Anion-T1t Catalysis

o
L]

G
"’"

- 1 - / :
i, 5 il -

N i
-, -. : JE“:‘
. e = """'\-
o8

a

LE LIEVRE ET LA TORTUE
Rien ne sert de courir.,,

2016/5/7
D1 Hiroyuki Mutoh



Contents

* Background

> Non-covalent Interaction

> Anion-rt Interaction

e Anion-nt Catalysis

» Kemp elimination

> Enolate Addition

» Asymmetric Enamin Addition



Non-covalent Interaction

* non-covalent interactions:

supramolecular chemistry, drug-receptor interaction, protein folding, etc.

» hydrogen bond

protein secondary structure, water

hydrogen

D—H---A
electronegative electronegative
atom atom

» halogen bond

thyroid hormone recognition

halogen
D)X= =f

electronegative
atom

141101 LS Satoshi Hashimoto

» -1t stacking

side chains of amino acids, DNA and RNA

aromatic ring

1
@ aromatic ring

» cation-x interaction

cation cyclization of steroidal compounds

M~ cation
i

© n-basic
aromatic ring



Catalysis with Halogen Bonds

Et0,C CO,Et
XX
N

H (2.2 eq)

N CF3(CF3);1 (10 mol%) N R = Me, Et, i-Bu, Ph,
| > H
NZ NR  CHxCly, 25°C N7 R 2-tolyl, 2-furyl
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Bruckmann, A.; Pena, M. A.; Bolm, C. Synlett, 2008, 6, 900.



Cation-nt Catalysis
OMe OMe

catalyst (15 mol%)

HCI (25 mol%)
-

| 4A MS, t-BuOMe

o= ~30°C, 48 h
OH

S
catalyst = N Jl\
\"/\N N CF,

Ar (e)

W\a

% LD G5 %O

12% 33% 46% 52% 78%
25% ee 61% ee 60% ee 87% ee 95% ee

Knowles, R. R.; Lin, S.; Jacobsen, E. N. J. Am. Chem. Soc. 2010, 132, 5030.



Proposed Mechanism of Cation-r Catalysis

OMe OMe

H H\)L
FsC N\n/N .
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0O ».  cation-n
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Knowles, R. R.; Lin, S.; Jacobsen, E. N. J. Am. Chem. Soc. 2010, 132, 5030.
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Anion-i Interaction

» Anion-n interaction:
non-covalent interaction between charge neutral n-acidic

= S——
A . (electron defficient) aromatic rings and anions (20~70 kJ/mol)
]

]

m-acidic
@ aromatic ring
E

WG,

» Theoretical studies of anion-n interaction:
Mascal, M.; Armstrong, A.; Bartberger, M. D. J. Am. Chem. Soc. 2002, 124, 6274,
Alkorta, |.; Rozas, |.; Elguero, J. J. Am. Chem. Soc. 2002, 124, 8583.

Quifionero, D.; Garau, C.; Rotger, C.; Frontera, A.; Ballester, P.; Costa, A.; Deya, P. M. Angew. Chem. Int.
Ed. 2002 41, 3389,

* Main contributers to the anion-n interaction:

» permanent quadpole moment » anion-induced polarization
Q Total charge and dipole moment are @
- zero in neutral and symmetric arenes.
CeFe CeHe Electrostatic term is explained by Cno H
,=9.508B -8.45 B quadpole moment. @

oay= 37.7a.u. 415a.u.

Frontera, A, Gamez, P.; Mascal, M.; Mooibroek, T. J.; Reedijk, J. Angew. Chem. Int. Ed. 2011, 50, 9564



Experimental Examples of Anion-r Interaction

= First experimental observation of anion-n interaction:
Hiraoka, K.; Mizuse, 5.; Yamabe, 5. J. Phys. Chem. 1987, 91, 5294,

“":'I';E:I anjon The gas-phase clustering reactions were studied
F : F by the pulsed electron-beam high-pressure mass spectrometer
F_Q_F and molecular orbital calculation.
F*n:-acidir. F
X =ClI,Br,I”

* One of the evidence of anion-x interaction in solution:
Berryman, O. B.; Hof, F.; Hynes, M. J. ; Johnson, D.W. Chem. Commun. 2006, S06.

@
n-EI.IdN H-EUAH
TE o T-s o
_H"':’f‘ i _H“'K i 'H NMR spectroscopic titration
L}
A : - AR : = experiments in CDCl,
n-basic
n-ﬂcidlc
X =CI, Br, I

pK,=20~34[M] pK,<1[M]



Naphthalene Diimide (1)

» Naphthalene Diimide (NDI)

I _ _ -
0 N o » electron-defficient aromatic scaffold

» easy structural modification
OO » supramolecular, photochemical and electrochemical applications
» large quadrupole moment and high n-acidity

» anion-r interaction

o ril o)
R
» Synthesis of NDI derivatives
l:l

E“-., T

(o] N O
RNH2
_]... various
NDIs

O I'il O

R

Zhao, Y., Beuchat, C_; Domoto, Y.; Gajewy, J.; Wilson, A.; Mareda, J.; Sakai, N.; Matile, S. J. Am. Chem.
Soc. 2014, 136, 2101
120714 LS Hirocaki ITOH



Naphthalene Diimide (2)

P
a?ur
0 N

lipid bilayer . .
e e A

= NDI derivatives have anion transport activity.

-

= .36

T Rd am
t} 2 E.;P" ﬁ 'z-‘ 279 | ﬁ
1427 k) mat’ 1101 KJ mat!

Figure 4 | Mokstular modelling of anicn-w interactions. Elecinodtatic
potential surface (bhee positive, red negatie, 4150 k) mol ™', MPZ/

=311 4=0a"" / VPEETFBE (6-3TH3"" ) and dengity lunclonal theory optimized
structures of 11 chiorde and nitrate complesss of MD| 6 (C, oan; H, white;
L ored: W, bue; O green) wilh indcation of anion iocation (A and
intaracion Bfler Ees,

* Theoretical calculations, ESI-MS-MS analysis and UV-vis absorption indicate that NDIs stabilize

anion in the ground state.

- NDI derivatives would stabilize anionic intermediate and transition state

by anion-n interaction.

Dawson, R. E.; Hennig, A.; Weimann, D. P.; Emery, D.; Ravikumar, V.; Montenegro, J.; Takeuchi, T.;

11

Gabutti, S.; Mayor, M.; Mareda, J.; Schalley, C. A.; Matile, S. Nat. Chem. 2010, 2, 533.
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Anion-r Catalysis of Kemp Elimination (1)
catalyst /
O>N n-Bu,NOH
“N
o CD3ODICDCI3
HO,C _n-Hex HO,C HN,n-Hex T 150 ol
O IpM‘fir:;in"
N o

catalyst = :
B
CO,H
2 a) 120 -

200 A (R=CN)

n_ B
—

T 90 -

Vini 60
/ pmemin?
n-Bu I 30 -
C

A (R =H, CN)

c/mm —»

Zhao, Y.; Domoto, Y.; Orentas, E.; Beuchat, C.; Emery, D.; Mareda, J.; Sakai, N.; Matile, S. Angew. Chem. Int.
Ed. 2013, 52, 9940. 13



Proposed Mechanism of Kemp Elimination
~N

O,N z
(o)
NO, (o (0
HO N O
Rl N %
o) 0]
RZ_N O N
<<, ®
1

R3
R
PS \
NO, ¥
E'D ‘Q“ 0
R N ho

]! RI 0 . TS

1) Zhao, Y.; Domoto, Y.; Orentas, E.; Beuchat, C.; Emery, D.; Mareda, J.; Sakai, N.; Matile, S. Angew. Chem.
Int. Ed. 2013, 52, 9940. 2) Zhao, Y., Beuchat, C.; Domoto, Y.; Gajewy, J.; Wilson, A.; Mareda, J.; Sakai, N.;
Matile, S. J. Am. Chem. Soc. 2014, 136, 2101.



Anion-rt Catalysis of Kemp Elimination (2)

N
catalyst O,N .-‘:_,, HO,C n-Hex

N n-Buy,;NOH
‘_hl r catalyst =
0 CD,0D/CDCI, OH

HOlg

. o o,
IL'I A J L o
- g ;%3—4’ Vigt = k;al [C] [EFI:HH + [EI}
AMGry |

A I:H. EE'[] J""':TE} - knnnHMchat

6.5 83 k) met

(Krs=STx0ai | . AAGts =-RTIn Kqg
154 31804 kimot!

O,N

|_|
L
L
:

(Hra = 2.7 + 0.5 ) s
A (R = S(O)EY) AdGicg =« RTIN Hy

N,
"%{ L Knon: the rate constant of
. uncatalyzed reaction

. csa

n-Bu

A (R = H, SEt, S(O)Et)

8.3 + 0.3 kJ mal!
[ Ky = 3452 1.6 mh)

entry catalyst AAGTg [kd/imol] AAGeg [Kdimol] LUMO energy of NDI [eV]
1 A(R=H) 28.3x04 6.2%0.2 -4.31
2 A (R = SEt) 29.9+0.2 8.3x0.1 -3.93
3 A (R = S(O)Et) 31.8+0.4 8.3+0.3 ~4.46

Zhao, Y.; Beuchat, C.; Domoto, Y.; Gajewy, J.; Wilson, A.; Mareda, J.; Sakai, N.; Matile, S. J. Am. Chem. Soc.
2014, 136, 2101. b
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Stabilization of Enolate Anion on r-acidic Surfaces

(o] 0
o~ .O
o _5_3__,‘
g. g. O (8]
'* pK, = 14.5 D—/_ H _\—U
1 60 ppm E— o o
o<,
o) O
6
o o pK, = 16.4 9 °
q L~ ¢J
/\o 0/\ E /\OJYKO/\
3.38 ppmH H 1 H 2
1 | 5
LA e i
L .
T — i g—
1 7 e Y The enolate anion was stabilized on
o — - ~ ¥ 3
|'. 3 1 |'. _." - g@‘-" JNE n-acidic NDI surface by 4.7 kJ/mol.
% T Wl | ¥ ‘H“ Nf

35 34 33 32 31 20 18 18 1.7 16 1.5

P base

Zhao, Y.: Sakai, N.; Matile, S. Naf. Commun. 2014, 5, 3911.



Stabilization of Transition State on r-acidic Surfaces
(o) (o)

o o
(o] z (@] J o o
o—/_ H H _\—o O:N o//o; _\—o
o) o —> 0 0
";:fs! N ""
o o 0 > o
- 0 05 % A

> 5o _
N S=2 N The anionic transition state
Q \ / e anionic transition s
0 (o] (TS1) was stabilized on n-

acidic NDI surface by 6.2
- 151 - kJ/mol from TS0.

AN : B
DE_”_"*\M O;N
5 TS0

Zhao, Y.; Sakai, N.; Matile, 5. Nat. Commun. 2014, 5, 3911. -



Enolate Addition vs Decarboxylation

Et;N (20 mol%)
O (0 3 Ph O (o)
HO s~ THF 2 s~ s~
PMP = p-methoxyphenyl rt 36% 62%
5°C 57% 40%
+H*

PMP

o N/Q/Ph +H*
2

-CO, 0) +H*

Zhao, Y.; Benz, S.; Sakai, N.; Matile, S. Chem. Sci. 2015, 6, 6219. 19



Anion-rt catalysis of Enolate Addition
0 0 catalyst (20 mol%) Ph O 0

J'I\)'L PMP ' OZN/\/Ph > o N\)\/U\ PMP ' )]\ PMP
HO s~ THF 2 s~ s~
PMP = p-methoxyphenyl rt 46% 54%
5°C 69% 30%
~PMP _PMP

catalyst

The enolate anion is far from NDI surface.

2 -
Stabilization of enolate anion was not enough to react selectively. R n-Bu

Zhao, Y.: Benz, S.: Sakai, N.: Matile, S. Chem. Sci. 2015, 6, 6219. 0



Leonard Turns

o o} o} o
HN NH hv HN G NH
)\ | | ,K H,O/acetone = 97 J\ /j%

o N N o 2 - o) N N o

V4 AV4
entry n time ©
1 2 5 Qﬁ
o ~— >N
2 3 1 N .
e )
3 4 2.5 0 ]
N
4 B 20 H o)
5 -b 40

4 the relative times required for complete reaction
b 1-propylthymine was used as a substrate

- Trimethylene chain was most efficient for intramolecular dimerization.

Leonard, N. J.; McCredie, R. S.; Logue, M. W.; Cundall, R. L. J. Am. Chem. Soc. 1973, 95, 2320.

Leonard, N. J. Acc. Chem. Res. 1979, 12, 423. 2



Anion-r catalysis of Enolate Additiﬂn (20 °C)

0 0 Ph catalyst (20 mol%)

+ ﬂzﬂﬁf ""
HO gl OF THF-dj, 20 °C

Cotelle, Y.; Benz, S.; Avestro, A.-J.; Ward, T. R.; Sakai, N.; Matile, S. Angew. Chem.

)L PMP

i“.-"E

R=H,
0 N 0
R1
yeS
O N O
““"'%ﬂ
HN
)\ “~n-Hex
R' = H, SEt,

S(0)Et, SO,Et

Int, Ed. 2016, 55, 4275,




Anion-r catalysis of Enolate Additiun (7 °C)

Cotelle, Y.; Benz, S.; Avestro, A.-J.; Ward, T. R.; Sakai, N.; Matile, S. Angew. Chem.

catalyst (20 mol%)

O
+ 0 H%Ph h-r +
? 70 PMP
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"'Ii%

9.0 4
T]dﬁ]r o
—
2 Taana 23R
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int. Ed. 2016, 55 4275.



Proposed Mechanism of Enolate Addition
_PMP

Pt%; PMP
Ph PMP ( o /
s” —_N=0 H—N/

lo) O @\4 NS @
SoAg );r’ibwés © " Ho” O Y

Q/)‘ 0‘ I N
N s’
S0 &2 o [ ‘///

Cotelle, Y.; Benz, S.; Avestro, A.-J.; Ward, T. R.; Sakai, N.; Matile, S. Angew. Chem. Int. Ed. 2016, 55, 4?2ﬂ75
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Anion-rt Catalysis of Asymmetric Enamin Addition
N ]

OH Ph =0
e /—

0 Ph O
/\)L + (10 mol%) 0@~ O,N
H o N/\/Ph -
2 toluene, rt
¢ dr=26:1,ee =91% +
Ph Ph
.. ® :j
—H. @/N\ /= o-H. BN, o /—°
C> ! %0
NIII N Ph NIII
n-Hex—NH o n-Hex—NH ¢ N | o
o’g\

Akamatsu, M.; Matile, S. Synlett, 2016, 27, 1041.
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Anion-i Catalysis of Asymmetric Enamin Addition

o Ph O
/\)]\ catalyst (10 mol%)  o,N
+ X _Ph
H OZN/\/ ~ > ot H
HN? ]
catalyst = "

entry  catalysis solvent dr
1 syn, R =Ph toluene 26:1 91
2 anti, R =Ph toluene 17:1 85
3 syn, R = Et toluene 23:1 64
4 syn, R =Ph nitrobenzene 3.1:1 81
5 syn, R=Ph 1,3-dimethoxybenzene 9.0:1 91

Akamatsu, M.; Matile, 5. Synlett, 2016, 27, 1041.



Summary

O,N O,N
o)
0O O
PMP
A

OH

Ph O

- ge — DEH\A/U\E"'PMF
R1

oN X"

0

/\)L Electron deficient aromatic rings
H O,N

stabilize anionic transition state.
+

Ph O



