
Current Organic Chemistry (year of 2017)

May 30, 2017, #8, Makoto Yamashita (room 1031) 
makoto@oec.chembio.nagoya-u.ac.jp

Lewis Acid and Base, Chemistry of Group 13 Element

Lewis acid: 
Lewis base:

Lewis, G. N., Valence and the Structure of Atoms and Molecules. 
Chemical Catalogue Company, Inc.: New York, 1923. 

LB LA+

Lewis base Lewis acid

LB LA

Lewis acid-base adduct

coordination bond
vacant orbital

Lewis Acid and Base

Gilbert Lewis 
“Octet rule”
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Examples of Lewis Acids & Bases
Lewis acids

Lewis bases

metals possessing vacant orbitals

can also be drawn with 
O-Mg covalent bond 
(no formal charge)

group 13 element compounds heavy main group element compounds 
possessing a low-energy σ* orbital

heteroatoms having lone pair(s)

transition metals having a filled d-orbital

Fe
OC CO

Cl OEt

OEt
+ FeOC

OC

OEt

OEt

Org. Synth. 1988, 66, 95.



Strength of Lewis Acids
Donation of π-electron weakens Lewis acidity

Enhancement of Lewis acidity by electron-withdrawing groups

Science 2013, 341, 1374.

Lewis acidity of boron compounds

(high) BPh3 > B(OMe)3 > B(NMe2)3 (low)

Lewis acidity of boron compounds

B F
F

FF
F

F
F

F F
F

B F
F

FF
F

F
F

F F
F

B F
F

FF
F

F
F

F F
F

FF Me Me

> >(high) (low)

JACS 1998, 120, 1772.

application of strong Lewis acid

Zr
Me
Me +

Zr
Me + [MeB(C6F5)3]B(C6F5)3

Enhancement of Lewis acidity by formal positive charge

cationic boron binds 
a lone pair of CH2Cl2

P

F

C6F5 C6F5
C6F5

σ*P-F

+ F P

F

C6F5

F
C6F5

C6F5
R + R

application of strong Lewis acid

fluorophosphonium could absorb fluoride 
even from alkyl fluoride to form alkyl cation

H
B

H
NEt3 + CH2Cl2

H
B

H
H + CH2Cl2

H
B

H

NEt3

H
B

H

H

Cl CH2Cl

Cl CH2Cl

coordination bond

H
B

H
NEt3+ homework (1): 

Design your own Lewis acid 
having cationic charge and draw its structure

BMeO OMe
OMe



Lewis Acid Catalyst (1)
Basic concept:

coordination of carbonyl to Lewis acid 
to enhance the reactivity

homework (2): 
Draw the remaining mechanism 
with curved arrows 
(remind the formation of acetal)

(1) Mukaiyama aldol reaction

Organic Syntheses, 1993, Coll. Vol. 8, 578.
BF3 absorbes OEt anion to form  
an oxonium intermediate

(2) CBS (Corey-Bakshi-Shibata) reduction

JACS 1987, 109, 5551.

Stoichiometric amount of borane (BH3) 
+ catalytic amount of oxazaborolidine

oxazaborolidine

Double activation: 
(a) N to BH3, (b) carbonyl to B

O BF3

SH SH

O

+ BF3 SH SH+
SS
+ H2O BF3+

BF3 is regenerated 
to be used as catalyst

remind Friedel-Crafts alkylation

AlCl3 is regenerated 
to be used as catalyst

Application



Lewis Acid Catalyst (2)
Chemoselective reduction

MAD: methylaluminium 
bis(2,6-di-tert-butyl- 
4-methylphenoxide)

Application

JACS 1988, 110, 2650.

“bulky” Lewis acid

Ring-opening alternating co-polymerization of  
epoxide and CO2 to produce biodegradable polymer

polymer from CO2 
recently industrialized

Ring-opening polymerization of cyclic carbonate ester 
generated from CO2 to produce biodegradable polymer

Organometallics 2011, 30, 3217.

Makromol. Chem. 1969, 130, 210.



Lewis Base Catalyst
Basic concept:

Application

acceleration of nucleophilic acyl substitution by cationic charge

homework (3): 
Draw resonance hybrid of the first intermediate 
with four resonance structures

S
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N
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H
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R
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S
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N
R
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N
R
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O
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S
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N
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R

R
+

Stetter reaction by using nucleophilic carbene catalyst: umpolung reaction of aldehyde

ACIE 1976, 15, 639.

carbene (ylide) is regenerated 
to be used as catalyst

H3C
C O C CH3

OON

Me2N
+ + R OH

H3C
C OH

ON

Me2N
+ R O C CH3

O
+

N C CH3

O

Me2N
H3C

C O

O
+

R OH N

Me2N
R O C CH3

O
+

H
H3C

C O

O
+ N,N-dimethylpyridine 

is regenerated to be 
used as catalyst

aldehyde can be considered as  

=



Frustrated Lewis Pair (FLP)
Basic concept:

Application

If Lewis acid and base can not form adduct due to steric hindrance,  
they show unique reactivity toward organic molecules

Catalytic hydrogenation of imine, nitrile, aziridine, aromatic hydrocarbons, alkenes, and ketones

Mes2P B(C6F5)3

F

FF

F

Mes2P B(C6F5)3

F

FF

F
H

H

H2

Δ

heterolytic cleavage of hydrogen

Science 2006, 314, 1124.

ACIE 2010, 49, 46.
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“Frustrated Lewis pair” hydrogenations

Douglas W. Stephan
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This perspective article discusses developments of metal-free hydrogenation catalysts derived from
“frustrated Lewis pair” (FLP) systems. The range of catalysts uncovered and the applications to reductions
of imines, aziridines, enamines, silyl enol ethers, diimines, metallocene derivatives and nitrogen-based
heterocycles are described. In addition, FLP aromatic reduction of aniline derivatives to the
cyclohexylamine analogs is discussed. The potential applications of these metal-free reductions are
considered.

Introduction

Five years ago, the term “frustrated Lewis pairs” (FLPs) was first
used to describe combinations of Lewis acids and bases in which
steric demands precluded the formation of classical Lewis acid–
base adducts.1 Although the phenomenon of steric demands pre-
cluding adduct formation had been previously recognized by
Brown et al.,2 Wittig and Benz3 and Tochtermann4 as early as 70
years ago, the implications for further reactivity was not con-
sidered at that time.

In 2006, we discovered that sterically encumbered phosphorus
and borane acids and bases could activate H2.

5,6 This first metal-
free heterolytic cleavage of H2 prompted a variety of further
studies demonstrating the unique reactivity of FLPs and their
ability to activate a variety of small molecules. Several compre-
hensive reviews7–10 have chronicled the rapid growth of FLP
chemistry over the last few years; each in turn describing the
growing knowledge of FLP reactivity. We have now reached a
point in the development of this emerging field where some
aspects of FLP chemistry may be of synthetic utility to the
organic chemist. Specifically, this perspective article focuses on
FLP hydrogenations. Herein, we illustrate the variety of FLP cat-
alysts that have been studied and discuss the range of substrates
where FLP reductions have been shown to be effective in cata-
lyzing hydrogenation. It is our hope that this review will stimu-
late both the application and further development of new
synthetic strategies that exploit the paradigm of FLP reductions.

Mechanism of FLP hydrogenations

The ability of simple combinations of sterically encumbered
Lewis acids and bases (i.e. an FLP) to heterolytically cleave H2

generated the following question: Can one effect consecutive
delivery of proton and hydride to an organic substrate? If so, this
would yield a metal-free hydrogenation system that would regen-
erate the FLP to further activate H2, yielding a catalytic process.
Indeed, this hypothesis was first demonstrated to be true for
nitrogen-based unsaturated molecules. The mechanism of such
metal-free imine reductions has been shown to proceed via
initial protonation of the imine, followed by hydride transfer
from the hydridoborate to the iminium carbon (Scheme 1).11,12

This net transfer of proton and hydride from the phosphonium-
borate to the imine regenerates the Lewis acid–base pair, which
are then available for subsequent activation of H2 regenerating
the phosphonium-borate. This mechanism is consistent with the
observed reactivity trends in which the electron-rich imine,
tBuNvCPh(H) is reduced significantly faster than the electron-
poor imine, PhSO2NvCPh(H). In addition, the phosphonium-
borate (Cy3P)(C6F4)BH(C6F5)2

13 was shown not to react with
imine. These results are consistent with initiation of the imine
reduction via protonation.

Scheme 1 Mechanism for FLP hydrogenation of imine.

Department of Chemistry, University of Toronto, 80 St George St,
Toronto, Ontario, Canada, M5S3H6. E-mail: dstephan@
chem.utoronto.ca; Tel: +01-416-946-3294
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to potential herbicides, the N-propyl and benzyl analogs of the
antidepressant sertraline, and CF3C6H4CMevNCH2Ph, a pre-
cursor to anti-cancer and herbicide candidates were readily
reduced using this FLP strategy (Scheme 8). In contrast,
reduction of fentanyl, a potent analgesic narcotic was low yield-
ing; presumably a result of coordination of the amine center in
the substrate to the boron center of the catalyst.

Functional group tolerance testing for FLP hydrogenation
using either phosphine-boranes, (1) or the borane (2) showed
that these catalysts remained active in the presence of naphtha-
lene, bulky ethers, n-hexyl acrylate, bulky amines and alkyl and
aryl halides.30 However, the activity was reduced in the presence
of PhNMe2, tBuNH2, carbamate esters, ketones or aldehydes.
Moreover, these catalysts were not functional in the presence of
2,4,6-Me3C6H2OH, but tolerated the presence of 2,6-
tBu2C6H3OH. These data suggest that the first generation of FLP
reduction catalysts have functional group tolerance that is limited
to either non-polar substituents or sterically encumbered donor
functionalities. Nonetheless, optimization of the conditions for
imine reduction showed that using highly pure imine substrates,
FLP reduction can be effected with as little as 0.1 mol% catalyst
at 130 °C and 120 atm H2.

In early efforts to adapt FLP reductions to catalytic asym-
metric hydrogenations, Chen and Klankermayer32 reported the
reduction of PhNvCPh(Me) to the corresponding chiral amine
using (α-pinenyl)B(C6F5)2 (9) to give a 13% enantiomeric
excess in the product. However, building on this strategy, they
subsequently developed other derivatives of these chiral
boranes35 (10, 11) which afforded hydrogenation of prochiral
imines with enantiomeric excesses as high as 83%. In our own
efforts,36 we have employed 2 to catalyze the hydrogenation of
chiral imines with diastereoselectivity. While phenethylamine
derivatives gave varying diastereomeric excesses ranging from
0 to 68%, camphor or menthone derived imines were reduced
with >95% diastereomeric excess.

To broaden the scope of substrates, our group has applied FLP
hydrogenations to substituted nitrogen-heterocycles including
substituted quinolines, phenanthroline, acridine and several
indole derivatives (Scheme 9). For example, using a catalytic

amount of (2) under H2,
31,37–39 the substituted quinolines and

phenanthroline are reduced in 4 h at 25 °C. These species take
up two equivalents of H2 thus saturating the nitrogen-containing
ring. In the case of indole derivatives, higher pressures of H2

(103 bar) and 80 °C for 18 h were required.
It is noteworthy that in a recent paper Soos and co-workers34

have also employed the sterically encumbered borane
B(C6F5)2(C6H2Me3) to effect the FLP hydrogenation of a series
of nitrogen-based heterocycles in yields generally exceeding 80%.

Aniline reductions

Consistent with FLP activation of H2, the combination of the
amine tBuNHPh with an equivalent of (2) in C6D5Br or pentane
solutions under H2 (4 atm) at 25 °C for 12 h resulted in the for-
mation of [tBuNH2Ph][HB(C6F5)3].

40 However, we have
recently reported that subsequent heating of the above reaction
mixture to 110 °C for 96 h under H2 results in the reduction of
the N-bound aromatic ring affording [tBuNH2Cy][HB(C6F5)3]
(Scheme 10). This remarkable reduction has also been achieved
with a variety of other aniline derivatives. For example, hydro-
genation with an equivalent of B(C6F5)3 of iPrNHPh afforded
[iPrNH2Cy][HB(C6F5)3] while hydrogenation of PhCyNH or
Ph2NH gave [Cy2NH2][HB(C6F5)3]. In a similar fashion, iPrNH
(2-MeC6H4), iPrNH(4-RC6H4) (R = Me, OMe), iPrNH(3-
MeC6H4) and iPrNH(3,5-Me2C6H3) were reduced with B(C6F5)3
in toluene under H2 (4 atm) at 110 °C affording the arene-
reduced products [iPrNH2(2-MeC6H10)][HB(C6F5)3], [iPrNH2(4-
RC6H10)][HB(C6F5)3] (R = Me, OMe), [iPrNH2(3-MeC6H10)]-
[HB(C6F5)3] and [iPrNH2(3,5-Me2C6H9)][HB(C6F5)3] in yields
ranging from 61–82%.40

This same strategy was applied to cis-1,2,3-triphenylazirdine.
Treatment with one equivalent of B(C6F5)3 at 110 °C for 96 h,
yielded the salt [CyNH2CHPhCH2Ph][HB(C6F5)3].

40 It is noted

Scheme 8 FLP hydrogenations of several imine substrates.

Scheme 7 FLP hydrogenation of a diimine.

Scheme 9 FLP hydrogenations of nitrogen-based heterocycles.

Scheme 10 Hydrogenation of t-butylaniline.
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Chem. Commun. 2012, 48, 11963. ACIE 2007, 46, 8050.

Prof. Doug Stephan 
@U of Toronto, Canada



Organic Molecules Containing Group 13 Element
Electronic effect of boryl substituent

In all cases, a vacant p-orbital of B atom accept an electron pair 
to form a negatively charged “borate” having four bonds

“Inorganic benzene”: Borazine

Due to B=N double bond character, 
borazine is similar to benzene

BN-Containing aromatic molecules

ACIE 2009, 48, 973. 
JACS 2011, 133, 11508.

general review: 
Can. J. Chem. 2009, 87, 8.

Prof. Warren Piers 
@U of Calgary, Canada

Polarity of B=N double bond gives unique photophysical properties



3-Center-2-Electron Bond
Structure of Be(CH3)2

Be or Mg
H

William Lipscomb
Nobel Prize 1976

Electron deficient group 1, 2, and 13 element compounds 
easily aggregate by sharing bonding electrons into vacant orbital(s)

Structures of CH5+ and B2H6

3-center-2-electron bond

3-center-2-electron bond

Important intermediate 
in acid-catalyzed 
cracking process of oil

George Olah
Nobel Prize 1994

BH
H H

B H
HH

BH
H B H

H

H

H
B

H
B
HH

H
H
H

hydride (H–) reagent in organic synthesis

homework (4): 
Draw the structure of (AlMe3)2 with 3c-2e bond 
with description of orbitals and electrons

C
H

H
H

H

H+

C
H

H
H

H
H



Diborane(4): Strong Lewis Acid & Reductant
B–B bond in diborane(4)

O
B

O
B

O

OH
B

H
B

H

H

H

H
B B

H

H

H

H

diborane(6) diborane(4) B2pin2 1

B–B
B–C
B–O

1.75
1.65
1.36

293
372
536

bond length (Å) BDE (kJ/mol)

J. Emsley, The Elements, 3rd ed.,
Oxford University Press, New York, 1998.

Cf. Nomenclature of Inorganic Chemistry
IUPAC Recommendations 2005

Diborane(4) can reduce C≡N triple bond

C B
Mes

O C
O

pinB

Mes

B
NpinB
tBu

CMes
H

H
H

C B
C

N MespinB

Mes
N

tBu

tBu

B C
C

N MespinB

Mes
N

tBu

tBu

+

O
B

O
B

Mes

Mes
N CtBu

(1 equiv.)

N CtBu
(excess)

CO
(1 atm)

50%

20%

Asakawa, H.; Lee, K.-H.; Lin, Z.; Yamashita, M., Nat. Commun. 2014, 5, 4245.
Asakawa, H.; Lee, K.-H.; Furukawa, K.; Lin, Z.; Yamashita, M., Chem. Eur. J. 2015, 21, 4267.

overlapping of two vacant orbitals 
lead to higher Lewis acidity

The unsymmetrical diborane(4) compound reacted 
with isocyanide to cleave C≡N triple bond



Diborane(4): Strong Lewis Acid & Reductant
Highly Lewis acidic diborane(4) reacted with alkyne

Further higher Lewis acidity leads direct reaction with H2

The first example of direct metathesis between B–B and H–H bonds 
H–H bond was reduced by reductive B–B bond

Kojima, C.; Lee, K.-H.; Lin, Z.; Yamashita, M., J. Am. Chem. Soc. 2016, 138, 6662.

Direct diboration of alkyne with controlled selectivity

Tsukahara, N.; Asakawa, H.; Lee, K.-H.; Lin, Z.; Yamashita, M., J. Am. Chem. Soc. 2017, 139, 2593.

B B B B
H

HH2
hexane
RT, 2 h

pyridine
H
B

N

52%

96%



Boron Clusters via Accumulation of 3c-2e Bonds

Kenneth Wade

Wade rule: Nomenclature for cluster compounds

Accumulation of

Counting in Wade rule
(1) counting all electrons from formula of the cluster 
ex. B: 3, H: 1, charges change the # of electrons 
(2) SEP (skeletal electron pair) is defined as 
[(total electrons) – 2×(B-H unit)]/2 
(3) all borane clusters can be classified by 
n = SEP – (# of B atoms) 
n = 1: closo-, n = 2: nido-, n = 3: arachno- 
(4) determining the # of vertices  
closo-, SEP–1; nido-, SEP–2; arachno-, SEP–3 
(5) # of vertices can give the structure

ex. B5H9 
all electrons = 5 x 3 (B) + 9 x 1 (H) = 24 
SEP = [24 – 2×5]2 = 7 
n = SEP – 5 = 2, can be considered as nido-borane 
# of vertices = SEP–2 = 5



Boron Clusters (2)

≡

Carborane: carbon-incorporated boron cluster

[B12H12]2− [CB11H12]−
ortho- 

[C2B10H12]
meta- 

[C2B10H12]
para- 

[C2B10H12]

Applications of carborane

use [C2B10H12] as a surrogate of 
benzene ring in medicinal chemistry

application in pharma (1)

anti-inflammatory

amyloid synthesis inhibitor

application in pharma (2)

BNCT = Boron Neutron Capture Therapy

active 
for BNCT

important to concentrate 
in cancer cells



Boron Clusters (3)
Application of carborane:  
[CB11H12]– can be used as non-coordinating anion to stabilize unstable cation species

3.530 Å

3.489 Å

dC 334.2
(SO2)

(1) X-ray crystallographic 
analysis of tert-Bu cation

(2) model for Wheland  
intermediate (SEAr reaction)

JACS 1972, 94, 2034. 
JACS 2003, 125, 1796.
positions of delocalized 
cationic charge were 
identical to the old report 
for NMR observation

Science 2000, 289, 101.

C–CH3 = 1.429(4)–1.459(4) Å 
= 
=

ACIE 2004, 43, 2908.
Cl interacted with the vacant 
p-orbital of carbocation 
= similar to the transition  
   state of SN2 reaction

(3) carborane acid: the strongest acid

JACS 2005, 127, 7664. 
JACS 2006, 128, 3160.

(4) application of carborane acid: 
protonation of C60



Chemistry of Boronic Acid
Boronic acid: carbon-substituted  
boric acid [B(OH)3] derivatives H-bonding dimer

Reaction with H2O to liberate H+ (acid)

Fast formation of cyclic ester with diol Application of cyclic ester (1): molecular recognition of sugar

Formation of a complex with sugar leads fluorescence
Nature 1995, 374, 345.

Application of cyclic ester (2): porous polymer

JACS 2008, 130, 11872.

Spontaneous shift of equilibrium 
through reversible reactions 
Porous material consisting of covalent bonds

Boronic Acids 
edited by Deniss G. Hall 

Wiley-VCH, 2011

chelate effect makes 
product stable



Hydrometallation with Group 13 Element
Hydroboration Representative hydroboration reagents

Herbert Brown
Nobel Prize 1979

http://www.chem-station.com/odos/2009/06/brown-brown-hydroboration.html
4-centered TS

O BH3 Me2S BH3
O
B

O
H B

H

catecholborane disiamylborane

B
H

H

thexylborane

B H

9-borabicyclo[3.3.1]nonane
(9-BBN)

B
H

diisopinocampheylborane

B H

(R,R)-2,5-dimethylborolane

Oxidation of alkylborane

JACS, 1964, 86, 3565.

Metal-catalyzed hydroboration

cat = Rh(PPh3)3Cl 
0.05 mol%, 20 min, 83% ACIE 1985, 24, 878.

Hydroalumination of alkene Reaction of alkenylaluminum

Reactive C–Al bond can be used 
as organometallic nucleophile

Can. J. Chem. 1973, 51, 2098.

electron-donating groups 
= syn addition

electron-withdrawing groups 
= anti addition

homework (5): 
Explain the reason why anti-additon product  
was obtained with electron-withdrawing groups 
together with the structures of key intermediate 
(hint: after syn-addition, isomerization takes place)



“Lewis Basic” Boron Compounds
Boron derivative of alkyllithium, “boryllithium”

N
B

NDip

Br

Dip N
B

NDip

Li

Dip N
B

NDip Dip

Li

N
B

NDip

H

Dip N
B

NDip
nBu

Dip N
B

NDip

C
H

Dip

OHPh

Li

THF

H2O nBuCl 1) PhCHO
2) H2O

Dip = 2,6-iPr2C6H3

Science 2006, 314, 113. ACIE 2007, 46, 6710. JACS 2007, 129, 9570. ACIE 2008, 47, 6606. 
JACS 2008, 130, 16069. Chem. Lett. 2008, 37, 802. JACS 2009, 131, 14162. JACS 2010, 132, 11449. 

Chem. Commun. 2011, 47, 5888. ACIE 2011, 50, 920. Eur. J. Org. Chem. 2011, 3951. ACIE 2014, 53, 6259. 
JACS 2016, 138, 3548. ACIE 2016, 55, 11426. ACIE 2016, 55, 12827. ACIE 2017, 56, 1658.

crystal structure HOMO represents lone pair character

Boryllithium can undergo transmetallation 
as a “boryl anion”



Tetrahedron Lett. 2000, 41, 6821.
Chem. Lett. 2000, 29, 982.

J. Organomet. Chem. 2001, 625, 47.

ACIE 2008, 47, 5650. ACIE 2009,48, 9735.

ACIE 2010, 49, 2041.

J. Org. Chem. 1994, 59, 6753.
J. Organomet. Chem. 1993, 462, 107.

Cy3P·BH2I
LDBB

Cy3P·BH2
–Li+

Li+
–•

LDBB =

ClSiMe3 SiMe3B
H2

Cy3P

N
C
N DipDip

BH2I

LDBB/TMEDA

THF

Li+
–•

LDBB =

N
C
N DipDip

BH2

N
C
N DipDip

BH2

O

OOEt Et

O O Et
Li

ACIE 2010, 49, 9166.

O
B

O
B

O

O

Ph Ph

O
+

nBu3P (11 mol%)
CuOTf (10 mol%)

Ph Ph

OpinB

96%

CuCl, LiCl, KOAc

O
B

O
Cu•KCl

Cl
pinB

53%then, H2O

(B2pin2)
then, H2O

Mn B Mn
OC CO

OC CO
Li+(DME)3

Mn
B
Mn

CO
COOC

OC

Cl

Li

DME
Mn

B
Mn

CO
COOC

OC

Me

MeI

DME
KC8

Et2O
B

Ph Ph

PhPh
Cl
N

N
Mes

Mes B

Ph Ph

PhPh

N NMes Mes

K
MeI

Et2O
B

Ph Ph

PhPh
Me

N
N

Mes
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Highly basic boryl anion to deprotonate benzene
“Lewis Basic” Boron Compounds

Related “boron nucleophiles”
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to enhance acidity of C-H

TS for deprotonation (DFT)

Ohsato, T.; Okuno, Y.; Ishida, S.; Iwamoto, T.; Lee, K.-H.; Lin, Z.; Yamashita, M.; Nozaki, K., Angew. Chem. Int. Ed. 2016, 55, 11426-11430.



Solve all the problems [homework (1)-(5)] in this lecture and write down it to an A4 paper 
(you can use PC instead of hand-writing)

About Homework

Do not forget writing your name and student ID number on the report paper

Make a PDF file of the report paper or take a picture of the report paper, 
then send it as an attachment file of email to makoto@oec.chembio.nagoya-u.ac.jp

Deadline of homework: June 9 (Fri) 2017, 17:00


