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Introduction

Was born in 1875, Massachusetts

1893-1896, Harvard University, B.S. Degree.

1897-1899, Harvard University, Ph. D. Degree

1916, published his classic paper on chemical bonding "The Atom
and the Molecule”, in which Lewis recognized that acid are not
restricted to those substance that contain hydrogen (Bronsted
acids), and helped overthrow the “modern cult of the proton”.

“Simply put, a Lewis acid is an electron-pair acceptor and a Lewis

Gilbert Newton Lewis base is an electron-pair donor.”
(1857-1946)

pyrophoric liquid
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Influence of Lewis Bases on reactivity Patterns

» Lewis base have found important applications as promoters of a variety of

diverse chemical processes

Me%l\
Ph
Me
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OMe 23°C
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e%Ph 1/2
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>100:1
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o Sml,
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4 h
82 % yield
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5.7 equiv HMPA o
>
THF / iPrOH
1 min
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Definition of Lewis Base Catalysis

» Definition of Lewis base catalysis

@ Lewis base catalysis is the process by which an electron-pair donor increases
the rate of a given chemical reaction by interacting with an acceptor atom in one
of the reagents or substrates.

€ The binding event may enhance electrophilic or(and) nucleophilic character of
the bound species.

€ Furthermore, the Lewis base should not be consumed or altered during the
course of the reaction.

» Difference between Lewis acid activation and Lewis base activation

CHO
1.2 equiv Ti(OiPr), 1.2 equiv Ti(OiPr),
Et - . - Et
23°C,12h -20°C,1.5h

ZnEt2

NHTf o s
"good yield" 98 % yield
. 2mol% e.r. 99:1
“NHTF

@ Lewis acid activation only enhance the electrophilic character of substrate.

€ Compared to Lewis acids, Lewis base effect a much more diverse array of
reactivity patterns.




Definition of Lewis Base Catalysis

» Difference between Lewis base catalysis and nucleophilic catalysis

€ The term nucleophilic and electrophilic should be used to describe those
characteristic of the reactive species that are enhanced by the catalyst (and thus,

tied to the mechanism).

€ The term Lewis basic and Lewis acidic should be reserved for the
characteristic of the catalysts themselves.

€ The commonly used term “nucleophilic catalysis” is ambiguous, and thus the
use of this term should be discouraged.

» Example
(
a\ RCHO “'\ ) OH O
ﬁj\oa — > Z 0Et | —m R%OB
L&
catalyst reactive species
LB catalysis nucleophilic catalysis




Lewis Base-Acid Interactions: Basic Concepts

» Jensen’s orbital analysis of molecular interactions.

Donor Acceptor
n* G* TC*
L\“‘?\ L n n—ns n—c* n—
L
ceiido (e} o—nN* Oc—O* O—TT*
88 7T T—N* T—O* TT—TU*

» |In practice, only three of these interactions are significant in terms
of catalysis.

® |Interactions between nonbonding electron pairs and anti-bonding orbitals with © character (n- * interactions).
® Interactions between nonbonding electron pairs and anti-bonding orbitals with o character (n- o* interactions).

® Interactions between nonbonding electron pairs and vacant nonbonding orbitals with n character (n- n* interactions).




Lewis Acid-Base Interactions: Basic Concepts

» The family of n- ©* interactions represents the largest and most commonly
recognized form of Lewis base catalysis.

SR 1

R “Nu ER X
X E

0 o)

R Nu : R
Nu T X
X !

LB ° X=LG i X_ N "
= u
~ RA;:’,’E X 3 RJ\ LB RJ\ Nu
LB

O_ e} X_ 9]
LB
X=LG Nu R
— /ﬁ\R > fLR T’ ﬁ
[B” x 'B LB Nu

» Lewis base activation can provide both electrophilic and nucleophilic activation (ambiphilic).

., -
ﬂ) PPhs/\l/ —_— ‘ CO,Et
K2CO3 CO,Et

Toluene

Zwitterion
Both nuclophilic and electrophilic




Lewis Acid-Base Interactions: Basic Concepts

» The n- o* and n-n* interactions, are less-well known, but equally versatile pathways
for catalysis.

» An important requirement is that the Lewis acidic acceptor be able to expand its
coordination sphere and attain a “hypervalent” state.

e T ~
L ' L
Dem | D
(A] ' (N]
" _ L ' L .
‘?_ . 8+)8< Lewis Base . Lewis Base ?_ X X
3 - ' - 5 < -
SR | === . e == | e
1] \\
L X >|< . >|< - L‘ >|<
/A\ : /A'IX
X X X7y
Lewis Acid ' Lewis Acid
Increased Increased Group 13 :  Group 14 Increased Increased
negative  positive : negative  positive
charge  charge : charge  charge
n-n* interaction . n-c* interaction .
L\ /X - ' L\ /X -
.D—A X ' wD—A,, X
AT ' [T ¢
L X ' L X
Cationic . Cationic
Lewis Acid . . s . Lewis Acid
(Electronlc Redistribution of Adduct)
\\§ J




Lewis Acid-Base Interactions: Gutmann Analysis

» Gutmann recognized that formation of an adduct leads to an overall increase in the
electron density of the acceptor fragment, but that the distribution of this electron density
is not equal among the constituent atoms.

> Gutmann’s four rules:

1)
2)
3)

4)

The smaller the intramolecular distance between D and A, the greater the induced lengthening of the
peripheral bonds (A-X).

The longer the bond between D and A, the greater the degree of polarization of electron density
across that bond.

As the coordination number of an atom increases, so do the lengths of all the bonds originating from
that coordination center.

The bonds adjacent to D and A will either contract or elongate to compensate for the changes in
electron density at D and A.

4 )
Example: (by X-ray) Bonds lengthened
by polarization
+2~5 pm
Cly, | Cl
ol o\fo SbCls +7pm \ o’ | “cl
cl > Cl 00
o) >Sj/\_/ +7 pm
Cl
Cl /-?I ‘\
Cl
Bonds shortened
by polarization
\_ J
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Lewis Base Catalysis: n-t* Interactions
Electronphilic Activation: Acylation

B n-7t* catalysis is representative of the chemistry of unsaturated, carbon-centered Lewis
acidic functional groups.

B The acylation of alcohols and amines is a common transformation in Lewis base catalysis.

R
Cl NH, DA NEt; 0
BzCl  + + (\J > )l\
= Kg PR N Cl

N
5
Kinetic Analysis Consensus Mechanism
(
Entry R pKa (H20) Kg [L? mol? S c o
1 3-NO, (5a) 0.81 0.0231 0.710
2 3-Cl (5b) 2.84 0.0893 0.373 AcOH ACO
3 H (5¢) 5.17 1.80 0 ?
4 2-Me (5d) 5.97 0.0987 -0.170
5 3-Me (5e) 5.68 3.80 -0.069
6 4-Me (5f) 6.02 3.80 -0.170 R\* H, oA AcO"
7 4-NMe, (59) 9.58 10.0 -0.830 7&Me _ N\n,Me
+
1 ©
» The presence of a flanking 2-substituent creates \_‘\/ I
unfavourable steric interactions and twists the acyl
group out of the plane of the molecule. L Ron




Lewis Base Catalysis: n-t* Interactions
Electronphilic Activation: Acylation

B Extending the electrophilic reactivity of acylated Lewis Base catalysis.

> Lewis base catalyzed polymerizations of hydroxy esters.

0 N\I\/Te Cl C|_'\1/Me o o
-6 o Et )J\H/O
2(;<r?t'BI'IL—]|F N\+ 5OH 95 % conversion
’ Me M, 21000
PDI 1.57

E. F. Connor, G. W. Nyce, J. A. Lamboy, J. H. Hedrick, J. Am. Chem. Soc. 2002, 124, 914.

> Lewis base catalyzed allylation/acylation cascade.

Me Me -
T™S SiMe;F p <
() ) D
" o} 7\
Me 10 mol % catalyst Me [NE
+ S . e el
o DCM, 40 °C o Me' ¢ P !gPh
>—\\_ +ﬂ e.r 23'11 " a
N3*R Ph -l . Ph
F o L _ d.r. 12:1 . b

60 % yield

E. Bappert, P. Muller, G. C. Fu, Chem. Commun. 2006, 2604.
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Lewis Base Catalysis: n-t* Interactions
Nucleophilic Activation

B The Morita-Baylis-Hillman Reaction (reaction driven solely by the enhanced nucleophilic character)

e N
4 % PBuj s NC CN
P domer | S | T YT <o
eCN, -
OH
A coMe . . .
o 0.6 % PCy; RSP\/§C/O_ MeO,C Me 85 0% yield
)L dioxane, 120 °C ('JMe ] (23 % conv.)
Y Me' H )
e ™ Mechanism of the Morita-Baylis-Hillman Reaction
enhanced nucleophilic
o V/ character
+
LB LB o~
ﬁ R — X
R
\ masked electrophilic
character
\ J

» The Morita-Baylis-Hillman reaction is
commonly performed using highly Lewis basic
phosphanes or amines as catalysts.

» These reactions are notoriously slow, often
requiring days to reach useful levels of conversion.
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Lewis Base Catalysis: n-t* Interactions

Nucleophilic Activation
B Improve the reaction efficiency by introducing strong Lewis base

H
CHO 0 Q
/@/ Hk 15 mol % catalyst mCOZBn
+  _d
OBn
O,N 1h, THF, rt
? | O,N

2

~

<
S pe,
PPh;, PCy, Fe
o 24 % conv. 100 % conv.
0 % conv. 8 % yield 98 % yield
\\ J
> Basicity
B The intramolecular Morita-Baylis-Hillman Reaction (Rahut-Currier Cyclization)
0 0
0] OEt 10 mol % nBusP 0
G 3
| . OEt
I rt, tBuOH
87 % yield

O

0
0 _)l\
OBn OEt ;

OEt
20 mol % nBuszP

OBn
102 °C, tert-amyl alcohol “I0B
OBn OBn n
OBn
71 % yield
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Lewis Base Catalysis: n-t* Interactions
Dual Activation

B Reaction with Ketenes: Wynberg and Staring formal [2+2] cycloadditions

_o  1mol % catalyst o Cl;CCHO
h,c?” > )\ * >
2 -25 °C, Toluene NR;

quindine > 99 % vyield; e.r. 99:1
quinine > 99 % vyield; e.r. 12:88

OMe OMe

OH

quinidine

quinine

» The Lewis base catalyst enhances the nucleophilicity at C2 to enable the C-C formation
but also enhances the electrophilicity at C1 to facilitate the final cyclization step.

Wunberg, H.; Staring, A. G. J. Am. Chem. Soc. 1982, 104, 166.
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Lewis Base Catalysis: n-nt* Interactions
Dual Activation

B Lewis Base Catalyzed [2+2] Cycloaddition: in situ generated ketenes

5 mol % cat. Ts_ 0 OMe
Q NTs proton sponge N
U S Gt 2
Cl H CO,Et toluene, -78 °C &
EtO,C Ph N
X
65 % vyield =
d.r. 99:1 =N
e.r. 99:1

Calter, M. A; Orr, R. K. Song, W. Org. Lett. 2003, 5, 4745.

B Phosphane-Catalyzed [3+2] Cycloadditions

CO,Et Ts
Ts
/ =N _Ph nPr d
Bu o, o 0 —N
n 20 % PBujy
+ _—  — — *11Ph
NTs benzene, rt nPr N\ CO,Et
*PBug CO,Et

Ph” “H

C, Zhang, X. Lu, J. Org. Chem. 1995, 60, 2906.

» The same zwittterionic intermediates also undego formal [3+2] cycloadditions with o, [3-
unsaturated ketones and nitriles.

» The reaction have been extended by using chiral phosphanes and reached high regio-
and enantioselectivities.
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Lewis Base Catalysis: n-n* Interactions
Activation of boron
B Lewis base catalysis with boron: An example of the n-n* interaction

le) Ph QH
+ BH3*THF + | >—€Ph e :
R,_)LRS OH R Rs
OH g
OH OH *
Ph”” Me Bu” Me TIPS
95 % yield >95 % yield 100 % yield 99 % yield
e.r.99.4:0.6 e.r.98.6:1.4 e.r.97.52.5 e.r. 98.0:2.0

~N
JPh
O—T‘-Ph Ph
Ph N__.© oPh 0
Ph BH S B N
R\ 3 Ph R 7
N OH N, © ) 57 P
H B PN B (0]
H, I Q N HY HO N\
H Phm=— Lewis acidic H *}-Rs
B PR binding site R/
Lewis base
activated
reducing agent
J
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Lewis Base Catalysis: n-o* Interactions
Polarized and lonized Intermediates

B n-o* catalysis is representative of the chemistry of more commonly recognized
Lewis acid, such as transition-metal and electron-deficient main-group
organometalic reagents.

B re-distribution of electron density in the newly formed adduct.

enhanced
nucleophilic character

Lo T \ L ' ( - L ’X '
- + - N\ -

L\\\D @ -+ ,M X —~— ? 6 6 T — \\D_M'[ X

4 Y » L ‘ | M4 b'X

L Y L X

. Group 14

g \ nhan . .

Lewis Base Lewis Acid enhanced hyperractive hyperractive

electrophilic character electrophile  nucleophile

ionization >

SiF, SiF5 SiFg> SiCl, SiClg SiClg?

hypervalency to

B DFT calculation of partial atomic charges.

Mulliken charges: | +1.19 +1.14 +212 +0.178 +0.279 +0.539
(at the Si atom) >
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Lewis Base Catalysis: n-o* Interactions
Electrophilic Activation

B Enhanced electrophilic reactivity of a hypervalent intermediate.

» Aluminum-catalyzed asymmetric [2+2] cycloadditions

-
CHO
Ph/\/ o) Bn
5 mol % catalyst o [
* » —(\T/>nlll
0 iProNEt, DCM N=Al~
-78 °C Ph roL A
™ Cl T
Br 89 % yield
er.97.5:25
J

» The combination of neutral chiral aluminum catalyst and Lewis base gave a comparable
levels of activity with the highly electrophilic aluminum species Al(SbF)s,.

S. G. Nelson, C. Zhu, X. Shen, J. Am. Chem. Soc. 2004, 126, 14.

19




Lewis Base Catalysis: n-o* Interactions

Nucleophilic Activation: Trialkylsilanes

B The earliest examples of n-o* type of Lewis base-acid interactions were found
in the chemistry of silanes (since the early 19t century).

F 2 NH, ] 2
F/hSI.\\F F”OSI-\\%:
| |
FY1YF FY1YF
F NH,

Gay-Lussac, J. L.; Thenard, L. J. Memoires de Physique et de Chimie de la Societe d’Arcueil, 1809, 2, 317.
Davy, J. Phil. Trans. Roy. London, 1812, 102, 352.

B Hybridization and orbital picture of silicon complexs.

4-coordinate 5-coordinate 6-coordinate
i L i L i
. + _anl + Ls,anl
r-yIL >~ R SII“L > Llfsll"L
L R
poor Lewis acid good Lewis acid not Lewis acidic
poor R nucleophile good R nucleophile very good R nucleophile
—_ — p e
sp® = ’
sp? = sp =
sp? hybridized sp? hybridized sp hybridized
tetrahedral trigonal bipyramid octahedral

* Increasing &* at silicon
* Increasing &~ at liangds L and R
6-coordinate species not Lewis acidic because it has no room for binding
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Lewis Base Catalysis: n-o* Interactions
Nucleophilic Activation: Trialkylsilanes

B Until mid-1970s, Fluoride ions were first introduced by Corriu to promote the
formation of a reactive, hypervalent silicate.

B First example of the use of homogeneous fluoride ions in C-C bond formation

came from Sakurai.
OH
©/\)\/\

Hosomi, A.; Shirahata, A.; Sakurai, H. Tett. Lett. 1978, 19, 3043

%\/SiMeg
OSiM
5 mol % TBAF s
+ (@]
THF, 4h
H

> Mechanistic Consideration

acid workup

R AN

RCHO

OSiMe; Me
Me\SI_,Me

R AN

TBAF

fluoride
catalysis

auto
catalysis

F- SIMe3

7

A

/§

\/\/

\_

Original proposed
catalytic cycle

Revised
catalytic cycle

/
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Lewis Base Catalysis: n-o* Interactions
Nucleophilic Activation: Trialkylsilanes

» An induction period in the reaction-rate profile was found, which supported the autocatalytic
mechanism. Thus, a slower initial phase of the reaction is promoted by fluoride ions while the faster,
later phase is promoted by some other in situ generated anion.

_ 0
/ ANSMes 4 - )LH OjM\e3/\ \

R X
TBAF
/\ RCHO
OSiMe, TBA" Me -

Me_| Me
. “si°
R)\/\ fluoride )\/\ auto o” '\/\

catalysis catalysis )\/\

TBAF F- SIMes

Original proposed Revised
catalytic cycle catalytic cycle

»Hou has demonstrated that alkoxides, not fluorids, are in fact active catalysts for subsequent allylation.

o~ TBA*
+ Et3SiF i» no reaction
Ph X 1 day

o~ TBA* H
+ SiMes + THF o) i
. N N PRCHO ————> )\/\ (76 % yield)

Wang, D.-K.; Zhou, Y.-G.; Tang, Y.; Hou, L.-X. J. Org. Chem. 1999, 64, 4233.
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Lewis Base Catalysis: n-o* Interactions
Dual Activation: Polyhalosilane

B The incorporation of electronegtive substituents leads to a dramatic change in
the chemistry of the silicon species.

H - H
.1 BCly AS
N DCM "
SiMe,Cla.n  + e Ph
MeO MeO

( )
» The substitution of halogen atoms for alkyl \/\SiMeB k =1.87 * 10?L mol's!
substituents in allylic ailanes renders these
. Y . \/\SiMezol k=2.76*10""L mol's!
species much less nucleophilic.
\/\Siolg, no reaction
\_ J

B However, Lewis base activation of these highly electrophilic silanes can lead to
both enhanced nucleophilicity of the allyl fragment as well as enhanced
electrophilicity at the silicon atom.

OH
_ CsF ; -
Me(A~_SFs + PhCHO ————» ph)\_/\ 92 % yield H F\ N
THF, 0 °C z anti/syn 99:1 ——Si—=F
. M /
E/Z 99:1 on Me _/,)Q T
SiF
I%\/ 3 + PhCHO L Ph)\‘/\ 96 % yield Ph
S ! H
THF, 0 °C I syn/anti 99:1
e

Z/E 99:1 dual activation

» The high selectivity indicates that reaction through a closed chair-like transition
structure, with dual activation of both nucleophilie and electrophile.

Kira, M.; Kobayashi, M.; Sakurai, H. Tett. Lett. 1987, 28, 4081.
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Lewis Base Catalysis: n-o* Interactions
Dual Activation: dialkylzinc

B Reaction of Lewis base with diethylzinc: Addition to aldehyde.

180 ° HO NMe, \ / 120 ©
N
A \ PR
Et—Zn—Et \' > J "
sp-hybridized C,Hg sp?-hybridized
non-Lewis acidic Lewis acidic
non-nucleophilic nucleophilic

B Lewis base induced dual activation with dialkylzinc: Addition to aldehyde.

0 amino alcohol OH Me Me
+  ZnEt, >
RJ\H Tol, 0 °C R/'\Et &NM%

OH
60-97 % yields Me
e.r. 90.5:9.5 to >99:1

B Proposed mechanism of Lewis base induced dual activation with dialkylzinc:
Addition to aldehyde.

-
Me Me Me Me I\I/Ie Me I\|/Ie Me 'Yle
NMe,  ZnEt, Neme _RCHO N\; Moo, _ZnEb Newe,
-Zn~ > ~Zn~
OH O—Z“\E o~ P \

t Me O H Me O H

Me Me Zn
e e Eee]

} R |
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Summary and Outlook

» In contrast to the more familiar paradigm of Lewis acid catalysis,
Lewis base catalysis can provide enhancements in nucleophilic and/or
electrophilic character.

» The precise nature, coordination and conformation of the active
catalyst have not been fully recognized.

» A more central focus must be the development of fundamentally new
mechanisms for catalysis.
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Thank vou for your attentions!



