Ni-Pry 2. BuNH,
1+HCI E]“ié':—r rt, 2k1 h _ _ 20HEF,
2 equiv abk4 workup i-Pr;N Ni-Pr, c,
7.93 g, 76%
n-Bu.
N
(C} A8 n-Bu Ni-Pr
H cI” . N
sHCI KOH (4 equiv *HBF,
(@ aulv) NJLN Ni-Pr,
i-ProN Ni-Pr, CH;C?[zzf?zO e
1-HC_I NaBF, workup i-PraN Ni-Pr 6C, 4
sea 5.67 g, 79%
n-Bu.
(e) II‘-iIH N 5 n-Bu.N |'~I.,|R2
NfFi""”: > o e oHBF _P=NR,
N N ‘NR;
O o0 .u
95°C. 20 h RoN"/"“NR 10-HBF,
9 NaBF, workup R;N 2 GP,
4 equiv 2.04 g, 89%
@ H 1. PClg, CH,Cly i-PraN nBu.  NiPr
-78°C -, 48 h ||=|
i-PrsN N~ .
i-PraN Ni-Pr, 2. BuNH,, EtsN N Ni-Pr,
1 0°C—rt4d *HPFg
6 equiv KPFg workup 12+HPF,
i-PraN Ni-Prs PC,
3.09 g, 66%
(impure})

T. H. Lambert, et al. J. Am. Chem. Soc. 2015, 137, 10246.

Basicities of different higher-order superbases

Table 1. Basicities of Higher-Order Superbases”

n-Bu . n-Bu
n-Bu N N Il\ll
P"l
)‘I\ RN P N NR2 18
MeN”““NMe, 16 -Pr N/A\Nf-Pr 17 N NR,
G1 2 2 C1 P1
24.8 27.6 27.8
- n-Bu . n-Bu
nBUSN NMe, N Me,N ) J\Mez
NMEQ P..,
NJ\NJ\NMeZ /A A MeaN SN N N
N N~ “NMe, )N]\
Me,N~ "NMe,
11 MezN )LNMez 4 MezN NM62 19
Gs CG, PG;,
. n-Bu . ) ; Ni-Pr
n-Bu . N/-Pr, N Ni-Pr, HPEN-BU 2

A A AL A
N” N Ni-Pr, N N Ni-Pr, i-ProN N~y N Ni-Pry

A ;
. . 6 /A . 2 A\N 12
Pr,N N/-P - - - :
i-Pry -Prs GCz i-ProN Ni-Pro 03 i-PrN i-Pr, PC3
35.6 31.6 42.1
(est)
n-Bu
n-Bu N r:ij N NR, Me,N Bu \” rTjMez
|
I ZP=NR; /A\ P =NR Me,N=P . _P. .z ~NMe;
NN ONR, N N"NR, MeaN NN NMe
P [l
RaN''¢ “NR P
RoN® P..
RoN 2 10 2R Nl “NR, 20 MegN/ v'‘NMe, 21
GP, CP, NMe> ',
b
34.3 unstable, 42.7
ring-opens
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Reaction Promoted by Cyclopropenyl Cation

Cyclopropenylidenes: From Interstellar Space to an Isolated Derivative in the Laboratory

0.0
H KHMDS CO,
X~ > oo -
Et,O, —78 °C THF, r.t.
-ProN N/-Pro -ProN N/-Pr, -ProN N/-Pro
X = BPhy; 20% (X-ray) Betaine, quantitative yield
X = BF4; 53%

a) It was found that only certain combinations of counteranions of the precursor and
iF’rQN bases led to the generation of free, uncomplexed carbine.
b) Although not air stable, the carbine proved to be relatively thermally stable, only
decomposing 10% when heated to 80 degree in toluene for two hours.

Bertrand, G. et al. Science 2006, 312, 722.
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Reaction Promoted by Cyclopropenyl Cation

Oxidizable Ketones: Persistent Radical Cations from the Single Electron Oxidation of 2,3-
Diaminocyclopropenones

(a) Aminoxyl radical and carbenoxyl! radical cations (c) Generation of a DACO radical cation

(o

Me [} Me ] o) _ O- @) O- B
N : ., PFs
Me Me . e RR -Pr /A\ -Pr ., P A P
E \l}j '}l/ F r\l}l r}l/l- r
1 . 2 3 i-Pr i-Pr i-Pr i-Pr
aminoxyl radical carbenoxyl radical 5a
stable, broadly useful ! (highly reactive)
(b) Diaminocyclopropenone oxidation
O Oo
/A\ —€ A
R I}I I}I‘R —_— R‘N R
1 1
R R R R
4 5 5a (X-ray)
diaminocyclopropenone diaminocyclopropenium
oxyl radical cation
(DACO)

single electron oxidation to produce
T. H. Lambert, et al. 2019. Doi: 10.1002/anie.201902265 persistent radical cations
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Reaction Promoted by Tropylium lon

Tropylium lon Mediated a-Cyanation of Amines

¢ 61T-electron aromatic system

O

tropylium ion

o first prepared by Doering and Knox in 1954
e aromatic carbocation

Knox, L. H. et al. J. Am. Chem. Soc. 1954, 76, 3203.

H
. Me ——~—~ . By ﬁ’)\rMe + (1)
+BupN MeCN 2

Me {  r.t., 30 min BF,~ Me

100% conv.
BF,4~
e O e e
. M
Me 4 MeCN Me

rt,3h 81% yield + KBF4

b.p.=116°C

T. H. Lambert, et al. J. Am. Chem. Soc. 2011, 133, 1260.

H H )H
+
AN
hydri R N
P O i S
R 27 R H
H/\N) Tp*BF,4~ I}I)\’Me
HJ\F{ i-Bu Me
R 29 electron
electron P donor-acceptor
fransfer Lo @ R )N\ complex
H™ R

=
Ph)(\ Ph>\
Ph

73% yield
> N dati
H/\O 120 °C, MeCN N o
24 & 25 rearrangement
secondary
amine

21



Chiral Cyclopropenyl Cation

- -~ N/
' I I A
| I
amines amidines guanidines cyclopropenimines
increasing basicity -
N H. N
H+ .. ..
A E— A
SN N N N

conjugate acid stabilized by
3 nitrogen lone pairs plus
aromatic cyclopropenium ion

strong base

WIS OISSIY\ Ly
MezN—P_NMeg
o
MeoN™ "‘NMe; °N N/)\” iProN NiPr, NMe,
BTMG DBU TBD P4-tBu
23.56 24.34 26.03 26.9 26.98

Figure 2. Basicity of cyclopropenimine 1 and several common strong
organic bases. Bold numbers are pKyyy, values in acetonitrile.

Enantioselective Brgnsted Base Catalysis with Chiral Cyclopropenimines

PIspN~COBY 2 6o me
Ph 2 3
Catalysts:
Bn
N

10 mol%
OH

CY2N
5
neat, 5 min, 99% vyield, 91% ee
EtOAc, 1 hr, 99% vyield, 98% ee

NCY2

catalyst

Ph

N _CO,tB
LT R )
it 3
r Ph a
CO,Me
Bn
20 mol% N/‘\/OH
MeN NMe
PH  Ph
6
neat, 3 d, 98% yield, 93% ee
(ref. 12)

cyclopropenimines

i) 6 equiv cI-
C'z gCI CH,Cl,, t, 4 h
cl cl i) Bn Cy,N

9 A _oH

guanidine catalysts

NaOH

5HCI —  _» 5

NCy,

459
quantitative yield
no chromatography

T. H. Lambert, et al. J. Am. Chem. Soc. 2012, 134, 5552.
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Chiral Cyclopropenyl Cation

Mechanism and Scale-up Reaction

P~ H Y OF©
N 0. O™\ .—pp N bV
PH HO A ‘
N7 TH CO:Bu O\ .—p,
HZ S
A A e
Cy Cy N

>=N O‘ @]
— ~~Ph
Ph H\N H
11 \'T'/A\'}'/
Cy Cy

T. H. Lambert, et al. J. Am. Chem. Soc. 2012, 134, 5552.

Scheme 2. Decomposition Pathway of Cyclopropenimine $

Bn
Bn
OH
5 NJ\/ slow _ \N/-_\O 13
CyQN NCy2 CyEN NCy2

internal b= 12 days proton
! T

deprotonation transfer
i )Bi/ ~ Bn Bn ]
H. O
14 N HNDY O 15 +N\/\\ O 16
= QS
Cy,N NCy, CyzN NCy, CyoN NCy,
i vinyl anion
2.5mol% Bn
N OH
5
Ph.__N.__CO.tBu
Ph N COAB OvN" NOyvo — PisgT 2
Ph /\COQMG Fh
2 EtOAc, 23 °C 4 CO,Me
8h 259

97% vyield, 99% ee
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Chiral Cyclopropenyl Cation

Structure-activity Relationship Studies of Cyclopropenimines
several catalyst scaffolds

H
N NH
Eton-E T \II\]IT-| 2 N
I\Eﬂe Me HN JH‘.\' Ph: ,Q\/B_ph
Ph” >NZN" Ph wS__NH
H Bn H
2 O 3 4
Najera 1994 Lipton 1996 Corey 1999
HO Ar
1 DOW
j'\ Bn =N Bn —(;']\1:5---Bn
Me-.N N—MG OO N Me N N
H H
Ph’  “Ph Ar
5 6 7
Ishikawa 2001 Terada 2006 Tan 2006
Mo M R R. Me Me gAr
Ie Ie N N >L\|/\ .
iPr., N NPT [ be 4\’) Me N™ “Ar
) . IA N N‘*p’N N SYN.H
r—,E o r 2P
N N - -
Ar H = Ar Ph >N H'N\E/kph FsC N.,
Ph Ph
8 9 10
Qoi 2007 Terada 2013 CF,4 Dixon 2013

Fig. 2 Examples of chiral Brensted base catalysts with strong
basicities.

T. H. Lambert, et al. Chem. Sci. 2015, 6, 1537.

10 mol%
Ph N._ _CO,tBu
catalyst N2
Ph YNVCOQtBu + 2 COMe Y \;’; :
Ph 11a EtOAC, 23°C 12a
CO,Me
(1) Ho] ) Hoj 3) Hoj
N~ “Bn N”""Me N~ ““i-Pr
1 29 30
CyzN NCy2 Cy2N NCy2 CygN NCyg
1 h, 100% conv, 98% ee 4 h, 100% conv, 97% ee 4 h, 100% conv, 95% ee
(4) Hoj (5) HO :rPh (6) HO _ .Ph
N~ “Ph N~ “Ph Nj “Ph
31 32 33
CyaN NCy, Cy2N NCy, CyoN NCy»

24 h, 70% conv, 86% ee

(7) HO _.R
)

N

CygN NCYQ

34, R =Ph

24 h, 90% conv, —73% ee
35 R =Me

24 h, 90% conv, —65% ee

24 h, 26% conv, 77% ee

(8) HO

Cy.N NCy,36

2 h, 95% conv, 98% ee

24 h, 55% conv, 22% ee

A

Cy.N NCy, 37

24 h, 15% conv, 75% ee
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Chiral Cyclopropenyl Cation

Cyclopropenimine-Catalyzed Enantioselective Mannich Reactions of
tert-Butyl Glycinates with N-Boc-Imines

T. H. Lambert, et al. J. Am. Chem. Soc. 2013, 135, 11799.

9 3b
Ph N
10 mol% NHBoc Y \)LOtBU
NBoc Ph N. _CO5R catalyst Ph
S R L e N OOR (1) *
o : i 4 Ny PP NBoc C¥aN
£ 2 Y 2
catalysts: Ph Ph” “H
Me H
Bn
(AN OH N
S CF,
® H'N_qN
CY2N NCYQ N A H’
s OMe . CFa
R =Me R =Me
PhMe, rt, 15 min PhCF3, rt, 24-36 hr
81% vyield, 95:5 dr, 95% ee 76% yield, 99:1 dr, 99% ee
R =1tBu R =1Bu
PhMe, rt, 20 hr CHCly, 1t, 26 hr
97% yield, 99:1 dr, 95% ee trace product

or

Bn
NHBoc
OH
N)\/
Ph)\rCoztBu
N.__Ph
NCYZ ﬁ/
4b Ph
Ph
SN
H(J\(,Ot-au
O NG
H.n~~. _N N
0 \%
Bn { V
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3. Aromatic anion

Outline
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Aromatic anion

Leaving Group Potential of a Substituted Selected examples
Cyclopentadienyl Anion Toward Oxidative Addition
5 mol % R
R R
" Pd(PPhj) R
. \/\R1 3)4 . . P
R ~F - R. .~ R Nu(H) Nu R
R’Cl: * Nu -— R’Q + \/\Nu R 4 base, THF 2 R 5
R R R R = p-AcPh reflux R
R e Highly stabilized carbanions entry substrate Nu(H) base time (h) % vyield
R R ¢ pKa of conjugate acids as low as -10 _
@ « Readily synthesized 1 RsCp~ 7 (EtO,C)-,CHMe NaH 1.5 80
» Electronically and sterically tunable
e General carbon leaving group? 2 Rscp/\( (EtO,C),CHMe NaH 4 71
Me
3 RCp” N ph (EtO,C),CHMe NaH 4 70
5
R
R R 5 mol % AN (EtO,C),CHMe NaH >6 0
. R 4 RgCp Me 2L)2
Y \/\R" Pd(PPh3)4 N @ + R1/\/\Nu
R i NU- . 5  R.Cp” P coMe (Et0:C)oCHMe NaH 3 71
e R EtO,C.__C(O)Me
R = p-AcPh carbon as a leaving group 6 RSCpM h NaH 3 78
Me
7 RCp” N7 PhsCpH n-BuLi 3 77

T. H. Lambert, et al. Org. Lett. 2009, 11, 4108.
ghllel R.Cp” BnNHMe Cs,CO3 3 69
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Aromatic anion

PCCP and Its Derivatives

A. Pentacarbomethoxycyclopentadiene (PCCP) 1

MeO
MeO,C . CO>Me
7N MeO,C CO,Me
MGOQC /0‘3 - + H*
MeO,C CO-M
MeO.C  MeO e 2lie
PCCP (1) highly stabilized

aromatic anion

Diels, O. Ber. Dtsch. Chem. Ges. 1942, 75, 1452.

a) The acidity of the cyclopentadiene can be further increased
through introduction of stabilizing groups, such as cyano or carbonyl!
substituents.

b) The highly eletron-deficient PCCP is approximately as acidic as HCI.

T. H. Lambert, et al. Synthesis 2019, 51, 1135.

B. Selected PCCP derivatives

MeQO

MeO
MeO

Me
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Chiral Aromatic anion

An aromatic ion platform for enantioselective Brgnsted acid catalysis

A increasing acidity - A (a) excess (=)-menthol
Induction M 4 1. pyridine MeO,C MeQ NMI )
0] PhMe, reflux
H H _H+ H MeQO OMe AcOH Me0,C 7z \ e, reflu _
©_$H < > ¢ - F_©_<|_T + 2. KOAc; o or
MeQ,C—=—COMe HCI Me0-C 100 6 (b) 1.0 equiv amine
Resonance 5 crystalline solid PhMe, reflux
0 O O _H* O O Me >50 g scale
—_— _ .
Meo)lﬁ(H MeOJY”\ OMe - MeOMOMe i-Pr..,,
S H SPwe! o
A N S Me
Aromatici
ty . Me Q aa MeO—y° HN” ~Me
H —H* d 0.5 7 Q 5N 8
y @ — ET 959 yield H 60% yield
\ " 07y O . MeO o
i cyclopentadieny! -Fr ~$4-6 /g
cyclopentadiene o anljogt j PP MeO o OMe
T eleciron
Hiickel aromatic) Me Me
RO -CgHy7 R
H02 CO,R " RO,GC 1a B MeO,C MeQ Me0,c HN OO '
RO,C CO.R ‘ RO,C CO,R N 70 70, 0
2 % 2 - 2 2 <—— RO,C ,O‘_‘H MeO,C \_H MeO,C \_H :Pf
RO,C'  CO,R 1 RO,C° CO,R o RO, gy 3 MeO,C o) MO, 0 Oe o OH
highly stabilized Bronsted acid MeO 6 MeO 9 R 10
anion catalyst - - =12-
(this work) pK, =8.85 pK, =11.72 pK, =12-14

Determined in acetonitrile
T. H. Lambert, et al. Science 2016, 351, 961. 29



Chiral Aromatic anion

An aromatic ion platform for enantioselective Brgnsted acid catalysis

D

A HO OH
I ] OTMS
. . catalyst @[
Mukaiyama-Mannich N + Me AN . NH
N EtOAc (0.1 M) CO,Me
Ph”” ~H Me 28°C Ph™ ™
11 12 - Me" Me 13
Catalysts
Me
Q i-Pr.., :
i-Pr 9 0 O Me
Me 0 Z ~OH Meo,c HN™ Me Meo,c HNT Me
D__ 0 /~oH om
O i-Pr MeO,C MeO,C
~ 0 o} 0 o
1-Pr P Meo2c OMe MBOQC OMe
7 wni-Pr
Me Me 15 8
1 mol% 0.01 “"'g':*,',‘“ 3 M) 10 mol%, 24 h 10 mol%, 6 h 10 mol%, 8 h
1h 98% yield, 89% ee 88% yield, —30% ee 85% yield, 44% ee
97% yield, 97% ee 90% yield, 97% ee toluene) °y ° °y °

T. H. Lambert, et al. Science 2016, 351, 961.

e
O o
0 <~ “QOH

Ore
phOU

5 mol%, 5 min
90% vyield, 89% ee
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(3)

(1) HO (2) HO HO
o ) g
HO jg HN:O HN
D QTMS 2mol% 7 HN CO,Me COsMe CO,Me
N + Me \%\OME > COMe Ph” 3 Me M
R H Me EtOAC, _78 OC R)X 2 Me Me 13 Me Me 19 MeO e e 20
17 12 Me Me 1g
0.1mol% 7,25 g <5 min 24 h
3 h, 98% vyield 99% vyield 90% vyield
96% ee 91% ee 93% ee
(4) HO:© (5) HD (6) HO:O 7) HO (8) HO (9) HO:O
HN j@ j@ HN
HN HN
COsMe COzMe (f\(COzMe N | CO-Me HaC _ CO,Me R CO,Me
Br Ve e e’ Me Me" Me Me Me Me Me
24 25 26
30 min 1.25 h 24 h* 24 h <5 min* sh+T
99% yield 90% Yil:.‘ld 98% yield 75% yield 43% yield 95% yield
97% ee 74% ee 89%ee 93% ee 92%ee 96% ee
_ n _
OH OR OTMS OH OR O HO +0
M 5mol% 7 » |
OR + A OMe > 5 R
Me benzene:furan R' R 29
27 12 4A mol sieves 28 )
-20°C oxocarbenium
24 h L ion _
t
M OMe @) OH OMe ) OH OEt 4) OH 0O-n-Bu ®) OH O-i-Pr ©)° on ot o Me
CO,Me CO,Me CO,Me CO,Me CO,Me
Me" Me Me Me Me Me Me Me Me  Me O O
30 31 3
90% yield 71% vyield 80% vield 83% yield 91% vyield 6% yleld
<5% ee 71% ee 85% ee 85% ee 83% ee 80% ee

T. H. Lambert, et al. Science 2016, 351, 961.
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Chiral Aromatic anion

An aromatic ion platform for enantioselective Brgnsted acid catalysis

A OH OEt OH OEt
rRo,c RS CO,Me
70, $
RO,C ‘\H Me Me 32
- =0 + TMSOEt
2L RO
EtOH 7 EtOH
catalyst
+
Me Me O-TMS
oP
RO L s RO,G EtO OMe
0.,
RO,C con ROZCA#fk “"H-0
2 R/ CO.R
FilgG RO,C :
37 =
0 o R
TMS RO,C H/O
Me\(‘\OMe oo g
Mo — CO,R ° N OTMS
12 RO,C ? "
e\~
38 OMe
Me

B
HO HO
D ol 10 mol% 31 Jv;j
N + Me._~ oM - HN
PN & EtOAc, 24 h )\(COZMe
Ph"H Me 4o Ph””
Me Me

? @ o entry temp (°C) additive conv (%) ee (%)
R OR
= 1 78 0
() @) B o -
ki 2 rt - 79 47
7°Na ) i
R = (-)-menthyl 3 rt  2,6-t-Buy-4-Me-pyridine 80 48
catalyst

T. H. Lambert, et al. Science 2016, 351, 961.
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Chiral Aromatic anion

Methods for the Synthesis of Functionalized Pentacarboxycyclopentadienes

(@) +
MeO,C MeQ RO RO Me0,C MeQ Cl P Cl H
Yz o\ excess ROH 0 20, Zack o 0
MEOEC “’H M N&N 1.\‘H MEOEC ‘H SDCI2 @
Me0,C N RO 0 O cat. DMF | Cl “
*“MeO 2 PhMe, reflux RO™,RO 3 MeO2C 160 2 0=\ O4p
N, stream - -
RO RO
Me Ph
1 2 3 X -
(1) Mewo;’i‘ (2) WO/E (3) ‘\/\/\O,}Q (1) PhAO'}" (2) Ph)\O;‘l (3) 80 CAO'}L
2
2% yield 7 S7%yield 8 89% Y'F'::’ 9 47%yield 17 44%yield 18 41%yield 19
4 0 5 6 o~
S gsS o I RPN RS
AN
Me EtOQC @) ©/ Me Me
86% yield 11 80%yield 12 52%vyield 20 52%yield 21 29% yield 22
(7) (8) O;?z. 9) (7) (8) (9) F
F O
CF ~
o Me F {'..‘r"ﬂ“(:)/?-AL /1\3/‘1'1 fr
Ph ° FsC™ "0 F F
. I
87%yield 13 72% yield 14 47% yield 15 41% yield 23 40% yield 24 15% vyield 25

T. H. Lambert, et al. Org. Lett. 2017, 19, 4227. 33



Chiral Aromatic anion

O
5 mol% R %
OH OEt  Catalyst O ~CEt | Q /> OH
==
OEt benzene RO OR
rt, 16 h : o o
1 OEt 2 >20:1 dr 3 OEt -
ethyl vinyl ether catalyst
Catalyst —OR Group
(1) ve @ @ v (4) "
Ph 7
Me ) By j/l Yol O/ %
e P Ph™ "0 Ph "O/
Me ‘0" "4 5 6
69% yield 79% vyield 58% yield 69% yleld
85:15 er 67:33 er 89:11 er 59:41 er
Me
(5) Mo (6) (7) (8)
O’ . Me iPr
i’ %, /‘z'z ., /‘777. ‘o, ‘L’v_
0" "8 079 0”* 10 07" 11
60% yield 70% yield 65% vyield 81% yield
91.9er 89:11 er 82: 18 er 59:41 er
(10) Me (11) (12) Me
63% yleld 11% yleld 10% yleld no reactlon
84:16 er
(13)
78% yield 78% yield 78% yield 90% yield
94:6 er ~50:50 er

83:17 er 94:6 er

Enantioselective PCCP-Catalyzed Diels—Alder Cycloaddition of Oxocarbenium lons

O OEt

OH RO
(I _OEt 7 "OH
proton
return

roton,
propagation

OR
on RO - RO
0 0 0._.OEt Q @ 0
O
[ RO @ OR RO QR
+0 :
N H 0 0
Et 0™ \gR © OEt OR
35
33
- e H Q BE:
3 \/O _ +
o)
roa ,2/:5'.0 [ \cHa
| R: 1
[ (oK g
0] [OF 0 .
2 N . DFT calculation study
0 o-r 34
o  OF
R

A strong CH-mr interaction between the polarized internal vinylic C-H
of 2 and the cyclopentadienyl anion was involved.

T. H. Lambert, et al. J. Am. Chem. Soc. 2018, 140, 3523.
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Chiral Aromatic anion

Asymmetric Counter-Anion-Directed Aminomethylation: Synthesis of Chiral B-Amino Acids via
Trapping of an Enol Intermediate

o 0 N1 N B W

[—
o

N Bn.,-Bn [PACI(m3-C3Hs)]
By + BOH + | (5.0mol %) Bn0>{>/hl\||3|’j
COMe OMe acid, 4AMS,0°c  MeOL Bn
1a 2a 3a 4a
R O—H 6a,R=
OO 5a: R= 9-Phenanthryl RO \ i-Prie Q—Me
5b: R= 3,5-ClL,CgH
O\ % L 5c: R=2,4,6Pr,CoHy 1 e
o} OH 5d R= SiPh, RO OR 6b,R= D
O R, e,
R 5f: R= 3,5—(CF3)206H3 OR O :\7?1
6¢c, R=Me
solvent acid yield (% % (% )c
DCM Sa 93 <5
DCM 5b 89 5
DCM Se 90 <5
DCM Sf 89 15
DCM 6¢ 90 _
DCM 6b 38 84

o > ] e |T
C'\Ph Kpd HO OR

Ar%O@ —
r)\COQMe

MeOzC MeO Y, Ar

W.-H. Hu, et al. J. Am. Chem. Soc. 2019, 141, 1473.
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Summary and Outlook

Aromatic ions have been attracted more and more attention.

R CO,R*
«_OH
Nl)ﬁ/ *RO,C CO,R*

R'
Cy,N NCy., *RO,C CO,R*

Cyclopentadienyl anion
chiral cyclopropenyl cation (PCCP)

a) Old chemistry but turned out to be a new research area.

b) Novel organic base: TDACs; Novel organic Brgnsted acid: PCCPs
c) Exploitation of PCCP-Metal is on the way.

d) Great potential in organic synthesis by chiral aromatic ion catalysis.
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Thanks for your attention !
Any questions ?



ol ((;----HNFlg 7 RaNH C'JNF@
/& —_— CI\A\ — bl —
Cl Cl
Cl ( Cl RoHN + RoN
HNR 1 11 12
+ ﬂ NR,
Cl. NHR, RoNH-=--Cl/ NR,
_ @\ _ ooy
RoN
RN Cl RN ¢ cl ° + NHR;
13 HNR2> 14 15
NHg/‘ NR, o
RoN
2 NH2 RQN NRQ

16 17



Synthesis of 1,2,3,4,5-Penta(methoxycarbonyl)cyclopentadienides

through Electrocyclic Ring Closure and Ring Contraction Reactions

Py X2
Yy Py
ECE +3 )=\
E E
; L
E = CO,Me
E
E E
E E
3a -
E . AcOK
E H, O, reflux
E E
E E
3b E E

Bn-electron
cyclization

6r-electron

lization
oYe

retro-[2+42] E
—_—

K@

E
Oy E
E

1a(62%)

Yury V. Tomilov Eur. J. Org. Chem. 2018, 5065-5068
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4 H,
Pt

By W. von E. DoeriNGg! AND L.. H. KNox
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pKg, Measurements. Stock solutions of the HX salt of the
“substrate” superbase being studied (0.0667 M, 0.60 mL, 0.040 mmol)
and a reference free base (0.200 M, 0.20 mL, 0.040 mmol) were mixed
in NMR tubes under inert atmosphere. CD;CN was employed for all
experiments, which were performed using a dual manifold, except for
the GC, (6) and GP, (10) bases, which employed di-THF and were
performed in a glovebox. The mixture was analyzed by 'H NMR
spectroscopy (as well as by °C NMR for measurements in dg-THF).

The extents of protonation of both the substrate superbase and the
reference base were determined by comparison to the spectra of the
HX salt and the free base of each component. These data were used to
calculate the relative basicities of the substrate superbase and the
reference base, and this value was compared to the known pKgy,
value of the reference base to obtain the pKyy, value of the substrate.
Measurements were performed in triplicate. Corrections were made
for the observed relative NMR integrations and to convert THF data
to the acetonitrile scale.

The reference bases used were DBU (pKyyy, = 24.34, MeCN)** for
G; (16); Pi-tBu(pyrr); (pKpy, = 28.35, MeCN)"™ for C, (17), P,
(18), G3 (11), CG2 (4); C3 (2), and PCl (14)5 and PZ'Et (PI<BH+ =
32.94, MeCN)® for GC, (6), and GP, (10). The remaining superbases
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